
PDF generated using the open source mwlib toolkit. See http://code.pediapress.com/ for more information.
PDF generated at: Fri, 22 Feb 2013 20:23:46 UTC

Science Collection
Alternative Science



Contents
Articles

Science 1
Natural science 21
Scientific method 32
DNA 59
Computer 83
Antenna (radio) 102
Brain 123
Neuron 146
Fractal 160
Fibonacci number 172
Golden ratio 188
Introduction to quantum mechanics 210
Quantum Zeno effect 229
Observer effect (physics) 234
Uncertainty principle 235
Quantum tunnelling 257
Implicate and explicate order according to David Bohm 266
Biocentrism (theory of everything) 272
Fine-tuned Universe 275
Conservation of energy 283
Zero-point energy 289
Vacuum energy 294
Casimir effect 297
Consciousness 306
Stuart Hameroff 325
Roger Penrose 328
Holography 337
Mathematics 357
Language 371
Collective unconscious 400
Jungian archetypes 402
Schumann resonances 409
Plasma (physics) 418
Space 434



Chronon 441

References
Article Sources and Contributors 442
Image Sources, Licenses and Contributors 455

Article Licenses
License 463



Science 1

Science

Montage of some highly influential scientists from a variety of scientific fields. From left
to right:Top row: Archimedes, Aristotle, Ibn al-Haytham, Leonardo da Vinci, Galileo

Galilei, Antonie van Leeuwenhoek; Second row: Isaac Newton, James Hutton, Antoine
Lavoisier, John Dalton, Charles Darwin, Gregor Mendel; Third row: Louis Pasteur, James
Clerk Maxwell, Henri Poincaré, Sigmund Freud, Nikola Tesla, Max Planck; Fourth row:
Ernest Rutherford, Marie Curie, Albert Einstein, Niels Bohr, Erwin Schrödinger, Enrico

Fermi; Bottom row: J. Robert Oppenheimer, Alan Turing, Richard Feynman, E. O.
Wilson, Jane Goodall, Stephen Hawking

Science (from Latin scientia, meaning
"knowledge") is a systematic
enterprise that builds and organizes
knowledge in the form of testable
explanations and predictions about the
universe.[1] In an older and closely
related meaning (found, for example,
in Aristotle), "science" refers to the
body of reliable knowledge itself, of
the type that can be logically and
rationally explained (see History and
philosophy below).[2] Since classical
antiquity science as a type of
knowledge was closely linked to
philosophy. In the early modern era the
words "science" and "philosophy"
were sometimes used interchangeably
in the English language. By the 17th
century, natural philosophy (which is
today called "natural science") was
considered a separate branch of
philosophy.[3] However, "science"
continued to be used in a broad sense
denoting reliable knowledge about a
topic, in the same way it is still used in
modern terms such as library science
or political science.

In modern use, "science" more often
refers to a way of pursuing knowledge, not only the knowledge itself. It is "often treated as synonymous with 'natural
and physical science', and thus restricted to those branches of study that relate to the phenomena of the material
universe and their laws, sometimes with implied exclusion of pure mathematics. This is now the dominant sense in
ordinary use."[4] This narrower sense of "science" developed as scientists such as Johannes Kepler, Galileo Galilei
and Isaac Newton began formulating laws of nature such as Newton's laws of motion. In this period it became more
common to refer to natural philosophy as "natural science". Over the course of the 19th century, the word "science"
became increasingly associated with the scientific method, a disciplined way to study the natural world, including
physics, chemistry, geology and biology. It is in the 19th century also that the term scientist was created by the
naturalist-theologian William Whewell to distinguish those who sought knowledge on nature from those who sought
knowledge on other disciplines. The Oxford English Dictionary dates the origin of the word "scientist" to 1834. This
sometimes left the study of human thought and society in a linguistic limbo, which was resolved by classifying these
areas of academic study as social science. Similarly, several other major areas of disciplined study and knowledge
exist today under the general rubric of "science", such as formal science and applied science.

History and philosophy
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History

Both Aristotle and Kuan Tzu (4th C. BCE), in an
example of simultaneous scientific discovery,

mention that some marine animals were subject
to a lunar cycle, and increase and decrease in size

with the waxing and waning of the moon.
Aristotle was referring specifically to the sea

urchin, pictured above.[5]

Science in a broad sense existed before the modern era, and in many
historical civilizations, but modern science is so distinct in its approach
and successful in its results that it now defines what science is in the
strictest sense of the term. Much earlier than the modern era, another
important turning point was the development of the classical natural
philosophy in the ancient Greek-speaking world.

Pre-philosophical

Science in its original sense is a word for a type of knowledge (Latin
scientia, Ancient Greek epistemē), rather than a specialized word for
the pursuit of such knowledge. In particular it is one of the types of
knowledge which people can communicate to each other and share. For
example, knowledge about the working of natural things was gathered
long before recorded history and led to the development of complex
abstract thinking, as shown by the construction of complex calendars,
techniques for making poisonous plants edible, and buildings such as
the pyramids. However no consistent distinction was made between
knowledge of such things which are true in every community, and other types of communal knowledge such as
mythologies and legal systems.

Philosophical study of nature

Before the invention or discovery of the concept of "nature" (Ancient Greek phusis), by the Pre-Socratic
philosophers, the same words tend to be used to describe the natural "way" in which a plant grows,[6] and the "way"
in which, for example, one tribe worships a particular god. For this reason it is claimed these men were the first
philosophers in the strict sense, and also the first people to clearly distinguish "nature" and "convention".[7] Science
was therefore distinguished as the knowledge of nature, and the things which are true for every community, and the
name of the specialized pursuit of such knowledge was philosophy — the realm of the first philosopher-physicists.
They were mainly speculators or theorists, particularly interested in astronomy. In contrast, trying to use knowledge
of nature to imitate nature (artifice or technology, Greek technē) was seen by classical scientists as a more
appropriate interest for lower class artisans.[8]

Philosophical turn to human things

A major turning point in the history of early philosophical science was the controversial but successful attempt by
Socrates to apply philosophy to the study of human things, including human nature, the nature of political
communities, and human knowledge itself. He criticized the older type of study of physics as too purely speculative,
and lacking in self-criticism. He was particularly concerned that some of the early physicists treated nature as if it
could be assumed that it had no intelligent order, explaining things merely in terms of motion and matter.
The study of human things had been the realm of mythology and tradition, and Socrates was executed. Aristotle later 
created a less controversial systematic programme of Socratic philosophy, which was teleological, and 
human-centred. He rejected many of the conclusions of earlier scientists. For example in his physics the sun goes 
around the earth, and many things have it as part of their nature that they are for humans. Each thing has a formal 
cause and final cause and a role in the rational cosmic order. Motion and change is described as the actualization of 
potentials already in things, according to what types of things they are. While the Socratics insisted that philosophy 
should be used to consider the practical question of the best way to live for a human being, they did not argue for any
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other types of applied science.
Aristotle maintained the sharp distinction between science and the practical knowledge of artisans, treating
theoretical speculation as the highest type of human activity, practical thinking about good living as something less
lofty, and the knowledge of artisans as something only suitable for the lower classes. In contrast to modern science,
Aristotle's influential emphasis was upon the "theoretical" steps of deducing universal rules from raw data, and did
not treat the gathering of experience and raw data as part of science itself.[9]

Medieval science

During late antiquity and the early Middle Ages, the Aristotelian approach to inquiries on natural phenomenon was
used. Some ancient knowledge was lost, or in some cases kept in obscurity, during the fall of the Roman Empire and
periodic political struggles. However, the general fields of science, or Natural Philosophy as it was called, and much
of the general knowledge from the ancient world remained preserved though the works of the early encyclopedists
like Isidore of Seville. During the early medieval period, Syrian Christians from Eastern Europe such as Nestorians
and Monophysites were the ones that translated much of the important Greek science texts from Greek to Syriac and
the later on they translated many of the works into Arabic and other languages under Islamic rule.[10] This was a
major line of transmission for the development of Islamic science which provided much of the activity during the
early medieval period. In the later medieval period, Europeans recovered some ancient knowledge by translations of
texts and they built their work upon the knowledge of Aristotle, Ptolemy, Euclid, and others works. In Europe, men
like Roger Bacon learned Arabic and Hebrew and argued for more experimental science. By the late Middle Ages, a
synthesis of Catholicism and Aristotelianism known as Scholasticism was flourishing in Western Europe, which had
become a new geographic center of science.

Renaissance, and early modern science

Galileo is considered one of the
fathers of modern science.[11]

By the late Middle Ages, especially in Italy there was an influx of texts and
scholars from the collapsing Byzantine empire. Copernicus formulated a
heliocentric model of the solar system unlike the geocentric model of Ptolemy's
Almagest. All aspects of scholasticism were criticized in the 15th and 16th
centuries; one author who was notoriously persecuted was Galileo, who made
innovative use of experiment and mathematics. However the persecution began
after Pope Urban VIII blessed Galileo to write about the Copernican system.
Galileo had used arguments from the Pope and put them in the voice of the
simpleton in the work "Dialogue Concerning the Two Chief World Systems"
which caused great offense to him.[12]

In Northern Europe, the new technology of the printing press was widely used to
publish many arguments including some that disagreed with church dogma. René
Descartes and Francis Bacon published philosophical arguments in favor of a
new type of non-Aristotelian science. Descartes argued that mathematics could be used in order to study nature, as
Galileo had done, and Bacon emphasized the importance of experiment over contemplation. Bacon also argued that
science should aim for the first time at practical inventions for the improvement of all human life.

Bacon questioned the Aristotelian concepts of formal cause and final cause, and promoted the idea that science
should study the laws of "simple" natures, such as heat, rather than assuming that there is any specific nature, or
"formal cause", of each complex type of thing. This new modern science began to see itself as describing "laws of
nature". This updated approach to studies in nature was seen as mechanistic.
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Age of Enlightenment

In the 17th and 18th centuries, the project of modernity, as had been promoted by Bacon and Descartes, led to rapid
scientific advance and the successful development of a new type of natural science, mathematical, methodically
experimental, and deliberately innovative. Newton and Leibniz succeeded in developing a new physics, now referred
to as Newtonian physics, which could be confirmed by experiment and explained in mathematics. Leibniz also
incorporated terms from Aristotelian physics, but now being used in a new non-teleological way, for example
"energy" and "potential". But in the style of Bacon, he assumed that different types of things all work according to
the same general laws of nature, with no special formal or final causes for each type of thing.
It is, during this period that the word "science" gradually became more commonly used to refer to the pursuit of a
type of knowledge, and especially knowledge of nature — coming close in meaning to the old term "natural
philosophy".

19th century

Both John Herschel and William Whewell systematised methodology: the latter coined the term scientist. When
Charles Darwin published On the Origin of Species he established descent with modification as the prevailing
evolutionary explanation of biological complexity. His theory of natural selection provided a natural explanation of
how species originated, but this only gained wide acceptance a century later. John Dalton developed the idea of
atoms. The laws of Thermodynamics and the electromagnetic theory were also established in the 19th century, which
raised new questions which could not easily be answered using Newton's framework.

20th century and beyond

Einstein's Theory of Relativity and the development of quantum mechanics led to the replacement of Newtonian
physics with a new physics which contains two parts, that describe different types of events in nature. The extensive
use of scientific innovation during the wars of this century, led to the space race and widespread public appreciation
of the importance of modern science. More recently it has been argued that the ultimate purpose of science is to
make sense of human beings and our nature- for example in his book Consilience, EO Wilson said "The human
condition is the most important frontier of the natural sciences."[13] Jeremy Griffith supports this view.[14]

Philosophy of science

John Locke

Working scientists usually take for granted a set of basic assumptions that are
needed to justify the scientific method: (1) that there is an objective reality
shared by all rational observers; (2) that this objective reality is governed by
natural laws; (3) that these laws can be discovered by means of systematic
observation and experimentation. Philosophy of science seeks a deep
understanding of what these underlying assumptions mean and whether they are
valid.
The belief that all observers share a common reality is known as realism. It can
be contrasted with anti-realism, the belief that there is no valid concept of
absolute truth such that things that are true for one observer are true for all
observers. The most commonly defended form of anti-realism is idealism, the
belief that the mind or spirit is the most basic essence, and that each mind
generates its own reality.[15] In an idealistic world-view, what is true for one

mind need not be true for other minds.

There are different schools of thought in philosophy of science. The most popular position is empiricism, which 
claims that knowledge is created by a process involving observation and that scientific theories are the result of 
generalizations from such observations.[16] Empiricism generally encompasses inductivism, a position that tries to
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explain the way general theories can be justified by the finite number of observations humans can make and the
hence finite amount of empirical evidence available to confirm scientific theories. This is necessary because the
number of predictions those theories make is infinite, which means that they cannot be known from the finite amount
of evidence using deductive logic only. Many versions of empiricism exist, with the predominant ones being
bayesianism[17] and the hypothetico-deductive method.[18]

Distinguished Men of Science.Engraving after 'Men of Science Living in 1807-8' [19],
John Gilbert engraved by George Zobel and William Walker, ref. NPG 1075a, National
Portrait Gallery, London, accessed February 2010 Use a cursor to see who is who.Smith,
HM (May 1941). "Eminent men of science living in 1807-8". J. Chem. Educ 18 (5): 203.

doi:10.1021/ed018p203. http://pubs.acs.org/doi/abs/10.1021/ed018p203.

Empiricism has stood in contrast to
rationalism, the position originally
associated with Descartes, which holds
that knowledge is created by the
human intellect, not by observation.[21]

A significant twentieth century version
of rationalism is critical rationalism,
first defined by Austrian-British
philosopher Karl Popper. Popper
rejected the way that empiricism
describes the connection between
theory and observation. He claimed
that theories are not generated by
observation, but that observation is
made in the light of theories and that
the only way a theory can be affected
by observation is when it comes in
conflict with it.[22] Popper proposed falsifiability as the landmark of scientific theories, and falsification as the
empirical method, to replace verifiability[23] and induction by purely deductive notions.[24] Popper further claimed
that there is actually only one universal method, and that this method is not specific to science: The negative method
of criticism, trial and error.[25] It covers all products of the human mind, including science, mathematics, philosophy,
and art [26]

Another approach, instrumentalism, colloquially termed "shut up and calculate", emphasizes the utility of theories as
instruments for explaining and predicting phenomena.[27] It claims that scientific theories are black boxes with only
their input (initial conditions) and output (predictions) being relevant. Consequences, notions and logical structure of
the theories are claimed to be something that should simply be ignored and that scientists shouldn't make a fuss about
(see interpretations of quantum mechanics).

Paul K Feyerabend advanced the idea of epistemological anarchism, which holds that there are no useful and
exception-free methodological rules governing the progress of science or the growth of knowledge, and that the idea
that science can or should operate according to universal and fixed rules is unrealistic, pernicious and detrimental to
science itself.[28] Feyerabend advocates treating science as an ideology alongside others such as religion, magic and
mythology, and considers the dominance of science in society authoritarian and unjustified. He also contended
(along with Imre Lakatos) that the demarcation problem of distinguishing science from pseudoscience on objective
grounds is not possible and thus fatal to the notion of science running according to fixed, universal rules.[28]

Feyerabend also stated that science does not have evidence for its philosophical precepts, particularly the notion of
Uniformity of Law and the Uniformity of Process across time and space.[29]

Finally, another approach often cited in debates of scientific skepticism against controversial movements like 
"scientific creationism", is methodological naturalism. Its main point is that a difference between natural and 
supernatural explanations should be made, and that science should be restricted methodologically to natural 
explanations.[30] That the restriction is merely methodological (rather than ontological) means that science should 
not consider supernatural explanations itself, but should not claim them to be wrong either. Instead, supernatural

http://en.wikipedia.org/w/index.php?title=Deductive_logic
http://en.wikipedia.org/w/index.php?title=Bayesianism
http://en.wikipedia.org/w/index.php?title=Hypothetico-deductive_method
http://www.npg.org.uk/collections/search/portrait.php?LinkID=mp02303&rNo=1&role=sit
http://en.wikipedia.org/w/index.php?title=John_Gilbert_%28painter%29
http://en.wikipedia.org/w/index.php?title=William_Walker_%28engraver_born_1791%29
http://en.wikipedia.org/w/index.php?title=File%3AMenOfScience1807ZobelAndWalker.jpg
http://en.wikipedia.org/w/index.php?title=Rationalism
http://en.wikipedia.org/w/index.php?title=Descartes
http://en.wikipedia.org/w/index.php?title=Critical_rationalism
http://en.wikipedia.org/w/index.php?title=Karl_Popper
http://en.wikipedia.org/w/index.php?title=Falsifiability
http://en.wikipedia.org/w/index.php?title=Falsifiability%23Falsificationism
http://en.wikipedia.org/w/index.php?title=Trial_and_error
http://en.wikipedia.org/w/index.php?title=Instrumentalism
http://en.wikipedia.org/w/index.php?title=Interpretations_of_quantum_mechanics
http://en.wikipedia.org/w/index.php?title=Paul_K_Feyerabend
http://en.wikipedia.org/w/index.php?title=Epistemological_anarchism
http://en.wikipedia.org/w/index.php?title=Methodology
http://en.wikipedia.org/w/index.php?title=Scientific_progress
http://en.wikipedia.org/w/index.php?title=Knowledge
http://en.wikipedia.org/w/index.php?title=Ideology
http://en.wikipedia.org/w/index.php?title=Religion
http://en.wikipedia.org/w/index.php?title=Magic_%28paranormal%29
http://en.wikipedia.org/w/index.php?title=Mythology
http://en.wikipedia.org/w/index.php?title=Authoritarian
http://en.wikipedia.org/w/index.php?title=Imre_Lakatos
http://en.wikipedia.org/w/index.php?title=Demarcation_problem
http://en.wikipedia.org/w/index.php?title=Pseudoscience
http://en.wikipedia.org/w/index.php?title=Scientific_skepticism
http://en.wikipedia.org/w/index.php?title=Scientific_creationism
http://en.wikipedia.org/w/index.php?title=Methodological_naturalism
http://en.wikipedia.org/w/index.php?title=Supernatural


Science 6

explanations should be left a matter of personal belief outside the scope of science. Methodological naturalism
maintains that proper science requires strict adherence to empirical study and independent verification as a process
for properly developing and evaluating explanations for observable phenomena.[31] The absence of these standards,
arguments from authority, biased observational studies and other common fallacies are frequently cited by supporters
of methodological naturalism as criteria for the dubious claims they criticize not to be true science.

DNA determines the genetic
structure of all known life

Certainty and science

A scientific theory is empirical, and is always open to falsification if new evidence
is presented. That is, no theory is ever considered strictly certain as science
accepts the concept of fallibilism. The philosopher of science Karl Popper sharply
distinguishes truth from certainty. He writes that scientific knowledge "consists in
the search for truth", but it "is not the search for certainty ... All human knowledge
is fallible and therefore uncertain."[32]

Although science values legitimate
doubt, The Flat Earth Society is still

widely regarded as an example of
taking skepticism too far

New scientific knowledge very rarely results in vast changes in our
understanding. According to psychologist Keith Stanovich, it may be the media's
overuse of words like "breakthrough" that leads the public to imagine that
science is constantly proving everything it thought was true to be false.[33] While
there are such famous cases as the theory of relativity that required a complete
reconceptualization, these are extreme exceptions. Knowledge in science is
gained by a gradual synthesis of information from different experiments, by
various researchers, across different domains of science; it is more like a climb
than a leap.[34] Theories vary in the extent to which they have been tested and
verified, as well as their acceptance in the scientific community.[35] For example,
heliocentric theory, the theory of evolution, and germ theory still bear the name
"theory" even though, in practice, they are considered factual.[36] Philosopher
Barry Stroud adds that, although the best definition for "knowledge" is contested,

being skeptical and entertaining the possibility that one is incorrect is compatible with being correct. Ironically then,
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the scientist adhering to proper scientific approaches will doubt themselves even once they possess the truth.[37] The
fallibilist C. S. Peirce argued that inquiry is the struggle to resolve actual doubt and that merely quarrelsome, verbal,
or hyperbolic doubt is fruitless[38]—but also that the inquirer should try to attain genuine doubt rather than resting
uncritically on common sense.[39] He held that the successful sciences trust, not to any single chain of inference (no
stronger than its weakest link), but to the cable of multiple and various arguments intimately connected.[40]

Stanovich also asserts that science avoids searching for a "magic bullet"; it avoids the single-cause fallacy. This
means a scientist would not ask merely "What is the cause of...", but rather "What are the most significant causes
of...". This is especially the case in the more macroscopic fields of science (e.g. psychology, cosmology).[41] Of
course, research often analyzes few factors at once, but these are always added to the long list of factors that are most
important to consider.[41] For example: knowing the details of only a person's genetics, or their history and
upbringing, or the current situation may not explain a behaviour, but a deep understanding of all these variables
combined can be very predictive.

Pseudoscience, fringe science, and junk science
An area of study or speculation that masquerades as science in an attempt to claim a legitimacy that it would not
otherwise be able to achieve is sometimes referred to as pseudoscience, fringe science, or "alternative science".[42]

Another term, junk science, is often used to describe scientific hypotheses or conclusions which, while perhaps
legitimate in themselves, are believed to be used to support a position that is seen as not legitimately justified by the
totality of evidence. Physicist Richard Feynman coined the term "cargo cult science" in reference to pursuits that
have the formal trappings of science but lack "a principle of scientific thought that corresponds to a kind of utter
honesty" that allows their results to be rigorously evaluated.[43] Various types of commercial advertising, ranging
from hype to fraud, may fall into these categories.
There also can be an element of political or ideological bias on all sides of such debates. Sometimes, research may
be characterized as "bad science", research that is well-intentioned but is seen as incorrect, obsolete, incomplete, or
over-simplified expositions of scientific ideas. The term "scientific misconduct" refers to situations such as where
researchers have intentionally misrepresented their published data or have purposely given credit for a discovery to
the wrong person.[44]
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Scientific practice

Astronomy became much more accurate after
Tycho Brahe devised his scientific instruments

for measuring angles between two celestial
bodies, before the invention of the telescope.

Brahe's observations were the basis for Kepler's
laws.

"If a man will begin with certainties, he shall end in doubts; but
if he will be content to begin with doubts, he shall end in
certainties." —Francis Bacon (1605) The Advancement of
Learning, Book 1, v, 8

A skeptical point of view, demanding a method of proof, was the
practical position taken as early as 1000 years ago, with Alhazen,
Doubts Concerning Ptolemy, through Bacon (1605), and C. S. Peirce
(1839–1914), who note that a community will then spring up to
address these points of uncertainty. The methods of inquiry into a
problem have been known for thousands of years,[45] and extend
beyond theory to practice. The use of measurements, for example, is a
practical approach to settle disputes in the community.

John Ziman points out that intersubjective pattern recognition is
fundamental to the creation of all scientific knowledge.[46] Ziman
shows how scientists can identify patterns to each other across
centuries: Needham 1954 (illustration facing page 164) shows how
today's trained Western botanist can identify Artemisia alba from
images taken from a 16th c. Chinese pharmacopia,[47] and Ziman refers
to this ability as 'perceptual consensibility'.[48] Ziman then makes
consensibility, leading to consensus, the touchstone of reliable
knowledge.[49]

The scientific method

The scientific method seeks to explain the events of nature in a reproducible way.[50] An explanatory thought
experiment or hypothesis is put forward, as explanation, using principles such as parsimony (also known as
"Occam's Razor") and are generally expected to seek consilience—fitting well with other accepted facts related to
the phenomena.[51] This new explanation is used to make falsifiable predictions that are testable by experiment or
observation. The predictions are to be posted before a confirming experiment or observation is sought, as proof that
no tampering has occurred. Disproof of a prediction is evidence of progress.[52][53] This is done partly through
observation of natural phenomena, but also through experimentation, that tries to simulate natural events under
controlled conditions, as appropriate to the discipline (in the observational sciences, such as astronomy or geology, a
predicted observation might take the place of a controlled experiment). Experimentation is especially important in
science to help establish causational relationships (to avoid the correlation fallacy).

When a hypothesis proves unsatisfactory, it is either modified or discarded.[54] If the hypothesis survived testing, it
may become adopted into the framework of a scientific theory. This is a logically reasoned, self-consistent model or
framework for describing the behavior of certain natural phenomena. A theory typically describes the behavior of
much broader sets of phenomena than a hypothesis; commonly, a large number of hypotheses can be logically bound
together by a single theory. Thus a theory is a hypothesis explaining various other hypotheses. In that vein, theories
are formulated according to most of the same scientific principles as hypotheses. In addition to testing hypotheses,
scientists may also generate a model based on observed phenomena. This is an attempt to describe or depict the
phenomenon in terms of a logical, physical or mathematical representation and to generate new hypotheses that can
be tested.[55]

While performing experiments to test hypotheses, scientists may have a preference for one outcome over another, 
and so it is important to ensure that science as a whole can eliminate this bias.[56][57] This can be achieved by careful
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experimental design, transparency, and a thorough peer review process of the experimental results as well as any
conclusions.[58][59] After the results of an experiment are announced or published, it is normal practice for
independent researchers to double-check how the research was performed, and to follow up by performing similar
experiments to determine how dependable the results might be.[60] Taken in its entirety, the scientific method allows
for highly creative problem solving while minimizing any effects of subjective bias on the part of its users (namely
the confirmation bias).[61]

Mathematics and formal sciences

Data from the famous Michelson–Morley experiment

Mathematics is essential to the sciences.
One important function of mathematics in
science is the role it plays in the expression
of scientific models. Observing and
collecting measurements, as well as
hypothesizing and predicting, often require
extensive use of mathematics. Arithmetic,
algebra, geometry, trigonometry and
calculus, for example, are all essential to
physics. Virtually every branch of
mathematics has applications in science,
including "pure" areas such as number
theory and topology.

Statistical methods, which are mathematical
techniques for summarizing and analyzing
data, allow scientists to assess the level of
reliability and the range of variation in
experimental results. Statistical analysis
plays a fundamental role in many areas of
both the natural sciences and social
sciences.

Computational science applies computing power to simulate real-world situations, enabling a better understanding of
scientific problems than formal mathematics alone can achieve. According to the Society for Industrial and Applied
Mathematics, computation is now as important as theory and experiment in advancing scientific knowledge.[62]

Whether mathematics itself is properly classified as science has been a matter of some debate. Some thinkers see
mathematicians as scientists, regarding physical experiments as inessential or mathematical proofs as equivalent to
experiments. Others do not see mathematics as a science, since it does not require an experimental test of its theories
and hypotheses. Mathematical theorems and formulas are obtained by logical derivations which presume axiomatic
systems, rather than the combination of empirical observation and logical reasoning that has come to be known as
the scientific method. In general, mathematics is classified as formal science, while natural and social sciences are
classified as empirical sciences.[63]

http://en.wikipedia.org/w/index.php?title=Design_of_experiments
http://en.wikipedia.org/w/index.php?title=Peer_review
http://en.wikipedia.org/w/index.php?title=Confirmation_bias
http://en.wikipedia.org/w/index.php?title=Michelson%E2%80%93Morley_experiment
http://en.wikipedia.org/w/index.php?title=File%3AMichelsonmorley-boxplot.svg
http://en.wikipedia.org/w/index.php?title=Measurements
http://en.wikipedia.org/w/index.php?title=Arithmetic
http://en.wikipedia.org/w/index.php?title=Algebra
http://en.wikipedia.org/w/index.php?title=Geometry
http://en.wikipedia.org/w/index.php?title=Trigonometry
http://en.wikipedia.org/w/index.php?title=Calculus
http://en.wikipedia.org/w/index.php?title=Physics
http://en.wikipedia.org/w/index.php?title=Number_theory
http://en.wikipedia.org/w/index.php?title=Number_theory
http://en.wikipedia.org/w/index.php?title=Topology
http://en.wikipedia.org/w/index.php?title=Statistics
http://en.wikipedia.org/w/index.php?title=Computational_science
http://en.wikipedia.org/w/index.php?title=Society_for_Industrial_and_Applied_Mathematics
http://en.wikipedia.org/w/index.php?title=Society_for_Industrial_and_Applied_Mathematics
http://en.wikipedia.org/w/index.php?title=Theorem
http://en.wikipedia.org/w/index.php?title=Formula
http://en.wikipedia.org/w/index.php?title=Mathematical_logic
http://en.wikipedia.org/w/index.php?title=Axiom
http://en.wikipedia.org/w/index.php?title=Empirical
http://en.wikipedia.org/w/index.php?title=Formal_science
http://en.wikipedia.org/w/index.php?title=Empirical


Science 10

Basic and applied research
Although some scientific research is applied research into specific problems, a great deal of our understanding comes
from the curiosity-driven undertaking of basic research. This leads to options for technological advance that were not
planned or sometimes even imaginable. This point was made by Michael Faraday when, allegedly in response to the
question "what is the use of basic research?" he responded "Sir, what is the use of a new-born child?".[64] For
example, research into the effects of red light on the human eye's rod cells did not seem to have any practical
purpose; eventually, the discovery that our night vision is not troubled by red light would lead search and rescue
teams (among others) to adopt red light in the cockpits of jets and helicopters.[65] In a nutshell: Basic research is the
search for knowledge. Applied research is the search for solutions to practical problems using this knowledge.
Finally, even basic research can take unexpected turns, and there is some sense in which the scientific method is built
to harness luck.

Research in practice
Due to the increasing complexity of information and specialization of scientists, most of the cutting-edge research
today is done by well funded groups of scientists, rather than individuals.[66] D.K. Simonton notes that due to the
breadth of very precise and far reaching tools already used by researchers today and the amount of research
generated so far, creation of new disciplines or revolutions within a discipline may no longer be possible as it is
unlikely that some phenomenon that merits its own discipline has been overlooked. Hybridizing of disciplines and
finessing knowledge is, in his view, the future of science.[66]

Practical impacts of scientific research
Discoveries in fundamental science can be world-changing, but often take time to have that effect. For example:

Research Impact

The strange orbit of
Mercury and other
research
leading to special and
general relativity

Satellite-based technology such as GPS, satnav and satellite communications [67]

Radioactivity and
antimatter

Cancer treatment, PET scans, and medical research (via isotopic labeling)

Immunology Vaccination, leading to the elimination of most infectious diseases from developed countries and the
worldwide eradication of smallpox; hygiene, leading to decreased transmission of infectious diseases;
antibodies, leading to techniques for disease diagnosis and targeted anticancer therapies.

Crystallography and
quantum mechanics

Semiconductor devices, hence modern computing and telecommunications including the integration with
wireless devices: the mobile phone [67]

Diffraction Optics, hence fiberoptic cable, modern intercontinental communications, and cable TV and internet

Photovoltaic effect Solar cells, hence solar power, solar powered watches, calculators and other devices.

Radio waves Radio had become used in innumerable ways beyond its better-known areas of telephony, and broadcast
television and radio entertainment. Other uses included - emergency services, radar (navigation and
weather prediction), sonar, medicine, astronomy, wireless communications, and networking. Radio waves
also led researchers to adjacent frequencies such as microwaves, used worldwide for heating and cooking
food.
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Scientific community

Johannes Hevelius and wife Elisabetha making
observations, 1673. The Royal Society numbers

Hevelius among its first foreign members.

The Meissner effect causes a magnet to levitate
above a superconductor

The scientific community is the group of all interacting scientists. It
includes many sub-communities working on particular scientific fields,
and within particular institutions; interdisciplinary and
cross-institutional activities are also significant.

Branches and fields

Scientific fields are commonly divided into two major groups: natural
sciences, which study natural phenomena (including biological life),
and social sciences, which study human behavior and societies. These
groupings are empirical sciences, which means the knowledge must be
based on observable phenomena and capable of being tested for its
validity by other researchers working under the same conditions.[68]

There are also related disciplines that are grouped into interdisciplinary
and applied sciences, such as engineering and medicine. Within these
categories are specialized scientific fields that can include parts of
other scientific disciplines but often possess their own nomenclature
and expertise.[69]

Mathematics, which is classified as a formal science,[70][71] has both
similarities and differences with the empirical sciences (the natural and
social sciences). It is similar to empirical sciences in that it involves an
objective, careful and systematic study of an area of knowledge; it is
different because of its method of verifying its knowledge, using a
priori rather than empirical methods.[72] The formal sciences, which
also include statistics and logic, are vital to the empirical sciences.
Major advances in formal science have often led to major advances in
the empirical sciences. The formal sciences are essential in the
formation of hypotheses, theories, and laws,[73] both in discovering and
describing how things work (natural sciences) and how people think and act (social sciences).
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Institutions

Louis XIV visiting the Académie des
sciences in 1671

Learned societies for the communication and promotion of scientific thought and
experimentation have existed since the Renaissance period.[74] The oldest
surviving institution is the Italian Accademia dei Lincei which was established in
1603.[75] The respective National Academies of Science are distinguished
institutions that exist in a number of countries, beginning with the British Royal
Society in 1660[76] and the French Académie des Sciences in 1666.[77]

International scientific organizations, such as the International Council for
Science, have since been formed to promote cooperation between the scientific
communities of different nations. Many governments have dedicated agencies to
support scientific research. Prominent scientific organizations include, the
National Science Foundation in the U.S., the National Scientific and Technical
Research Council in Argentina, the academies of science of many nations,
CSIRO in Australia, Centre national de la recherche scientifique in France, Max
Planck Society and Deutsche Forschungsgemeinschaft in Germany, and in Spain,
CSIC.

Literature
An enormous range of scientific literature is published.[78] Scientific journals communicate and document the results
of research carried out in universities and various other research institutions, serving as an archival record of science.
The first scientific journals, Journal des Sçavans followed by the Philosophical Transactions, began publication in
1665. Since that time the total number of active periodicals has steadily increased. As of 1981, one estimate for the
number of scientific and technical journals in publication was 11,500.[79] The United States National Library of
Medicine currently indexes 5,516 journals that contain articles on topics related to the life sciences. Although the
journals are in 39 languages, 91 percent of the indexed articles are published in English.[80]

Most scientific journals cover a single scientific field and publish the research within that field; the research is
normally expressed in the form of a scientific paper. Science has become so pervasive in modern societies that it is
generally considered necessary to communicate the achievements, news, and ambitions of scientists to a wider
populace.
Science magazines such as New Scientist, Science & Vie, and Scientific American cater to the needs of a much wider
readership and provide a non-technical summary of popular areas of research, including notable discoveries and
advances in certain fields of research. Science books engage the interest of many more people. Tangentially, the
science fiction genre, primarily fantastic in nature, engages the public imagination and transmits the ideas, if not the
methods, of science.
Recent efforts to intensify or develop links between science and non-scientific disciplines such as Literature or, more
specifically, Poetry, include the Creative Writing Science resource developed through the Royal Literary Fund.[81]
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Science and society

A scientist in her lab coat.

Women in science

Science is largely a male-dominated field, with notable exceptions.[82] A large
majority of male scientists are the ones who have made the discoveries, written
the books and thus have written the rules of what to study and how to study it.
There is evidence suggesting that this is a product of stereotypes (e.g. science as
"manly") as well as self-fulfilling prophecies.[83][84] Experiments have shown
that parents challenge and explain more to boys than girls, asking them to reflect
more deeply and logically.[85] Physicist Evelyn Fox Keller argues that science
has masculine stereotypes causing ego and competitiveness to obstruct progress,
and that these tendencies prevent collaboration and sharing of information.[86]

Women have faced a lot of discrimination getting not only credit for their
scientific discoveries but also getting opportunities. Both in research and

professorship the quantity of females are very limited in comparison to their male counterparts.[87] The lack of
females in science can be directly associated with the social atmosphere which has always treated science as a more
masculine area of study.[88] Beginning with boys being pushed more towards academia and girls being confined to
the domestic sphere, females have faced both discrimination and difficulty entering into science. Those who are a
part of the scientific community find it difficult to break the "glass ceiling" which thus limits how far they can
advance within the field. The barrier between work and home has also been an obstacle that women have had to
overcome to succeed in the sciences. The achievements of women in science are attributed to their defiance of
traditional status of being a laborer within the domestic sphere.[89]

Feminist authors and leaders who hail from various educational backgrounds such as Londa Schiebinger, Anne
Fausto-Sterling, Bonnie Spanier, and Evelyn Fox Keller[90] have published many works interpreting and critiquing
science from a feminist perspective. Some criticisms include the gendered metaphors in science, the lack of
representation of females in the sciences, how science is used to back up the ideals of patriarchy, and sex/gender
dichotomies. Feminist Science Studies as a sub-genre of Women's Studies or Gender Studies are available as areas of
study in many universities as a method of activism to promote and encourage awareness of social issues as well as
promoting women and intersex individuals to contribute more to the sciences.
Although it has been difficult for women to break into the field of science as credible contributors, many new
discoveries have been a result of work by female scientists. Some of the most famous females in the field include
Marie Curie, who made discoveries relating to radioactivity, Rosalind Franklin, who worked with x-ray diffraction,
Caroline Herschel, who was the first woman to be paid for her scientific work and Jane Goodall, who is currently the
world's foremost primatologist.[91] These women helped establish a place for women in a heavily male dominated
field.[87] Most female scientists have only gained fame and authority in the 20th century although there have been
advancements in the natural sciences made by women since the early 15th century. Christine de Pizan wrote the first
encyclopedia in which she gave credit to these 15th century women for the scientific discoveries of bread making,
wool dyeing, grain cultivation and many other day to day inventions.

Science policy
Science policy is an area of public policy concerned with the policies that affect the conduct of the scientific 
enterprise, including research funding, often in pursuance of other national policy goals such as technological 
innovation to promote commercial product development, weapons development, health care and environmental 
monitoring. Science policy also refers to the act of applying scientific knowledge and consensus to the development 
of public policies. Science policy thus deals with the entire domain of issues that involve the natural sciences. In
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accordance with public policy being concerned about the well-being of its citizens, science policy's goal is to
consider how science and technology can best serve the public.
State policy has influenced the funding of public works and science for thousands of years, dating at least from the
time of the Mohists, who inspired the study of logic during the period of the Hundred Schools of Thought, and the
study of defensive fortifications during the Warring States Period in China. In Great Britain, governmental approval
of the Royal Society in the seventeenth century recognized a scientific community which exists to this day. The
professionalization of science, begun in the nineteenth century, was partly enabled by the creation of scientific
organizations such as the National Academy of Sciences, the Kaiser Wilhelm Institute, and State funding of
universities of their respective nations. Public policy can directly affect the funding of capital equipment, intellectual
infrastructure for industrial research, by providing tax incentives to those organizations that fund research. Vannevar
Bush, director of the office of scientific research and development for the United States government, the forerunner
of the National Science Foundation, wrote in July 1945 that "Science is a proper concern of government" [92]

Science and technology research is often funded through a competitive process, in which potential research projects
are evaluated and only the most promising receive funding. Such processes, which are run by government,
corporations or foundations, allocate scarce funds. Total research funding in most developed countries is between
1.5% and 3% of GDP.[93] In the OECD, around two-thirds of research and development in scientific and technical
fields is carried out by industry, and 20% and 10% respectively by universities and government. The government
funding proportion in certain industries is higher, and it dominates research in social science and humanities.
Similarly, with some exceptions (e.g. biotechnology) government provides the bulk of the funds for basic scientific
research. In commercial research and development, all but the most research-oriented corporations focus more
heavily on near-term commercialisation possibilities rather than "blue-sky" ideas or technologies (such as nuclear
fusion).

Media perspectives
The mass media face a number of pressures that can prevent them from accurately depicting competing scientific
claims in terms of their credibility within the scientific community as a whole. Determining how much weight to
give different sides in a scientific debate may require considerable expertise regarding the matter.[94] Few journalists
have real scientific knowledge, and even beat reporters who know a great deal about certain scientific issues may be
ignorant about other scientific issues that they are suddenly asked to cover.[95][96]

Political usage
Many issues damage the relationship of science to the media and the use of science and scientific arguments by
politicians. As a very broad generalisation, many politicians seek certainties and facts whilst scientists typically offer
probabilities and caveats. However, politicians' ability to be heard in the mass media frequently distorts the scientific
understanding by the public. Examples in Britain include the controversy over the MMR inoculation, and the 1988
forced resignation of a Government Minister, Edwina Currie for revealing the high probability that battery farmed
eggs were contaminated with Salmonella.[97]

John Horgan, Chris Mooney, and researchers from the US and Canada have described Scientific Certainty
Argumentation Methods (SCAMs), where an organization or think tank makes it their only goal to cast doubt on
supported science because it conflicts with political agendas.[98][99][100][101] Hank Campbell and microbiologist Alex
Berezow have described "feel-good fallacies" used in politics, where politicians frame their positions in a way that
makes people feel good about supporting certain policies even when scientific evidence shows there is no need to
worry or there is no need for dramatic change on current programs.[102]
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Notes
[1] "... modern science is a discovery as well as an invention. It was a discovery that nature generally acts regularly enough to be described by

laws and even by mathematics; and required invention to devise the techniques, abstractions, apparatus, and organization for exhibiting the
regularities and securing their law-like descriptions." —p.vii, J. L. Heilbron,(2003, editor-in-chief). The Oxford Companion to the History of
Modern Science. New York: Oxford University Press. ISBN 0-19-511229-6.

• "science" (http:/ / www. merriam-webster. com/ dictionary/ science). Merriam-Webster Online Dictionary. Merriam-Webster, Inc. .
Retrieved 2011-10-16. "3 a: knowledge or a system of knowledge covering general truths or the operation of general laws especially as
obtained and tested through scientific method b: such knowledge or such a system of knowledge concerned with the physical world and its
phenomena"

[2] Aristotle, ca. 4th century BCE "[[Nicomachean Ethics (http:/ / www. perseus. tufts. edu/ hopper/ text?doc=Perseus:text:1999. 01. 0054:bekker
page=1139b)] Book VI, and Metaphysics Book I:"]. . "In general the sign of knowledge or ignorance is the ability to teach, and for this reason
we hold that art rather than experience is scientific knowledge (epistemē); for the artists can teach, but the others cannot." — Aristot. Met.
1.981b (http:/ / www. perseus. tufts. edu/ hopper/ text?doc=Perseus:text:1999. 01. 0052:book=1:section=981b& highlight=artists,others)

[3] Isaac Newton's Philosophiae Naturalis Principia Mathematica (1687), for example, is translated "Mathematical Principles of Natural
Philosophy", and reflects the then-current use of the words "natural philosophy", akin to "systematic study of nature"

[4][4] Oxford English Dictionary
[5][5] Needham 1954, p. 150
[6] See the quotation in Homer (8th c. BCE) Odyssey 10.302-3
[7][7] "Progress or Return" in An Introduction to Political Philosophy: Ten Essays by Leo Strauss. (Expanded version of Political Philosophy: Six

Essays by Leo Strauss, 1975.) Ed. Hilail Gilden. Detroit: Wayne State UP, 1989.
[8][8] Strauss and Cropsey eds. History of Political Philosophy, Third edition, p.209.
[9] "... [A] man knows a thing scientifically when he possesses a conviction arrived at in a certain way, and when the first principles on which

that conviction rests are known to him with certainty—for unless he is more certain of his first principles than of the conclusion drawn from
them he will only possess the knowledge in question accidentally." — Aristotle, Nicomachean Ethics 6 (H. Rackham, ed.) Aristot. Nic. Eth.
1139b (http:/ / www. perseus. tufts. edu/ hopper/ text?doc=Perseus:text:1999. 01. 0054:bekker page=1139b)

[10] Grant, Edward (2007). A History of Natural Philosophy: From the Ancient World to the Nineteenth Century. Cambridge University Press.
pp. 62–67. ISBN 978-0-521-68957-1.

[11] "Galileo and the Birth of Modern Science, by Stephen Hawking, American Heritage's Invention & Technology, Spring 2009, Vol. 24, No. 1,
p. 36

[12] "Galileo Project - Pope Urban VIII Biography" (http:/ / galileo. rice. edu/ gal/ urban. html). .
[13] Wilson, EO. 1998. Consilience: The unity of knowledge. New York. Alfred A. Knopf. p334
[14] Griffith J. 2011. What is Science?. In The Book of Real Answers to Everything!, ISBN 9781741290073. http:/ / www. worldtransformation.

com/ what-is-science/ accessed November 20, 2012.
[15] This realization is the topic of intersubjective verifiability, as recounted, for example, by Max Born (1949, 1965) Natural Philosophy of

Cause and Chance (http:/ / www. archive. org/ stream/ naturalphilosoph032159mbp/ naturalphilosoph032159mbp_djvu. txt), who points out
that all knowledge, including natural or social science, is also subjective. Page 162: "Thus it dawned upon me that fundamentally everything is
subjective, everything without exception. That was a shock."

[16] "...[T]he logical empiricists thought that the great aim of science was to discover and establish generalizations." —Godfrey-Smith 2003,
p. 41

[17] "Bayesianism tries to understand evidence using probability theory." —Godfrey-Smith 2003, p. 203
[18][18] Godfrey-Smith 2003, p. 236
[19] http:/ / www. npg. org. uk/ collections/ search/ portrait. php?LinkID=mp02303& rNo=1& role=sit
[20] http:/ / pubs. acs. org/ doi/ abs/ 10. 1021/ ed018p203
[21][21] Godfrey-Smith 2003, p. 20
[22] Godfrey-Smith 2003, pp. 63–7
[23][23] Godfrey-Smith 2003, p. 68
[24][24] Godfrey-Smith 2003, p. 69
[25] Popper called this Conjecture and Refutation Godfrey-Smith 2003, pp. 117–8
[26] Karl Popper: Objective Knowledge (1972)
[27] Newton-Smith, W. H. (1994). The Rationality of Science. London: Routledge. p. 30. ISBN 0-7100-0913-5.
[28][28] Feyerabend 1993
[29] Feyerabend, Paul (1987). Farewell To Reason. Verso. p. 100. ISBN 0-86091-184-5.
[30] Godfrey-Smith 2003, p. 151 credits Willard Van Orman Quine (1969) "Epistemology Naturalized" Ontological Relativity and Other Essays

New York: Columbia University Press, as well as John Dewey, with the basic ideas of naturalism — Naturalized Epistemology, but
Godfrey-Smith diverges from Quine's position: according to Godfrey-Smith, "A naturalist can think that science can contribute to answers to
philosophical questions, without thinking that philosophical questions can be replaced by science questions.".

[31] Brugger, E. Christian (2004). "Casebeer, William D. Natural Ethical Facts: Evolution, Connectionism, and Moral Cognition". The Review of
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[33] Stanovich 2007 pg 119–138
[34][34] Stanovich 2007 pg 123
[35] Fleck, Ludwik (1979). Trenn, Thaddeus J.; Merton, Robert K. eds. Genesis and Development of a Scientific Fact. Chicago: University of

Chicago Press. ISBN 0-226-25325-2. Claims that before a specific fact "existed", it had to be created as part of a social agreement within a
community. Steven Shapin (1980) "A view of scientific thought" Science ccvii (7 Mar 1980) 1065-66 states "[To Fleck,] facts are invented,
not discovered. Moreover, the appearance of scientific facts as discovered things is itself a social construction: a made thing. "
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Natural science

The natural sciences seek to understand how the world and universe around us works.
There are five major branches: Chemistry (center), astronomy, earth science, physics,

and biology (clockwise from top-left).

The natural sciences are those branches
of science that seek to elucidate the rules
that govern the natural world through
scientific methods.[1] The term "natural
science" is used to distinguish the subject
from the social sciences, which apply the
scientific method to study human
behavior and social patterns; the
humanities, which use a critical or
analytical approach to study the human
condition; and the formal sciences such as
mathematics and logic, which use an a
priori, as opposed to factual methodology
to study formal systems.

Overview

There are five branches of natural science: astronomy, biology, chemistry, the Earth sciences and physics.[2][3] This
distinguishes sciences that cover inquiry into the world of nature from human sciences such as anthropology,
sociology and linguistics, and from formal sciences such as mathematics and logic.[2] Despite their differences, these
sciences sometimes overlap. For example, the social sciences and biology both study human beings as organisms
while mathematics is used regularly in all the natural sciences.[2]

Alongside its traditional usage, natural science may encompass natural history, which emerged in the 16th century
and focused on the description and classification of plants, animals, minerals and other natural objects.[4] Today,
natural history refers to observational descriptions of the natural world aimed at popular audiences rather than an
academic ones.[5] The natural sciences are sometimes referred to colloquially as hard science, or fields seen as
relying on experimental, quantifiable data or the scientific method and focusing on accuracy and objectivity.[6] These
usually include physics, chemistry and biology.[6] By contrast, soft science is used as a pejorative term to describe
fields more reliant on qualitative research, including the social sciences.[6]

History
Some scholars trace the origins of natural science as far back as pre-literate human societies, where understanding
the natural world was necessary for survival.[7] People observed and built up knowledge about the behavior of
animals and the usefulness of plants as food and medicine, which was passed down from generation to generation.[7]

These primitive understandings gave way to more formalized inquiry around 3,500 to 3,000 B.C. in Mesopotamian
and Ancient Egyptian cultures, which produced the first known written evidence of natural philosophy, the precursor
of natural science.[8] While the writings show an interest in astronomy, mathematics and other aspects of the physical
world, the ultimate aim of inquiry about nature's workings was in all cases religious or mythological, not scientific.[9]

A tradition of scientific inquiry also emerged in Ancient China, where Taoist alchemists and philosophers 
experimented with elixirs to extend life and cure ailments.[10] They focused on the yin and yang, or contrasting 
elements in nature; the yin was associated with femininity and coldness, while yang was associated with masculinity 
and warmth.[11] The five phases – fire, earth, metal, wood and water – described a cycle of transformations in 
nature. Water turned into wood, which turned into fire when it burned. The ashes left by fire were earth.[12] Using
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these principles, Chinese philosophers and doctors explored human anatomy, characterizing organs as predominantly
yin or yang; they understood the relationship between the pulse, the heart and the flow of blood in the body centuries
before it became accepted in the West.[13]

Little evidence survives of how Ancient Indian cultures around the Indus River understood nature, but some of their
perspectives may be reflected in the Vedas, a set of sacred Hindu texts.[13] They reveal a conception of the universe
as ever-expanding and constantly being recycled and reformed.[13] Surgeons in the Ayurvedic tradition saw health
and illness as a combination of three humors: wind, bile and phlegm.[13] A healthy life was the result of a balance
between these humors.[13] In Ayurvedic thought, the body consisted of five elements: earth, water, fire, wind and
empty space.[13] Ayurvedic surgeons performed complex surgeries and developed a detailed understanding of human
anatomy.[13]

Pre-Socratic philosophers in Ancient Greek culture brought natural philosophy a step closer to direct inquiry about
cause and effect in nature between 600 and 400 B.C., although an element of magic and mythology remained.[14]

Natural phenomena such as earthquakes and eclipses were explained increasingly in the context of nature itself
instead of being attributed to angry gods.[14] Thales of Miletus, an early philosopher who lived from 625 to 546 B.C.,
explained earthquakes by theorizing that the world floated on water and that water was the fundamental element in
nature.[15] In the fifth century B.C., Leucippus was an early exponent of atomism, the idea that the world is made up
of fundamental indivisible particles.[16] Pythagoras applied Greek innovations in mathematics to astronomy, and
suggested that the earth was spherical.[16]

Aristotelian natural philosophy (400 B.C.–1100 A.D.)
Later Socratic and Platonic thought focused on ethics, morals and art and did not attempt an investigation of the
physical world; Plato criticized pre-Socratic thinkers as materialists and anti-religionists.[17] Aristotle, however, a
student of Plato who lived from 384 to 322 B.C., paid closer attention to the natural world in his philosophy.[18] In
his History of Animals, he described the inner workings of 110 species, including the stingray, catfish and bee.[19] He
investigated chick embryos by breaking open eggs and observing them at various stages of development.[20]

Aristotle's works were influential through the 19th century, and he is considered by some scholars to be the father of
biology.[21] He also presented philosophies about physics, nature and astronomy using inductive reasoning in his
works Physics and Meteorology.[22]
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Plato (left) and Aristotle in a 1509 painting by
Raphael. Plato rejected inquiry into natural

philosophy as against religion, while his student,
Aristotle, created a body of work on the natural
world that influenced generations of scholars.

While Aristotle considered natural philosophy more seriously than his
predecessors, he approached it as a theoretical branch of science.[23]

Still, inspired by his work, Ancient Roman philosophers of the early
first century A.D., including Lucretius, Seneca and Pliny the Elder,
wrote treatises that dealt with the rules of the natural world in varying
degrees of depth.[24] Many Ancient Roman Neoplatonists of the third
to the sixth centuries A.D. also adapted Aristotle's teachings on the
physical world to a philosophy that emphasized spiritualism.[25] Early
medieval philosophers including Macrobius, Calcidius and Martianus
Capella also examined the physical world, largely from a cosmological
and cosmographical perspective, putting forth theories on the
arrangement of celestial bodies and the heavens, which were posited as
being composed of aether.[26]

Aristotle's works on natural philosophy continued to be translated and
studied amid the rise of the Byzantine Empire and Islam in the Middle
East.[27] A revival in mathematics and science took place during the
time of the Abbasid Caliphate from the ninth century onward, when
Muslim scholars expanded upon Greek and Indian natural
philosophy.[28] The words alcohol, algebra and zenith all have Arabic
roots.[29]

Medieval natural philosophy (1100–1600)

Aristote's works and other Greek natural philosophy did not reach the West until about the middle of the 12th
century, when works were translated from Greek and Arabic into Latin.[30] The development of European
civilization later in the Middle Ages brought with it further advances in natural philosophy.[31] European inventions
such as the horseshoe, horse collar and crop rotation allowed for rapid population growth, eventually giving way to
urbanization and the foundation of schools connected to monasteries and cathedrals in modern-day France and
England.[32] Aided by the schools, an approach to Christian theology developed that sought to answer questions
about nature and other subjects using logic.[33] This approach, however, was seen by some detractors as heresy.[33]

By the 12th century, Western European scholars and philosophers came into contact with a body of knowledge of
which they had previously been ignorant: a large corpus of works in Greek and Arabic that were preserved by
Islamic scholars.[34] Through translation into Latin, Western Europe was introduced to Aristotle and his natural
philosophy.[34] These works were taught at new universities in Paris and Oxford by the early 13th century, although
the practice was frowned upon by the Catholic church.[35] A 1210 decree from the Synod of Paris ordered that "no
lectures are to be held in Paris either publicly or privately using Aristotle's books on natural philosophy or the
commentaries, and we forbid all this under pain of excommunication."[35]

In the late Middle Ages, Spanish philosopher Dominicus Gundissalinus translated a treatise by the earlier Arab
scholar Al-Farabi called On the Sciences into Latin, calling the study of the mechanics of nature scientia naturalis,
or natural science.[36] Gundissalinus also proposed his own classification of the natural sciences in his 1150 work On
the Division of Philosophy.[36] This was the first detailed classification of the sciences based on Greek and Arab
philosophy to reach Western Europe.[36] Gundissalinus defined natural science as "the science considering only
things unabstracted and with motion," as opposed to mathematics and sciences that rely on mathematics.[37]

Following Al-Farabi, he then separated the sciences into eight parts, including physics, cosmology, meteorology,
minerals science and plant and animal science.[37]
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Later philosophers made their own classifications of the natural sciences. Robert Kilwardby wrote On the Order of
the Sciences in the 13th century that classed medicine as a mechanical science, along with agriculture, hunting and
theater while defining natural science as the science that deals with bodies in motion.[38] Roger Bacon, an English
friar and philosopher, wrote that natural science dealt with "a principle of motion and rest, as in the parts of the
elements of fire, air, earth and water, and in all inanimate things made from them."[39] These sciences also covered
plants, animals and celestial bodies.[39] Later in the 13th century, Catholic priest and theologian Thomas Aquinas
defined natural science as dealing with "mobile beings" and "things which depend on matter not only for their
existence, but also for their definition."[40] There was wide agreement among scholars in medieval times that natural
science was about bodies in motion, although there was division about the inclusion of fields including medicine,
music and perspective.[41] Philosophers pondered questions including the existence of a vacuum, whether motion
could produce heat, the colors of rainbows, the motion of the earth, whether elemental chemicals exist and where in
the atmosphere rain is formed.[42]

In the centuries up through the end of the Middle Ages, natural science was often mingled with philosophies about
magic and the occult.[43] Natural philosophy appeared in a wide range of forms, from treatises to encyclopedias to
commentaries on Aristotle.[44] The interaction between natural philosophy and Christianity was complex during this
period; some early theologians, including Tatian and Eusebius, considered natural philosophy an outcropping of
pagan Greek science and were suspicious of it.[45] Although some later Christian philosophers, including Aquinas,
came to see natural science as a means of interpreting scripture, this suspicion persisted until the 12th and 13th
centuries.[46] The Condemnation of 1277, which forbade setting philosophy on a level equal with theology and the
debate of religious constructs in a scientific context, showed the persistence with which Catholic leaders resisted the
development of natural philosophy even from a theological perspective.[47] Aquinas and Albertus Magnus, another
Catholic theologian of the era, sought to distance theology from science in their works.[48] "I don't see what one's
interpretation of Aristotle has to do with the teaching of the faith," he wrote in 1271.[49]

Newton and the scientific revolution (1600–1800)
By the 16th and 17th centuries, natural philosophy underwent an evolution beyond commentary on Aristotle as more
early Greek philosophy was uncovered and translated.[50] The invention of the printing press in the 1400s, the
invention of the microscope and telescope, and the Protestant Reformation fundamentally altered the social context
in which scientific inquiry evolved in the West.[50] Christopher Columbus's discovery of a new world changed
perceptions about the physical makeup of the world, while observations by Copernicus, Tyco Brahe and Galileo
brought a more accurate picture of the solar system as heliocentric and proved many of Aristotle's theories about the
heavenly bodies false.[51] A number of 17th-century philosophers, including Thomas Hobbes, John Locke and
Francis Bacon made a break from the past by rejecting Aristotle and his medieval followers outright, calling their
approach to natural philosophy as superficial.[52]

The titles of Galileo's work Two New Sciences and Johannes Kepler's New Astronomy underscored the atmosphere of 
change that took hold in the 17th century as Aristotle was dismissed in favor of novel methods of inquiry into the 
natural world.[53] Bacon was instrumental in popularizing this change; he argued that people should use the arts and 
sciences to gain dominion over nature.[54] To achieve this, he wrote that "human life [must] be endowed with new 
discoveries and powers."[55] He defined natural philosophy as "the knowledge of Causes and secret motions of 
things; and enlarging the bounds of Human Empire, to the effecting of all things possible."[53] Bacon proposed 
scientific inquiry supported by the state and fed by the collaborative research of scientists, a vision that was 
unprecedented in its scope, ambition and form at the time.[55] Natural philosophers came to view nature increasingly 
as a mechanism that could be taken apart and understood, much like a complex clock.[56] Natural philosophers 
including Isaac Newton, Evangelista Torricelli and Francesco Redi conducted experiments focusing on the flow of 
water, measuring atmospheric pressure using a barometer and disproving spontaneous generation.[57] Scientific 
societies and scientific journals emerged and were spread widely through the printing press, touching off the 
scientific revolution.[58] Newton in 1687 published his The Mathematical Principles of Natural Philosophy, or
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Principia Mathematica, which set the groundwork for physical laws that remained current until the 19th century.[59]

Some modern scholars, including Andrew Cunningham, Perry Williams and Floris Cohen, argue that natural
philosophy is not properly called a science, and that genuine scientific inquiry began only with the scientific
revolution.[60] According to Cohen, "the emancipation of science from an overarching entity called 'natural
philosophy' is one defining characteristic of the Scientific Revolution."[60] Other historians of science, including
Edward Grant, contend that the scientific revolution that blossomed in the 17th, 18th and 19th centuries occurred
when principles learned in the exact sciences of optics, mechanics and astronomy began to be applied to questions
raised by natural philosophy.[60] Grant argues that Newton attempted to expose the mathematical basis of nature –
the immutable rules it obeyed – and in doing so joined natural philosophy and mathematics for the first time,
producing an early work of modern physics.[61]

The scientific revolution, which began to take hold in the 1600s, represented a sharp break from Aristotelian modes
of inquiry.[62] One of its principal advances was the use of the scientific method to investigate nature. Data was
collected and repeatable measurements made in experiments.[63] Scientists then formed hypotheses to explain the
results of these experiments.[64] The hypothesis was then tested using the principle of falsifiability to prove or
disprove its accuracy.[64] The natural sciences continued to be called natural philosophy, but the adoption of the
scientific method took science beyond the realm of philosophical conjecture and introduced a more structured way of
examining nature.[62]

Newton, an English mathematician and physicist, was the seminal figure in the scientific revolution.[65] Drawing on
advances made in astronomy by Copernicus, Brahe and Kepler, Newton derived the universal law of gravitation and
laws of motion.[66] These laws applied both on earth and in outer space, uniting two spheres of the physical world
previously thought to function independently of each other, according to separate physical rules.[67] Newton, for
example, showed that the tides were caused by the gravitational pull of the moon.[68] Another of Newton's advances
was to make mathematics a powerful explanatory tool for natural phenomena.[69] While natural philosophers had
long used mathematics as a means of measurement and analysis, its principles were not used as a means of
understanding cause and effect in nature until Newton.[69]

In the 1700s and 1800s, scientists including Charles-Augustin de Coulomb, Alessandro Volta, and Michael Faraday
built upon Newtonian mechanics by exploring electromagnetism, or the interplay of forces with positive and
negative charges on electrically charged particles.[70] Faraday proposed that forces in nature operated in "fields" that
filled space.[71] The idea of fields contrasted with the Newtonian construct of gravitation as simply "action at a
distance", or the attraction of objects with nothing in the space between them to intervene.[71] James Clerk Maxwell
in the 19th century unified these discoveries in a coherent theory of electrodynamics.[70] Using mathematical
equations and experimentation, Maxwell discovered that space was filled with charged particles that could act upon
themselves and each other, and that they were a medium for the transmission of charged waves.[70]

Significant advances in chemistry also took place during the scientific revolution. Antoine Lavoisier, a French
chemist, refuted the phlogiston theory, which posited that things burned by releasing "phlogiston" into the air.[71]

Joseph Priestley had discovered oxygen in the 1700s, but Lavoisier discovered that combustion was the result of
oxidation.[71] He also constructed a table of 33 elements and invented modern chemical nomenclature.[71] Formal
biological science remained in its infancy in the 18th century, when the focus lay upon the classification and
categorization of natural life. This growth in natural history was led by Carolus Linnaeus, whose 1735 taxonomy of
the natural world is still in use. Linnaeus in the 1750s introduced scientific names for all his species.[72]
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19th-century developments (1800–1900)

The Michelson–Morley experiment was used to
disprove that light propagated through a

luminiferous aether. This 19th-century concept
was then superseded by Albert Einstein's special

theory of relativity.

By the 19th century, the study of science had come into the purview of
professionals and institutions. In so doing, it gradually acquired the
more modern name of natural science. The term scientist was coined
by William Whewell in an 1834 review of Mary Somerville's On the
Connexion of the Sciences.[73] But the word did not enter general use
until nearly the end of the same century.

Modern natural science (1900–present)

According to a famous 1923 textbook Thermodynamics and the Free
Energy of Chemical Substances by the American chemist Gilbert N.
Lewis and the American physical chemist Merle Randall,[74] the
natural sciences contain three great branches:

Aside from the logical and mathematical sciences, there
are three great branches of natural science which stand apart by reason of the variety of far reaching
deductions drawn from a small number of primary postulates — they are mechanics, electrodynamics,
and thermodynamics.[75]

Today, natural sciences are more commonly divided into life sciences, such as botany and zoology; and physical
sciences, which include physics, chemistry, geology and astronomy.

Branches of natural science

Astronomy

Space missions have been used to image distant
locations within the Solar System, such as this

Apollo 11 view of Daedalus crater on the far side
of the Moon.

This discipline is the science of celestial objects and phenomena that
originate outside the Earth's atmosphere. It is concerned with the
evolution, physics, chemistry, meteorology, and motion of celestial
objects, as well as the formation and development of the universe.

Astronomy includes the examination, study and modeling of stars,
planets, comets, galaxies and the cosmos. Most of the information used
by astronomers is gathered by remote observation, although some
laboratory reproduction of celestial phenomenon has been performed
(such as the molecular chemistry of the interstellar medium).

While the origins of the study of celestial features and phenomenon
can be traced back to antiquity, the scientific methodology of this field
began to develop in the middle of the 17th century. A key factor was
Galileo's introduction of the telescope to examine the night sky in more
detail.

The mathematical treatment of astronomy began with Newton's
development of celestial mechanics and the laws of gravitation, although it was triggered by earlier work of
astronomers such as Kepler. By the 19th century, astronomy had developed into a formal science, with the
introduction of instruments such as the spectroscope and photography, along with much-improved telescopes and the
creation of professional observatories.
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Biology

A fragment of DNA, the chemical sequence that
contains genetic instructions for the development

and functioning of living organisms

This field encompasses a set of disciplines that examines phenomena
related to living organisms. The scale of study can range from
sub-component biophysics up to complex ecologies. Biology is
concerned with the characteristics, classification and behaviors of
organisms, as well as how species were formed and their interactions
with each other and the environment.

The biological fields of botany, zoology, and medicine date back to
early periods of civilization, while microbiology was introduced in the
17th century with the invention of the microscope. However, it was not
until the 19th century that biology became a unified science. Once
scientists discovered commonalities between all living things, it was
decided they were best studied as a whole.

Some key developments in biology were the discovery of genetics;
Darwin's theory of evolution through natural selection; the germ theory
of disease and the application of the techniques of chemistry and
physics at the level of the cell or organic molecule.

Modern biology is divided into subdisciplines by the type of organism and by the scale being studied. Molecular
biology is the study of the fundamental chemistry of life, while cellular biology is the examination of the cell; the
basic building block of all life. At a higher level, physiology looks at the internal structure of organism, while
ecology looks at how various organisms interrelate.

Chemistry

This structural formula for molecule caffeine
shows a graphical representation of how the

atoms are arranged.

Constituting the scientific study of matter at the atomic and molecular
scale, chemistry deals primarily with collections of atoms, such as
gases, molecules, crystals, and metals. The composition, statistical
properties, transformations and reactions of these materials are studied.
Chemistry also involves understanding the properties and interactions
of individual atoms for use in larger-scale applications.

Most chemical processes can be studied directly in a laboratory, using
a series of (often well-tested) techniques for manipulating materials, as
well as an understanding of the underlying processes. Chemistry is
often called "the central science" because of its role in connecting the
other natural sciences.

Early experiments in chemistry had their roots in the system of
Alchemy, a set of beliefs combining mysticism with physical experiments. The science of chemistry began to
develop with the work of Robert Boyle, the discoverer of gas, and Antoine Lavoisier, who developed the theory of
the Conservation of mass.

The discovery of the chemical elements and the concept of Atomic Theory began to systematize this science, and
researchers developed a fundamental understanding of states of matter, ions, chemical bonds and chemical reactions.
The success of this science led to a complementary chemical industry that now plays a significant role in the world
economy.
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Materials science

Originally developed through the field of metallurgy, the study of the properties of materials has now expanded into
many materials other than metals. The field covers the chemistry, physics and engineering applications of materials
including metals, ceramics, artificial polymers, and many others.

Physics

The orbitals of the hydrogen atom are
descriptions of the probability distributions of an
electron bound to a proton. Their mathematical
descriptions are standard problems in quantum

mechanics, an important branch of physics.

Physics embodies the study of the fundamental constituents of the
universe, the forces and interactions they exert on one another, and the
results produced by these interactions. In general, physics is regarded
as the fundamental science, because all other natural sciences use and
obey the principles and laws set down by the field. Physics relies
heavily on mathematics as the logical framework for formulation and
quantification of principles.

The study of the principles of the universe has a long history and
largely derives from direct observation and experimentation. The
formulation of theories about the governing laws of the universe has
been central to the study of physics from very early on, with
philosophy gradually yielding to systematic, quantitative experimental
testing and observation as the source of verification. Key historical
developments in physics include Isaac Newton's theory of universal
gravitation and classical mechanics, an understanding of electricity and
its relation to magnetism, Einstein's theories of special and general
relativity, the development of thermodynamics, and the quantum mechanical model of atomic and subatomic
physics.

The field of physics is extremely broad, and can include such diverse studies as quantum mechanics and theoretical
physics, applied physics and optics. Modern physics is becoming increasingly specialized, where researchers tend to
focus on a particular area rather than being "universalists" like Isaac Newton, Albert Einstein and Lev Landau, who
worked in multiple areas.

Earth science

Earth science (also known as geoscience), is an all-embracing term for the sciences related to the planet Earth,
including geology, geophysics, hydrology, meteorology, physical geography, oceanography, and soil science.

Although mining and precious stones have been human interests throughout the history of civilization, the
development of the related sciences of economic geology and mineralogy did not occur until the 18th century. The
study of the earth, particularly palaeontology, blossomed in the 19th century. The growth of other disciplines, such
as geophysics, in the 20th century led to the development of the theory of plate tectonics in the 1960s, which has had
a similar effect on the Earth sciences as the theory of evolution had on biology. Earth sciences today are closely
linked to petroleum and mineral resources, climate research and to environmental assessment and remediation.

Atmospheric science

Though sometimes considered in conjunction with the earth sciences, due to the independent development of its
concepts, techniques and practices and also the fact of it having a wide range of sub disciplines under its wing, the
atmospheric science is also considered a separate branch of natural science. This field studies the characteristics of
different layers of the atmosphere from ground level to the edge of the time. The timescale of study also varies from
days to centuries. Sometimes the field also includes the study of climatic patterns on planets other than earth.
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Oceanography

The serious study of oceans began in the early to mid-1900s. As a field of natural science, it is relatively young but
stand-alone programs offer specializations in the subject. Though some controversies remain as to the categorization
of the field under earth sciences, interdisciplinary sciences or as a separate field in its own right, most modern
workers in the field agree that it has matured to a state that it has its own paradigms and practices. As such a big
family of related studies spanning every aspect of the oceans is now classified under this field.

Interdisciplinary studies
The distinctions between the natural science disciplines are not always sharp, and they share a number of
cross-discipline fields. Physics plays a significant role in the other natural sciences, as represented by astrophysics,
geophysics, chemical physics and biophysics. Likewise chemistry is represented by such fields as biochemistry,
geochemistry and astrochemistry.
A particular example of a scientific discipline that draws upon multiple natural sciences is environmental science.
This field studies the interactions of physical, chemical, geological, and biological components of the environment,
with a particular regard to the effect of human activities and the impact on biodiversity and sustainability. This
science also draws upon expertise from other fields such as economics, law and social sciences.
A comparable discipline is oceanography, as it draws upon a similar breadth of scientific disciplines. Oceanography
is sub-categorized into more specialized cross-disciplines, such as physical oceanography and marine biology. As the
marine ecosystem is very large and diverse, marine biology is further divided into many subfields, including
specializations in particular species.
There are also a subset of cross-disciplinary fields which, by the nature of the problems that they address, have
strong currents that run counter to specialization. Put another way: In some fields of integrative application,
specialists in more than one field are a key part of most dialog. Such integrative fields, for example, include
nanoscience, astrobiology, and complex system informatics.
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Scientific method
The scientific method (or simply scientific method) is a body of techniques for investigating phenomena, acquiring
new knowledge, or correcting and integrating previous knowledge.[1] To be termed scientific, a method of inquiry
must be based on empirical and measurable evidence subject to specific principles of reasoning.[2] The Oxford
English Dictionary defines the scientific method as: "a method or procedure that has characterized natural science
since the 17th century, consisting in systematic observation, measurement, and experiment, and the formulation,
testing, and modification of hypotheses."[3]

The chief characteristic which distinguishes the scientific method from other methods of acquiring knowledge is that
scientists seek to let reality speak for itself, supporting a theory when a theory's predictions are confirmed and
challenging a theory when its predictions prove false. Although procedures vary from one field of inquiry to another,
identifiable features distinguish scientific inquiry from other methods of obtaining knowledge. Scientific researchers
propose hypotheses as explanations of phenomena, and design experimental studies to test these hypotheses via
predictions which can be derived from them. These steps must be repeatable, to guard against mistake or confusion
in any particular experimenter. Theories that encompass wider domains of inquiry may bind many independently
derived hypotheses together in a coherent, supportive structure. Theories, in turn, may help form new hypotheses or
place groups of hypotheses into context.
Scientific inquiry is generally intended to be as objective as possible in order to reduce biased interpretations of
results. Another basic expectation is to document, archive and share all data and methodology so they are available
for careful scrutiny by other scientists, giving them the opportunity to verify results by attempting to reproduce them.
This practice, called full disclosure, also allows statistical measures of the reliability of these data to be established
(when data is sampled or compared to chance).
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Overview

Ibn al-Haytham (Alhazen), 965–1039
Iraq. The Arab scholar who lived during
the Islamic golden age is considered by

some to be the father of modern scientific
methodology.[4]

According to Morris Kline,[5] "Modern
science owes its present flourishing state

to a new scientific method which was
fashioned almost entirely by Galileo

Galilei." Dudley Shapere[6] takes a more
measured view of Galileo's contribution.

Scientific method has been practiced in some form for at least one thousand
years[4] and is the process by which science is carried out. Because science
builds on previous knowledge, it consistently improves our understanding of
the world. The scientific method also improves itself in the same way,
meaning that it gradually becomes more effective at generating new
knowledge. For example, the concept of falsification (first proposed in 1934)
reduces confirmation bias by formalizing the attempt to disprove hypotheses
rather than prove them.[8]

The overall process involves making conjectures (hypotheses), deriving
predictions from them as logical consequences, and then carrying out
experiments based on those predictions to determine whether the original
conjecture was correct. There are difficulties in a formulaic statement of
method, however. Though the scientific method is often presented as a fixed
sequence of steps, they are better considered as general principles.[9] Not all
steps take place in every scientific inquiry (or to the same degree), and not
always in the same order. As noted by William Whewell (1794–1866),
"invention, sagacity, [and] genius"[10] are required at every step:

Formulate a question: The question can refer to the explanation of a
specific observation, as in "Why is the sky blue?", but can also be
open-ended, as in "Does sound travel faster in air than in water?" or
"How can I design a drug to cure this particular disease?" This stage
also involves looking up and evaluating previous evidence from other
scientists, as well as considering one's own experience. If the answer is
already known, a different question that builds on the previous
evidence can be posed. When applying the scientific method to
scientific research, determining a good question can be very difficult
and affects the final outcome of the investigation.[11]

Hypothesis: An hypothesis is a conjecture, based on the knowledge
obtained while formulating the question, that may explain the observed
behavior of a part of our universe. The hypothesis might be very
specific, e.g., Einstein's equivalence principle or Francis Crick's "DNA
makes RNA makes protein",[12] or it might be broad, e.g., unknown
species of life dwell in the unexplored depths of the oceans. A
statistical hypothesis is a conjecture about some population. For
example, the population might be people with a particular disease. The conjecture might be that a new drug
will cure the disease in some of those people. Terms commonly associated with statistical hypotheses are null
hypothesis and alternative hypothesis. A null hypothesis is the conjecture that the statistical hypothesis is false,
e.g., that the new drug does nothing and that any cures are due to chance effects. Researchers normally want to
show that the null hypothesis is false. The alternative hypothesis is the desired outcome, e.g., that the drug
does better than
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Johannes Kepler (1571–1630). "Kepler
shows his keen logical sense in detailing

the whole process by which he finally
arrived at the true orbit. This is the

greatest piece of Retroductive reasoning
ever performed." —C. S. Peirce, c. 1896,

on Kepler's reasoning through
explanatory hypotheses[7]

chance. A final point: a scientific hypothesis must be falsifiable,
meaning that one can identify a possible outcome of an experiment that
conflicts with predictions deduced from the hypothesis; otherwise, it
cannot be meaningfully tested.

Prediction: This step involves determining the logical consequences of
the hypothesis. One or more predictions are then selected for further
testing. The less likely that the prediction would be correct simply by
coincidence, the stronger evidence it would be if the prediction were
fulfilled; evidence is also stronger if the answer to the prediction is not
already known, due to the effects of hindsight bias (see also
postdiction). Ideally, the prediction must also distinguish the hypothesis
from likely alternatives; if two hypotheses make the same prediction,
observing the prediction to be correct is not evidence for either one
over the other. (These statements about the relative strength of evidence
can be mathematically derived using Bayes' Theorem.)

Test: This is an investigation of whether the real world behaves as
predicted by the hypothesis. Scientists (and other people) test
hypotheses by conducting experiments. The purpose of an experiment
is to determine whether observations of the real world agree with or
conflict with the predictions derived from an hypothesis. If they agree,
confidence in the hypothesis increases; otherwise, it decreases. Agreement does not assure that the hypothesis
is true; future experiments may reveal problems. Karl Popper advised scientists to try to falsify hypotheses,
i.e., to search for and test those experiments that seem most doubtful. Large numbers of successful
confirmations are not convincing if they arise from experiments that avoid risk.[13] Experiments should be
designed to minimize possible errors, especially through the use of appropriate scientific controls. For
example, tests of medical treatments are commonly run as double-blind tests. Test personnel, who might
unwittingly reveal to test subjects which samples are the desired test drugs and which are placebos, are kept
ignorant of which are which. Such hints can bias the responses of the test subjects. Failure of an experiment
does not necessarily mean the hypothesis is false. Experiments always depend on several hypotheses, e.g., that
the test equipment is working properly, and a failure may be a failure of one of the auxiliary hypotheses. (See
the Duhem-Quine thesis.) Experiments can be conducted in a college lab, on a kitchen table, at CERN's Large
Hadron Collider, at the bottom of an ocean, on Mars (using one of the working rovers), and so on.
Astronomers do experiments, searching for planets around distant stars. Finally, most individual experiments
address highly specific topics for reasons of practicality. As a result, evidence about broader topics is usually
accumulated gradually.

Analysis: This involves determining what the results of the experiment show and deciding on the next actions
to take. The predictions of the hypothesis are compared to those of the null hypothesis, to determine which is
better able to explain the data. In cases where an experiment is repeated many times, a statistical analysis such
as a chi-squared test may be required. If the evidence has falsified the hypothesis, a new hypothesis is
required; if the experiment supports the hypothesis but the evidence is not strong enough for high confidence,
other predictions from the hypothesis must be tested. Once a hypothesis is strongly supported by evidence, a
new question can be asked to provide further insight on the same topic. Evidence from other scientists and
one's own experience can be incorporated at any stage in the process. Many iterations may be required to
gather sufficient evidence to answer a question with confidence, or to build up many answers to highly
specific questions in order to answer a single broader question.
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This model underlies the scientific revolution. One thousand years ago, Alhazen demonstrated the importance of
forming questions and subsequently testing them,[4] an approach which was advocated by Galileo in 1638 with the
publication of Two New Sciences.[14] The current method is based on a hypothetico-deductive model[15] formulated
in the 20th century, although it has undergone significant revision since first proposed (for a more formal discussion,
see below).

DNA example

The basic elements of the scientific method are illustrated by the following example from the discovery of the structure of DNA:

• Question: Previous investigation of DNA had determined its chemical composition (the four nucleotides), the structure of each individual
nucleotide, and other properties. It had been identified as the carrier of genetic information by the Avery–MacLeod–McCarty experiment
in 1944,[16] but the mechanism of how genetic information was stored in DNA was unclear.

• Hypothesis: Francis Crick and James D. Watson hypothesized that DNA had a helical structure.[17]

• Prediction: If DNA had a helical structure, its X-ray diffraction pattern would be X-shaped.[18][19] This prediction was determined
using the mathematics of the helix transform, which had been derived by Cochran, Crick and Vand[20] (and independently by Stokes).

• Experiment: Rosalind Franklin crystallized pure DNA and performed X-ray diffraction to produce photo 51. The results showed an
X-shape.

• Analysis: When Watson saw the detailed diffraction pattern, he immediately recognized it as a helix.[21][22] He and Crick then produced
their model, using this information along with the previously known information about DNA’s composition and about molecular
interactions such as hydrogen bonds.[23]

The discovery became the starting point for many further studies involving the genetic material, such as the field of
molecular genetics, and it was awarded the Nobel Prize in 1962. Each step of the example is examined in more detail
later in the article.

Other components
The scientific method also includes other components required even when all the iterations of the steps above have
been completed:

Replication: If an experiment cannot be repeated to produce the same results, this implies that the original
results were in error. As a result, it is common for a single experiment to be performed multiple times,
especially when there are uncontrolled variables or other indications of experimental error. For significant or
surprising results, other scientists may also attempt to replicate the results for themselves, especially if those
results would be important to their own work.
External review: The process of peer review involves evaluation of the experiment by experts, who give their
opinions anonymously to allow them to give unbiased criticism. It does not certify correctness of the results,
only that the experiments themselves were sound (based on the description supplied by the experimenter). If
the work passes peer review, which may require new experiments requested by the reviewers, it will be
published in a peer-reviewed scientific journal. The specific journal that publishes the results indicates the
perceived quality of the work.
Data recording and sharing: Scientists must record all data very precisely in order to reduce their own bias
and aid in replication by others, a requirement first promoted by Ludwik Fleck (1896–1961) and others.[24]

They must supply this data to other scientists who wish to replicate any results, extending to the sharing of any
experimental samples that may be difficult to obtain.[25]
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Scientific inquiry
The goal of a scientific inquiry is to obtain knowledge in the form of testable explanations that can predict the results
of future experiments. This allows scientists to gain an understanding of reality, and later use that understanding to
intervene in its causal mechanisms (such as to cure disease). The better an explanation is at making predictions, the
more useful it is, and the more likely it is to be correct. The most successful explanations, which explain and make
accurate predictions in a wide range of circumstances, are called scientific theories.
Most experimental results do not result in large changes in human understanding; improvements in theoretical
scientific understanding is usually the result of a gradual synthesis of the results of different experiments, by various
researchers, across different domains of science.[26] Scientific models vary in the extent to which they have been
experimentally tested and for how long, and in their acceptance in the scientific community. In general, explanations
become accepted by a scientific community as evidence in favor is presented, and as presumptions that are
inconsistent with the evidence are falsified.

Properties of scientific inquiry

Flying gallop falsified; see image below.

Eadweard Muybridge's studies of a horse
galloping

Scientific knowledge is closely tied to empirical findings, and always
remains subject to falsification if new experimental observation
incompatible with it is found. That is, no theory can ever be considered
completely certain, since new evidence falsifying it might be
discovered. If such evidence is found, a new theory may be proposed,
or (more commonly) it is found that minor modifications to the
previous theory are sufficient to explain the new evidence. The
strength of a theory is related to how long it has persisted without
falsification of its core principles.

Confirmed theories are also subject to subsumption by more accurate
theories. For example, thousands of years of scientific observations of
the planets were explained almost perfectly by Newton's laws.
However, these laws were then determined to be special cases of a
more general theory (relativity), which explained both the (previously
unexplained) exceptions to Newton's laws as well as predicting and
explaining other observations such as the deflection of light by gravity.
Thus independent, unconnected, scientific observations can be
connected to each other, unified by principles of increasing
explanatory power.[27]

Since every new theory must explain even more than the previous one,
any successor theory capable of subsuming it must meet an even higher standard, explaining both the larger, unified
body of observations explained by the previous theory and unifying that with even more observations. In other
words, as scientific knowledge becomes more accurate with time, it becomes increasingly harder to produce a more
successful theory, simply because of the great success of the theories that already exist.[27] For example, the Theory
of Evolution explains the diversity of life on Earth, how species adapt to their environments, and many other patterns
observed in the natural world;[28][29] its most recent major modification was unification with genetics to form the
modern evolutionary synthesis. In subsequent modifications, it has also subsumed aspects of many other fields such
as biochemistry and molecular biology.
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Beliefs and biases
Scientific methodology directs that hypotheses be tested in controlled conditions which can be reproduced by others.
The scientific community's pursuit of experimental control and reproducibility diminishes the effects of cognitive
biases.
For example, pre-existing beliefs can alter the interpretation of results, as in confirmation bias; this is a heuristic that
leads a person with a particular belief to see things as reinforcing their belief, even if another observer might
disagree (in other words, people tend to observe what they expect to observe).
A historical example is the conjecture that the legs of a galloping horse are splayed at the point when none of the
horse's legs touches the ground, to the point of this image being included in paintings by its supporters. However, the
first stop-action pictures of a horse's gallop by Eadweard Muybridge showed this to be false, and that the legs are
instead gathered together.[30]

Another important human bias that plays a role is a preference for new, surprising statements (see appeal to novelty),
which can result in a search for evidence that the new is true.[1]

In contrast to the requirement for scientific knowledge to correspond to reality, beliefs based on myth or stories can
be believed and acted upon irrespective of truth,[31] often taking advantage of the narrative fallacy that when
narrative is constructed its elements become easier to believe.[32][33] Myths intended to be taken as true must have
their elements assumed a priori, while science requires testing and validation a posteriori before ideas are accepted.

Elements of the scientific method
There are different ways of outlining the basic method used for scientific inquiry. The scientific community and
philosophers of science generally agree on the following classification of method components. These methodological
elements and organization of procedures tend to be more characteristic of natural sciences than social sciences.
Nonetheless, the cycle of formulating hypotheses, testing and analyzing the results, and formulating new hypotheses,
will resemble the cycle described below.

Four essential elements[34][35][36] of the scientific method[37] are iterations,[38][39] recursions,[40] interleavings,
or orderings of the following:

• Characterizations (observations,[41] definitions, and measurements of the subject of inquiry)
• Hypotheses[42][43] (theoretical, hypothetical explanations of observations and measurements of the subject)[44]

• Predictions (reasoning including logical deduction[45] from the hypothesis or theory)
• Experiments[46] (tests of all of the above)

Each element of the scientific method is subject to peer review for possible mistakes. These activities do not describe
all that scientists do (see below) but apply mostly to experimental sciences (e.g., physics, chemistry, and biology).
The elements above are often taught in the educational system as "the scientific method".[47]

The scientific method is not a single recipe: it requires intelligence, imagination, and creativity.[48] In this sense, it is
not a mindless set of standards and procedures to follow, but is rather an ongoing cycle, constantly developing more
useful, accurate and comprehensive models and methods. For example, when Einstein developed the Special and
General Theories of Relativity, he did not in any way refute or discount Newton's Principia. On the contrary, if the
astronomically large, the vanishingly small, and the extremely fast are removed from Einstein's theories — all
phenomena Newton could not have observed — Newton's equations are what remain. Einstein's theories are
expansions and refinements of Newton's theories and, thus, increase our confidence in Newton's work.
A linearized, pragmatic scheme of the four points above is sometimes offered as a guideline for proceeding:[49]

1.1. Define a question
2.2. Gather information and resources (observe)
3.3. Form an explanatory hypothesis
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4. Test the hypothesis by performing an experiment and collecting data in a reproducible manner
5.5. Analyze the data
6.6. Interpret the data and draw conclusions that serve as a starting point for new hypothesis
7.7. Publish results
8.8. Retest (frequently done by other scientists)
The iterative cycle inherent in this step-by-step method goes from point 3 to 6 back to 3 again.
While this schema outlines a typical hypothesis/testing method,[50] it should also be noted that a number of
philosophers, historians and sociologists of science (perhaps most notably Paul Feyerabend) claim that such
descriptions of scientific method have little relation to the ways science is actually practiced.
The "operational" paradigm combines the concepts of operational definition, instrumentalism, and utility:
The essential elements of scientific method are operations, observations, models, and a utility function for evaluating
models.[51]

• Operation - Some action done to the system being investigated
• Observation - What happens when the operation is done to the system
• Model - A fact, hypothesis, theory, or the phenomenon itself at a certain moment
• Utility Function - A measure of the usefulness of the model to explain, predict, and control, and of the cost of use

of it. One of the elements of any scientific utility function is the refutability of the model. Another is its
simplicity, on the Principle of Parsimony more commonly known as Occam's Razor.

Characterizations
The scientific method depends upon increasingly sophisticated characterizations of the subjects of investigation.
(The subjects can also be called unsolved problems or the unknowns.) For example, Benjamin Franklin conjectured,
correctly, that St. Elmo's fire was electrical in nature, but it has taken a long series of experiments and theoretical
changes to establish this. While seeking the pertinent properties of the subjects, careful thought may also entail some
definitions and observations; the observations often demand careful measurements and/or counting.
The systematic, careful collection of measurements or counts of relevant quantities is often the critical difference
between pseudo-sciences, such as alchemy, and science, such as chemistry or biology. Scientific measurements are
usually tabulated, graphed, or mapped, and statistical manipulations, such as correlation and regression, performed
on them. The measurements might be made in a controlled setting, such as a laboratory, or made on more or less
inaccessible or unmanipulatable objects such as stars or human populations. The measurements often require
specialized scientific instruments such as thermometers, spectroscopes, particle accelerators, or voltmeters, and the
progress of a scientific field is usually intimately tied to their invention and improvement.

"I am not accustomed to saying anything with certainty after only one or two observations."—Andreas Vesalius (1546)[52]

Uncertainty

Measurements in scientific work are also usually accompanied by estimates of their uncertainty. The uncertainty is
often estimated by making repeated measurements of the desired quantity. Uncertainties may also be calculated by
consideration of the uncertainties of the individual underlying quantities used. Counts of things, such as the number
of people in a nation at a particular time, may also have an uncertainty due to data collection limitations. Or counts
may represent a sample of desired quantities, with an uncertainty that depends upon the sampling method used and
the number of samples taken.

http://en.wikipedia.org/w/index.php?title=Reproducibility
http://en.wikipedia.org/w/index.php?title=Paul_Feyerabend
http://en.wikipedia.org/w/index.php?title=Operational_definition
http://en.wikipedia.org/w/index.php?title=Instrumentalism
http://en.wikipedia.org/w/index.php?title=Utility
http://en.wikipedia.org/w/index.php?title=Operation_%28mathematics%29
http://en.wikipedia.org/w/index.php?title=Observation
http://en.wikipedia.org/w/index.php?title=Scientific_modeling
http://en.wikipedia.org/w/index.php?title=Utility_function
http://en.wikipedia.org/w/index.php?title=Operation_%28mathematics%29
http://en.wikipedia.org/w/index.php?title=Observation
http://en.wikipedia.org/w/index.php?title=Scientific_modeling
http://en.wikipedia.org/w/index.php?title=Fact
http://en.wikipedia.org/w/index.php?title=Hypothesis
http://en.wikipedia.org/w/index.php?title=Theory
http://en.wikipedia.org/w/index.php?title=Utility_function
http://en.wikipedia.org/w/index.php?title=Scientific_modeling
http://en.wikipedia.org/w/index.php?title=Simplicity
http://en.wikipedia.org/w/index.php?title=Principle_of_Parsimony
http://en.wikipedia.org/w/index.php?title=Occam%27s_Razor
http://en.wikipedia.org/w/index.php?title=Category:Lists_of_unsolved_problems
http://en.wikipedia.org/w/index.php?title=Benjamin_Franklin
http://en.wikipedia.org/w/index.php?title=St._Elmo%27s_fire
http://en.wikipedia.org/w/index.php?title=Electrical
http://en.wikipedia.org/w/index.php?title=Nature
http://en.wikipedia.org/w/index.php?title=Logical_consequence
http://en.wikipedia.org/w/index.php?title=Observations
http://en.wikipedia.org/w/index.php?title=Measurements
http://en.wikipedia.org/w/index.php?title=Pseudoscience
http://en.wikipedia.org/w/index.php?title=Correlation
http://en.wikipedia.org/w/index.php?title=Regression_analysis
http://en.wikipedia.org/w/index.php?title=Scientific_instrument
http://en.wikipedia.org/w/index.php?title=Andreas_Vesalius
http://en.wikipedia.org/w/index.php?title=Uncertainty


Scientific method 39

Definition

Measurements demand the use of operational definitions of relevant quantities. That is, a scientific quantity is
described or defined by how it is measured, as opposed to some more vague, inexact or "idealized" definition. For
example, electrical current, measured in amperes, may be operationally defined in terms of the mass of silver
deposited in a certain time on an electrode in an electrochemical device that is described in some detail. The
operational definition of a thing often relies on comparisons with standards: the operational definition of "mass"
ultimately relies on the use of an artifact, such as a particular kilogram of platinum-iridium kept in a laboratory in
France.
The scientific definition of a term sometimes differs substantially from its natural language usage. For example,
mass and weight overlap in meaning in common discourse, but have distinct meanings in mechanics. Scientific
quantities are often characterized by their units of measure which can later be described in terms of conventional
physical units when communicating the work.
New theories are sometimes developed after realizing certain terms have not previously been sufficiently clearly
defined. For example, Albert Einstein's first paper on relativity begins by defining simultaneity and the means for
determining length. These ideas were skipped over by Isaac Newton with, "I do not define time, space, place and
motion, as being well known to all." Einstein's paper then demonstrates that they (viz., absolute time and length
independent of motion) were approximations. Francis Crick cautions us that when characterizing a subject, however,
it can be premature to define something when it remains ill-understood.[53] In Crick's study of consciousness, he
actually found it easier to study awareness in the visual system, rather than to study free will, for example. His
cautionary example was the gene; the gene was much more poorly understood before Watson and Crick's pioneering
discovery of the structure of DNA; it would have been counterproductive to spend much time on the definition of the
gene, before them.

DNA-characterizations

The history of the discovery of the structure of DNA is a classic example of the elements of the scientific
method: in 1950 it was known that genetic inheritance had a mathematical description, starting with the
studies of Gregor Mendel, and that DNA contained genetic information (Oswald Avery's transforming
principle).[16] But the mechanism of storing genetic information (i.e., genes) in DNA was unclear.

Researchers in Bragg's laboratory at Cambridge University made X-ray diffraction pictures of various molecules,
starting with crystals of salt, and proceeding to more complicated substances. Using clues painstakingly assembled
over decades, beginning with its chemical composition, it was determined that it should be possible to characterize
the physical structure of DNA, and the X-ray images would be the vehicle.[54] ..2. DNA-hypotheses

Another example: precession of Mercury

Precession of the perihelion (exaggerated)

The characterization element can require extended and extensive study,
even centuries. It took thousands of years of measurements, from the
Chaldean, Indian, Persian, Greek, Arabic and European astronomers, to
fully record the motion of planet Earth. Newton was able to include
those measurements into consequences of his laws of motion. But the
perihelion of the planet Mercury's orbit exhibits a precession that
cannot be fully explained by Newton's laws of motion (see diagram to
the right), though it took quite some time to realize this. The observed
difference for Mercury's precession between Newtonian theory and
observation was one of the things that occurred to Einstein as a
possible early test of his theory of General Relativity. His relativistic calculations matched observation much more
closely than did Newtonian theory (the difference is approximately 43 arc-seconds per century), .
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Hypothesis development
An hypothesis is a suggested explanation of a phenomenon, or alternately a reasoned proposal suggesting a possible
correlation between or among a set of phenomena.
Normally hypotheses have the form of a mathematical model. Sometimes, but not always, they can also be
formulated as existential statements, stating that some particular instance of the phenomenon being studied has some
characteristic and causal explanations, which have the general form of universal statements, stating that every
instance of the phenomenon has a particular characteristic.
Scientists are free to use whatever resources they have — their own creativity, ideas from other fields, induction,
Bayesian inference, and so on — to imagine possible explanations for a phenomenon under study. Charles Sanders
Peirce, borrowing a page from Aristotle (Prior Analytics, 2.25) described the incipient stages of inquiry, instigated
by the "irritation of doubt" to venture a plausible guess, as abductive reasoning. The history of science is filled with
stories of scientists claiming a "flash of inspiration", or a hunch, which then motivated them to look for evidence to
support or refute their idea. Michael Polanyi made such creativity the centerpiece of his discussion of methodology.
William Glen observes that

the success of a hypothesis, or its service to science, lies not simply in its perceived "truth", or power to
displace, subsume or reduce a predecessor idea, but perhaps more in its ability to stimulate the research that
will illuminate … bald suppositions and areas of vagueness.[55]

In general scientists tend to look for theories that are "elegant" or "beautiful". In contrast to the usual English use of
these terms, they here refer to a theory in accordance with the known facts, which is nevertheless relatively simple
and easy to handle. Occam's Razor serves as a rule of thumb for choosing the most desirable amongst a group of
equally explanatory hypotheses.

DNA-hypotheses

Linus Pauling proposed that DNA might be a triple helix.[56] This hypothesis was also considered by
Francis Crick and James D. Watson but discarded. When Watson and Crick learned of Pauling's
hypothesis, they understood from existing data that Pauling was wrong[57] and that Pauling would soon
admit his difficulties with that structure. So, the race was on to figure out the correct structure (except

that Pauling did not realize at the time that he was in a race—see section on "DNA-predictions" below)

Predictions from the hypothesis
Any useful hypothesis will enable predictions, by reasoning including deductive reasoning. It might predict the
outcome of an experiment in a laboratory setting or the observation of a phenomenon in nature. The prediction can
also be statistical and deal only with probabilities.
It is essential that the outcome of testing such a prediction be currently unknown. Only in this case does a successful
outcome increase the probability that the hypothesis is true. If the outcome is already known, it's called a
consequence and should have already been considered while formulating the hypothesis.
If the predictions are not accessible by observation or experience, the hypothesis is not yet testable and so will
remain to that extent unscientific in a strict sense. A new technology or theory might make the necessary
experiments feasible. Thus, much scientifically based speculation might convince one (or many) that the hypothesis
that other intelligent species exist is true. But since there no experiment now known which can test this hypothesis,
science itself can have little to say about the possibility. In future, some new technique might lead to an experimental
test and the speculation would then become part of accepted science.
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DNA-predictions

James D. Watson, Francis Crick, and others hypothesized that DNA had a helical structure. This implied
that DNA's X-ray diffraction pattern would be 'x shaped'.[19][58] This prediction followed from the work
of Cochran, Crick and Vand[20] (and independently by Stokes). The Cochran-Crick-Vand-Stokes theorem
provided a mathematical explanation for the empirical observation that diffraction from helical structures

produces x shaped patterns.

In their first paper, Watson and Crick also noted that the double helix structure they proposed provided a simple
mechanism for DNA replication, writing "It has not escaped our notice that the specific pairing we have postulated
immediately suggests a possible copying mechanism for the genetic material".[59] ..4. DNA-experiments

Another example: general relativity

Einstein's prediction (1907): Light bends in a
gravitational field

Einstein's theory of General Relativity makes several specific
predictions about the observable structure of space-time, such as
that light bends in a gravitational field, and that the amount of
bending depends in a precise way on the strength of that
gravitational field. Arthur Eddington's observations made during a
1919 solar eclipse supported General Relativity rather than
Newtonian gravitation.[60]

Experiments

Once predictions are made, they can be sought by experiments. If
the test results contradict the predictions, the hypotheses which
entailed them are called into question and become less tenable.
Sometimes the experiments are conducted incorrectly or are not very well designed, when compared to a crucial
experiment. If the experimental results confirm the predictions, then the hypotheses are considered more likely to be
correct, but might still be wrong and continue to be subject to further testing. The experimental control is a technique
for dealing with observational error. This technique uses the contrast between multiple samples (or observations)
under differing conditions to see what varies or what remains the same. We vary the conditions for each
measurement, to help isolate what has changed. Mill's canons can then help us figure out what the important factor
is.[61] Factor analysis is one technique for discovering the important factor in an effect.

Depending on the predictions, the experiments can have different shapes. It could be a classical experiment in a
laboratory setting, a double-blind study or an archaeological excavation. Even taking a plane from New York to
Paris is an experiment which tests the aerodynamical hypotheses used for constructing the plane.
Scientists assume an attitude of openness and accountability on the part of those conducting an experiment. Detailed
record keeping is essential, to aid in recording and reporting on the experimental results, and supports the
effectiveness and integrity of the procedure. They will also assist in reproducing the experimental results, likely by
others. Traces of this approach can be seen in the work of Hipparchus (190-120 BCE), when determining a value for
the precession of the Earth, while controlled experiments can be seen in the works of Jābir ibn Hayyān (721-815
CE), al-Battani (853–929) and Alhazen (965-1039).[62]
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DNA-experiments

Watson and Crick showed an initial (and incorrect) proposal for the structure of DNA to a team from
Kings College - Rosalind Franklin, Maurice Wilkins, and Raymond Gosling. Franklin immediately
spotted the flaws which concerned the water content. Later Watson saw Franklin's detailed X-ray
diffraction images which showed an X-shape [63] and was able to confirm the structure was helical.[21][22]

This rekindled Watson and Crick's model building and led to the correct structure. ..1. DNA-characterizations

Evaluation and improvement
The scientific method is iterative. At any stage it is possible to refine its accuracy and precision, so that some
consideration will lead the scientist to repeat an earlier part of the process. Failure to develop an interesting
hypothesis may lead a scientist to re-define the subject under consideration. Failure of a hypothesis to produce
interesting and testable predictions may lead to reconsideration of the hypothesis or of the definition of the subject.
Failure of an experiment to produce interesting results may lead a scientist to reconsider the experimental method,
the hypothesis, or the definition of the subject.
Other scientists may start their own research and enter the process at any stage. They might adopt the
characterization and formulate their own hypothesis, or they might adopt the hypothesis and deduce their own
predictions. Often the experiment is not done by the person who made the prediction, and the characterization is
based on experiments done by someone else. Published results of experiments can also serve as a hypothesis
predicting their own reproducibility.

DNA-iterations

After considerable fruitless experimentation, being discouraged by their superior from continuing, and
numerous false starts,[64][65][66] Watson and Crick were able to infer the essential structure of DNA by
concrete modeling of the physical shapes of the nucleotides which comprise it.[23][67] They were guided
by the bond lengths which had been deduced by Linus Pauling and by Rosalind Franklin's X-ray

diffraction images. ..DNA Example

Confirmation
Science is a social enterprise, and scientific work tends to be accepted by the scientific community when it has been
confirmed. Crucially, experimental and theoretical results must be reproduced by others within the scientific
community. Researchers have given their lives for this vision; Georg Wilhelm Richmann was killed by ball lightning
(1753) when attempting to replicate the 1752 kite-flying experiment of Benjamin Franklin.[68]

To protect against bad science and fraudulent data, government research-granting agencies such as the National
Science Foundation, and science journals including Nature and Science, have a policy that researchers must archive
their data and methods so other researchers can test the data and methods and build on the research that has gone
before. Scientific data archiving can be done at a number of national archives in the U.S. or in the World Data
Center.
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Models of scientific inquiry

Classical model
The classical model of scientific inquiry derives from Aristotle,[69] who distinguished the forms of approximate and
exact reasoning, set out the threefold scheme of abductive, deductive, and inductive inference, and also treated the
compound forms such as reasoning by analogy.

Pragmatic model
In 1877,[70] Charles Sanders Peirce (pron.: /ˈpɜrs/ like "purse"; 1839–1914) characterized inquiry in general not as the
pursuit of truth per se but as the struggle to move from irritating, inhibitory doubts born of surprises, disagreements,
and the like, and to reach a secure belief, belief being that on which one is prepared to act. He framed scientific
inquiry as part of a broader spectrum and as spurred, like inquiry generally, by actual doubt, not mere verbal or
hyperbolic doubt, which he held to be fruitless.[71] He outlined four methods of settling opinion, ordered from least
to most successful:
1. The method of tenacity (policy of sticking to initial belief) — which brings comforts and decisiveness but leads

to trying to ignore contrary information and others' views as if truth were intrinsically private, not public. It goes
against the social impulse and easily falters since one may well notice when another's opinion is as good as one's
own initial opinion. Its successes can shine but tend to be transitory.

2. The method of authority — which overcomes disagreements but sometimes brutally. Its successes can be
majestic and long-lived, but it cannot operate thoroughly enough to suppress doubts indefinitely, especially when
people learn of other societies present and past.

3. The method of congruity or the a priori or the dilettante or "what is agreeable to reason" — which promotes
conformity less brutally but depends on taste and fashion in paradigms and can go in circles over time, along with
barren disputation. It is more intellectual and respectable but, like the first two methods, sustains accidental and
capricious beliefs, destining some minds to doubts.

4. The scientific method — the method wherein inquiry regards itself as fallible and purposely tests itself and
criticizes, corrects, and improves itself.

Peirce held that slow, stumbling ratiocination can be dangerously inferior to instinct and traditional sentiment in
practical matters, and that the scientific method is best suited to theoretical research,[72] which in turn should not be
trammeled by the other methods and practical ends; reason's "first rule" is that, in order to learn, one must desire to
learn and, as a corollary, must not block the way of inquiry.[73] The scientific method excels the others by being
deliberately designed to arrive — eventually — at the most secure beliefs, upon which the most successful practices
can be based. Starting from the idea that people seek not truth per se but instead to subdue irritating, inhibitory
doubt, Peirce showed how, through the struggle, some can come to submit to truth for the sake of belief's integrity,
seek as truth the guidance of potential practice correctly to its given goal, and wed themselves to the scientific
method.[70][74]

For Peirce, rational inquiry implies presuppositions about truth and the real; to reason is to presuppose (and at least 
to hope), as a principle of the reasoner's self-regulation, that the real is discoverable and independent of our vagaries 
of opinion. In that vein he defined truth as the correspondence of a sign (in particular, a proposition) to its object and, 
pragmatically, not as actual consensus of some definite, finite community (such that to inquire would be to poll the 
experts), but instead as that final opinion which all investigators would reach sooner or later but still inevitably, if 
they were to push investigation far enough, even when they start from different points.[75] In tandem he defined the 
real as a true sign's object (be that object a possibility or quality, or an actuality or brute fact, or a necessity or norm 
or law), which is what it is independently of any finite community's opinion and, pragmatically, depends only on the 
final opinion destined in a sufficient investigation. That is a destination as far, or near, as the truth itself to you or me 
or the given finite community. Thus his theory of inquiry boils down to "Do the science." Those conceptions of truth
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and the real involve the idea of a community both without definite limits (and thus potentially self-correcting as far
as needed) and capable of definite increase of knowledge.[76] As inference, "logic is rooted in the social principle"
since it depends on a standpoint that is, in a sense, unlimited.[77]

Paying special attention to the generation of explanations, Peirce outlined the scientific method as a coordination of
three kinds of inference in a purposeful cycle aimed at settling doubts, as follows (in §III–IV in "A Neglected
Argument"[78] except as otherwise noted):
1. Abduction (or retroduction). Guessing, inference to explanatory hypotheses for selection of those best worth
trying. From abduction, Peirce distinguishes induction as inferring, on the basis of tests, the proportion of truth in the
hypothesis. Every inquiry, whether into ideas, brute facts, or norms and laws, arises from surprising observations in
one or more of those realms (and for example at any stage of an inquiry already underway). All explanatory content
of theories comes from abduction, which guesses a new or outside idea so as to account in a simple, economical way
for a surprising or complicative phenomenon. Oftenest, even a well-prepared mind guesses wrong. But the modicum
of success of our guesses far exceeds that of sheer luck and seems born of attunement to nature by instincts
developed or inherent, especially insofar as best guesses are optimally plausible and simple in the sense, said Peirce,
of the "facile and natural", as by Galileo's natural light of reason and as distinct from "logical simplicity". Abduction
is the most fertile but least secure mode of inference. Its general rationale is inductive: it succeeds often enough and,
without it, there is no hope of sufficiently expediting inquiry (often multi-generational) toward new truths.[79]

Coordinative method leads from abducing a plausible hypothesis to judging it for its testability[80] and for how its
trial would economize inquiry itself.[81] Peirce calls his pragmatism "the logic of abduction".[82] His pragmatic
maxim is: "Consider what effects that might conceivably have practical bearings you conceive the objects of your
conception to have. Then, your conception of those effects is the whole of your conception of the object".[75] His
pragmatism is a method of reducing conceptual confusions fruitfully by equating the meaning of any conception
with the conceivable practical implications of its object's conceived effects — a method of experimentational mental
reflection hospitable to forming hypotheses and conducive to testing them. It favors efficiency. The hypothesis,
being insecure, needs to have practical implications leading at least to mental tests and, in science, lending
themselves to scientific tests. A simple but unlikely guess, if uncostly to test for falsity, may belong first in line for
testing. A guess is intrinsically worth testing if it has instinctive plausibility or reasoned objective probability, while
subjective likelihood, though reasoned, can be misleadingly seductive. Guesses can be chosen for trial strategically,
for their caution (for which Peirce gave as example the game of Twenty Questions), breadth, and incomplexity.[83]

One can hope to discover only that which time would reveal through a learner's sufficient experience anyway, so the
point is to expedite it; the economy of research is what demands the leap, so to speak, of abduction and governs its
art.[81]

2. Deduction. Two stages:
i. Explication. Unclearly premissed, but deductive, analysis of the hypothesis in order to render its parts as
clear as possible.
ii. Demonstration: Deductive Argumentation, Euclidean in procedure. Explicit deduction of hypothesis's
consequences as predictions, for induction to test, about evidence to be found. Corollarial or, if needed,
Theorematic.

3. Induction. The long-run validity of the rule of induction is deducible from the principle (presuppositional to
reasoning in general[75]) that the real is only the object of the final opinion to which adequate investigation would
lead;[84] anything to which no such process would ever lead would not be real. Induction involving ongoing tests or
observations follows a method which, sufficiently persisted in, will diminish its error below any predesignate degree.
Three stages:

i. Classification. Unclearly premissed, but inductive, classing of objects of experience under general ideas.
ii. Probation: direct Inductive Argumentation. Crude (the enumeration of instances) or Gradual (new estimate 
of proportion of truth in the hypothesis after each test). Gradual Induction is Qualitative or Quantitative; if
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Qualitative, then dependent on weightings of qualities or characters;[85] if Quantitative, then dependent on
measurements, or on statistics, or on countings.
iii. Sentential Induction. "...which, by Inductive reasonings, appraises the different Probations singly, then their
combinations, then makes self-appraisal of these very appraisals themselves, and passes final judgment on the
whole result".

Computational approaches
Many subspecialties of applied logic and computer science, such as artificial intelligence, machine learning,
computational learning theory, inferential statistics, and knowledge representation, are concerned with setting out
computational, logical, and statistical frameworks for the various types of inference involved in scientific inquiry. In
particular, they contribute hypothesis formation, logical deduction, and empirical testing. Some of these applications
draw on measures of complexity from algorithmic information theory to guide the making of predictions from prior
distributions of experience, for example, see the complexity measure called the speed prior from which a
computable strategy for optimal inductive reasoning can be derived.

Communication and community
Frequently the scientific method is employed not only by a single person, but also by several people cooperating
directly or indirectly. Such cooperation can be regarded as one of the defining elements of a scientific community.
Various techniques have been developed to ensure the integrity of scientific methodology within such an
environment.

Peer review evaluation
Scientific journals use a process of peer review, in which scientists' manuscripts are submitted by editors of scientific
journals to (usually one to three) fellow (usually anonymous) scientists familiar with the field for evaluation. The
referees may or may not recommend publication, publication with suggested modifications, or, sometimes,
publication in another journal. This serves to keep the scientific literature free of unscientific or pseudoscientific
work, to help cut down on obvious errors, and generally otherwise to improve the quality of the material. The peer
review process can have limitations when considering research outside the conventional scientific paradigm:
problems of "groupthink" can interfere with open and fair deliberation of some new research.[86]

Documentation and replication
Sometimes experimenters may make systematic errors during their experiments, unconsciously veer from scientific
method (Pathological science) for various reasons, or, in rare cases, deliberately report false results. Consequently, it
is a common practice for other scientists to attempt to repeat the experiments in order to duplicate the results, thus
further validating the hypothesis.

Archiving

As a result, researchers are expected to practice scientific data archiving in compliance with the policies of
government funding agencies and scientific journals. Detailed records of their experimental procedures, raw data,
statistical analyses and source code are preserved in order to provide evidence of the effectiveness and integrity of
the procedure and assist in reproduction. These procedural records may also assist in the conception of new
experiments to test the hypothesis, and may prove useful to engineers who might examine the potential practical
applications of a discovery.
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Data sharing

When additional information is needed before a study can be reproduced, the author of the study is expected to
provide it promptly. If the author refuses to share data, appeals can be made to the journal editors who published the
study or to the institution which funded the research.

Limitations

Since it is impossible for a scientist to record everything that took place in an experiment, facts selected for their
apparent relevance are reported. This may lead, unavoidably, to problems later if some supposedly irrelevant feature
is questioned. For example, Heinrich Hertz did not report the size of the room used to test Maxwell's equations,
which later turned out to account for a small deviation in the results. The problem is that parts of the theory itself
need to be assumed in order to select and report the experimental conditions. The observations are hence sometimes
described as being 'theory-laden'.

Dimensions of practice
The primary constraints on contemporary science are:
• Publication, i.e. Peer review
•• Resources (mostly funding)
It has not always been like this: in the old days of the "gentleman scientist" funding (and to a lesser extent
publication) were far weaker constraints.
Both of these constraints indirectly require scientific method — work that violates the constraints will be difficult to
publish and difficult to get funded. Journals require submitted papers to conform to "good scientific practice" and
this is mostly enforced by peer review. Originality, importance and interest are more important - see for example the
author guidelines [87] for Nature.

Philosophy and sociology of science
Philosophy of science looks at the underpinning logic of the scientific method, at what separates science from
non-science, and the ethic that is implicit in science. There are basic assumptions derived from philosophy that form
the base of the scientific method - namely, that reality is objective and consistent, that humans have the capacity to
perceive reality accurately, and that rational explanations exist for elements of the real world. These assumptions
from methodological naturalism form the basis on which science is grounded. Logical Positivist, empiricist,
falsificationist, and other theories have claimed to give a definitive account of the logic of science, but each has in
turn been criticized.
Thomas Kuhn examined the history of science in his The Structure of Scientific Revolutions, and found that the
actual method used by scientists differed dramatically from the then-espoused method. His observations of science
practice are essentially sociological and do not speak to how science is or can be practiced in other times and other
cultures.
Norwood Russell Hanson, Imre Lakatos and Thomas Kuhn have done extensive work on the "theory laden"
character of observation. Hanson (1958) first coined the term for the idea that all observation is dependent on the
conceptual framework of the observer, using the concept of gestalt to show how preconceptions can affect both
observation and description.[88] He opens Chapter 1 with a discussion of the Golgi bodies and their initial rejection
as an artefact of staining technique, and a discussion of Brahe and Kepler observing the dawn and seeing a
"different" sun rise despite the same physiological phenomenon. Kuhn[89] and Feyerabend[90] acknowledge the
pioneering significance of his work.
Kuhn (1961) said the scientist generally has a theory in mind before designing and undertaking experiments so as to 
make empirical observations, and that the "route from theory to measurement can almost never be traveled
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backward". This implies that the way in which theory is tested is dictated by the nature of the theory itself, which led
Kuhn (1961, p. 166) to argue that "once it has been adopted by a profession ... no theory is recognized to be testable
by any quantitative tests that it has not already passed".[91]

Paul Feyerabend similarly examined the history of science, and was led to deny that science is genuinely a
methodological process. In his book Against Method he argues that scientific progress is not the result of applying
any particular method. In essence, he says that for any specific method or norm of science, one can find a historic
episode where violating it has contributed to the progress of science. Thus, if believers in scientific method wish to
express a single universally valid rule, Feyerabend jokingly suggests, it should be 'anything goes'.[92] Criticisms such
as his led to the strong programme, a radical approach to the sociology of science.
The postmodernist critiques of science have themselves been the subject of intense controversy. This ongoing
debate, known as the science wars, is the result of conflicting values and assumptions between the postmodernist and
realist camps. Whereas postmodernists assert that scientific knowledge is simply another discourse (note that this
term has special meaning in this context) and not representative of any form of fundamental truth, realists in the
scientific community maintain that scientific knowledge does reveal real and fundamental truths about reality. Many
books have been written by scientists which take on this problem and challenge the assertions of the postmodernists
while defending science as a legitimate method of deriving truth.[93]

Role of chance in discovery
Somewhere between 33% and 50% of all scientific discoveries are estimated to have been stumbled upon, rather than
sought out. This may explain why scientists so often express that they were lucky.[94] Louis Pasteur is credited with
the famous saying that "Luck favours the prepared mind", but some psychologists have begun to study what it means
to be 'prepared for luck' in the scientific context. Research is showing that scientists are taught various heuristics that
tend to harness chance and the unexpected.[94][95] This is what professor of economics Nassim Nicholas Taleb calls
"Anti-fragility"; while some systems of investigation are fragile in the face of human error, human bias, and
randomness, the scientific method is more than resistant or tough - it actually benefits from such randomness in
many ways (it is anti-fragile). Taleb believes that the more anti-fragile the system, the more it will flourish in the real
world.[96]

Psychologist Kevin Dunbar says the process of discovery often starts with researchers finding bugs in their
experiments. These unexpected results lead researchers to try and fix what they think is an error in their method.
Eventually, the researcher decides the error is too persistent and systematic to be a coincidence. The highly
controlled, cautious and curious aspects of the scientific method are thus what make it well suited for identifying
such persistent systematic errors. At this point, the researcher will begin to think of theoretical explanations for the
error, often seeking the help of colleagues across different domains of expertise.[94][95]
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History

Aristotle, 384 BC–322 BC. "As regards
his method, Aristotle is recognized as the
inventor of scientific method because of

his refined analysis of logical
implications contained in demonstrative

discourse, which goes well beyond
natural logic and does not owe anything

to the ones who philosophized before
him."—Riccardo Pozzo[97]

The development of the scientific method is inseparable from the history of
science itself. Ancient Egyptian documents describe empirical methods in
astronomy,[98] mathematics,[99] and medicine.[100] The ancient Greek
philosopher Thales in the 6th century BC refused to accept supernatural,
religious or mythological explanations for natural phenomena, proclaiming
that every event had a natural cause. The development of deductive reasoning
by Plato was an important step towards the scientific method. Empiricism
seems to have been formalized by Aristotle, who believed that universal
truths could be reached via induction.

There are hints of experimental methods from the Classical world (e.g., those
reported by Archimedes in a report recovered early in the 20th century from
an overwritten manuscript), but the first clear instances of an experimental
scientific method seem to have been developed by Islamic scientists who
introduced the use of experimentation and quantification within a generally
empirical orientation. For example, Alhazen performed optical and
physiological experiments, reported in his manifold works, the most famous
being Book of Optics (1021).[101]

By the late 15th century, the physician-scholar Niccolò Leoniceno was
finding errors in Pliny's Natural History. As a physician, Leoniceno was
concerned about these botanical errors propagating to the materia medica on
which medicines were based.[102] To counter this, a botanical garden was established at Orto botanico di Padova,
University of Padua (in use for teaching by 1546), in order that medical students might have empirical access to the
plants of a pharmacopia. The philosopher and physician Francisco Sanches was led by his medical training at Rome,
1571–73, and by the philosophical skepticism recently placed in the European mainstream by the publication of
Sextus Empiricus' "Outlines of Pyrrhonism", to search for a true method of knowing (modus sciendi), as nothing
clear can be known by the methods of Aristotle and his followers[103] — for example, syllogism fails upon circular
reasoning. Following the physician Galen's method of medicine, Sanches lists the methods of judgement and
experience, which are faulty in the wrong hands,[104] and we are left with the bleak statement That Nothing is Known
(1581). This challenge was taken up by René Descartes in the next generation (1637), but at the least, Sanches warns
us that we ought to refrain from the methods, summaries, and commentaries on Aristotle, if we seek scientific
knowledge. In this, he is echoed by Francis Bacon, also influenced by skepticism; Sanches cites the humanist Juan
Luis Vives who sought a better educational system, as well as a statement of human rights as a pathway for
improvement of the lot of the poor.

The modern scientific method crystallized no later than in the 17th and 18th centuries. In his work Novum Organum
(1620) — a reference to Aristotle's Organon — Francis Bacon outlined a new system of logic to improve upon the
old philosophical process of syllogism.[105] Then, in 1637, René Descartes established the framework for scientific
method's guiding principles in his treatise, Discourse on Method. The writings of Alhazen, Bacon and Descartes are
considered critical in the historical development of the modern scientific method, as are those of John Stuart
Mill.[106]

Grosseteste was "the principal figure" in bringing about "a more adequate method of scientific inquiry" by 
which "medieval scientists were able eventually to outstrip their ancient European and Muslim teachers" 
(Dales 1973:62). ... His thinking influenced Roger Bacon, who spread Grosseteste's ideas from Oxford to the 
University of Paris during a visit there in the 1240s. From the prestigious universities in Oxford and Paris, the 
new experimental science spread rapidly throughout the medieval universities: "And so it went to Galileo,
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William Gilbert, Francis Bacon, William Harvey, Descartes, Robert Hooke, Newton, Leibniz, and the world of
the seventeenth century" (Crombie 1962:15). So it went to us also.
— Hugh G. Gauch, 2003.[107]

Roger Bacon (c.1214–1294) is sometimes
credited as one of the earliest European

advocates of the modern scientific method
inspired by the works of Aristotle.[108]

In the late 19th century, Charles Sanders Peirce proposed a schema that
would turn out to have considerable influence in the development of current
scientific methodology generally. Peirce accelerated the progress on several
fronts. Firstly, speaking in broader context in "How to Make Our Ideas
Clear" (1878) [109], Peirce outlined an objectively verifiable method to test
the truth of putative knowledge on a way that goes beyond mere
foundational alternatives, focusing upon both deduction and induction. He
thus placed induction and deduction in a complementary rather than
competitive context (the latter of which had been the primary trend at least
since David Hume, who wrote in the mid-to-late 18th century). Secondly,
and of more direct importance to modern method, Peirce put forth the basic
schema for hypothesis/testing that continues to prevail today. Extracting the
theory of inquiry from its raw materials in classical logic, he refined it in
parallel with the early development of symbolic logic to address the
then-current problems in scientific reasoning. Peirce examined and

articulated the three fundamental modes of reasoning that, as discussed above in this article, play a role in inquiry
today, the processes that are currently known as abductive, deductive, and inductive inference. Thirdly, he played a
major role in the progress of symbolic logic itself — indeed this was his primary specialty.

Beginning in the 1930s, Karl Popper argued that there is no such thing as inductive reasoning.[110] All inferences
ever made, including in science, are purely[111] deductive according to this view. Accordingly, he claimed that the
empirical character of science has nothing to do with induction—but with the deductive property of falsifiability that
scientific hypotheses have. Contrasting his views with inductivism and positivism, he even denied the existence of
the scientific method: "(1) There is no method of discovering a scientific theory (2) There is no method for
ascertaining the truth of a scientific hypothesis, i.e., no method of verification; (3) There is no method for
ascertaining whether a hypothesis is 'probable', or probably true".[112] Instead, he held that there is only one universal
method, a method not particular to science: The negative method of criticism, or colloquially termed trial and error.
It covers not only all products of the human mind, including science, mathematics, philosophy, art and so on, but
also the evolution of life. Following Peirce and others, Popper argued that science is fallible and has no
authority.[112] In contrast to empiricist-inductivist views, he welcomed metaphysics and philosophical discussion and
even gave qualified support to myths[113] and pseudosciences.[114] Popper's view has become known as critical
rationalism.

Relationship with mathematics
Science is the process of gathering, comparing, and evaluating proposed models against observables. A model can be
a simulation, mathematical or chemical formula, or set of proposed steps. Science is like mathematics in that
researchers in both disciplines can clearly distinguish what is known from what is unknown at each stage of
discovery. Models, in both science and mathematics, need to be internally consistent and also ought to be falsifiable
(capable of disproof). In mathematics, a statement need not yet be proven; at such a stage, that statement would be
called a conjecture. But when a statement has attained mathematical proof, that statement gains a kind of immortality
which is highly prized by mathematicians, and for which some mathematicians devote their lives.[115]

Mathematical work and scientific work can inspire each other.[116] For example, the technical concept of time arose 
in science, and timelessness was a hallmark of a mathematical topic. But today, the Poincaré conjecture has been
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proven using time as a mathematical concept in which objects can flow (see Ricci flow).
Nevertheless, the connection between mathematics and reality (and so science to the extent it describes reality)
remains obscure. Eugene Wigner's paper, The Unreasonable Effectiveness of Mathematics in the Natural Sciences, is
a very well known account of the issue from a Nobel Prize physicist. In fact, some observers (including some well
known mathematicians such as Gregory Chaitin, and others such as Lakoff and Núñez) have suggested that
mathematics is the result of practitioner bias and human limitation (including cultural ones), somewhat like the
post-modernist view of science.
George Pólya's work on problem solving,[117] the construction of mathematical proofs, and heuristic[118][119] show
that the mathematical method and the scientific method differ in detail, while nevertheless resembling each other in
using iterative or recursive steps.

Mathematical method Scientific method

1 Understanding Characterization from experience and observation

2 Analysis Hypothesis: a proposed explanation

3 Synthesis Deduction: prediction from the hypothesis

4 Review/Extend Test and experiment

In Pólya's view, understanding involves restating unfamiliar definitions in your own words, resorting to geometrical
figures, and questioning what we know and do not know already; analysis, which Pólya takes from Pappus,[120]

involves free and heuristic construction of plausible arguments, working backward from the goal, and devising a
plan for constructing the proof; synthesis is the strict Euclidean exposition of step-by-step details[121] of the proof;
review involves reconsidering and re-examining the result and the path taken to it.
Gauss, when asked how he came about his theorems, once replied "durch planmässiges Tattonieren" (through
systematic palpable experimentation).[122]

Imre Lakatos argued that mathematicians actually use contradiction, criticism and revision as principles for
improving their work.[123]

Notes
[1] Goldhaber & Nieto 2010, p. 940
[2] "[4] Rules for the study of natural philosophy", Newton 1999, pp. 794–6, from Book 3, The System of the World.
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[4] "How does light travel through transparent bodies? Light travels through transparent bodies in straight lines only.... We have explained this

exhaustively in our Book of Optics. But let us now mention something to prove this convincingly: the fact that light travels in straight lines is
clearly observed in the lights which enter into dark rooms through holes.... [T]he entering light will be clearly observable in the dust which
fills the air. —Alhazen, translated into English from German by M. Schwarz, from "Abhandlung über das Licht", J. Baarmann (ed. 1882)
Zeitschrift der Deutschen Morgenländischen Gesellschaft Vol 36 as quoted in Sambursky 1974, p. 136.
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[5] Morris Kline (1985) Mathematics for the nonmathematician (http:/ / books. google. com/ books?id=f-e0bro-0FUC& pg=PA284& dq&

hl=en#v=onepage& q=& f=false). Courier Dover Publications. p. 284. ISBN 0-486-24823-2
[6] Shapere, Dudley (1974). Galileo: A Philosophical Study. University of Chicago Press. ISBN 0-226-75007-8.
[7] Peirce, C. S., Collected Papers v. 1, paragraph 74.
[8] Karl R. Popper (1963), 'The Logic of Scientific Discovery'. The Logic of Scientific Discovery (http:/ / www. cosmopolitanuniversity. ac/

library/ LogicofScientificDiscoveryPopper1959. pdf) pp. 17-20, 249-252, 437-438, and elsewhere.

• Leon Lederman, for teaching physics first, illustrates how to avoid confirmation bias: Ian Shelton, in Chile, was initially skeptical that
supernova 1987a was real, but possibly an artifact of instrumentation (null hypothesis), so he went outside and disproved his null
hypothesis by observing SN 1987a with the naked eye. The Kamiokande experiment, in Japan, independently observed neutrinos from SN
1987a at the same time.
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[10] History of Inductive Science (1837), and in Philosophy of Inductive Science (1840)
[11] Schuster and Powers (2005), Translational and Experimental Clinical Research, Ch. 1. Link. (http:/ / books. google. com/

books?id=C7pZftbI0ZMC& printsec=frontcover& dq=Translational+ and+ Experimental+ Clinical+ Research& hl=en& sa=X&
ei=ZciuT_SzCOnOiAKNzIzfAw& ved=0CE4Q6AEwAA#v=onepage& q=Translational and Experimental Clinical Research& f=false) This
chapter also discusses the different types of research questions and how they are produced.

[12] This phrasing is attributed to Marshall Nirenberg.
[13] Karl R. Popper, Conjectures and Refutations: The Growth of Scientific Knowledge, Routledge, 2003 ISBN 0-415-28594-1
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[15][15] Godfrey-Smith 2003 p. 236.
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[17][17] October 1951, as noted in McElheny 2004, p. 40:"That's what a helix should look like!" Crick exclaimed in delight (This is the

Cochran-Crick-Vand-Stokes theory of the transform of a helix).
[18][18] June 1952, as noted in McElheny 2004, p. 43: Watson had succeeded in getting X-ray pictures of TMV showing a diffraction pattern

consistent with the transform of a helix.
[19] Watson did enough work on Tobacco mosaic virus to produce the diffraction pattern for a helix, per Crick's work on the transform of a helix.

pp. 137-138, Horace Freeland Judson (1979) The Eighth Day of Creation ISBN 0-671-22540-5
[20] — Cochran W, Crick FHC and Vand V. (1952) "The Structure of Synthetic Polypeptides. I. The Transform of Atoms on a Helix", Acta

Cryst., 5, 581-586.
[21] Friday, January 30, 1953. Tea time, as noted in McElheny 2004, p. 52: Franklin confronts Watson and his paper - "Of course it [Pauling's

pre-print] is wrong. DNA is not a helix." However, Watson then visits Wilkins' office, sees photo 51, and immediately recognizes the
diffraction pattern of a helical structure. But additional questions remained, requiring additional iterations of their research. For example, the
number of strands in the backbone of the helix (Crick suspected 2 strands, but cautioned Watson to examine that more critically), the location
of the base pairs (inside the backbone or outside the backbone), etc. One key point was that they realized that the quickest way to reach a
result was not to continue a mathematical analysis, but to build a physical model.

[22] "The instant I saw the picture my mouth fell open and my pulse began to race." —Watson 1968, p. 167 Page 168 shows the X-shaped
pattern of the B-form of DNA, clearly indicating crucial details of its helical structure to Watson and Crick.

•• McElheny 2004 p.52 dates the Franklin-Watson confrontation as Friday, January 30, 1953. Later that evening, Watson urges Wilkins to
begin model-building immediately. But Wilkins agrees to do so only after Franklin's departure.

[23] Saturday, February 28, 1953, as noted in McElheny 2004, pp. 57–59: Watson found the base pairing mechanism which explained Chargaff's
rules using his cardboard models.

[24][24] Fleck 1979, pp. xxvii-xxviii
[25] " NIH Data Sharing Policy (http:/ / grants. nih. gov/ grants/ policy/ data_sharing/ index. htm)."
[26] Stanovich, Keith E. (2007). How to Think Straight About Psychology. Boston: Pearson Education. pg 123
[27] Brody 1993, pp. 44–45
[28] Hall, B. K.; Hallgrímsson, B., eds. (2008). Strickberger's Evolution (http:/ / www. jblearning. com/ catalog/ 9780763700669/ ) (4th ed.).

Jones & Bartlett. p. 762. ISBN 0-7637-0066-5. .
[29] Cracraft, J.; Donoghue, M. J., eds. (2005). Assembling the tree of life (http:/ / books. google. ca/ books?id=6lXTP0YU6_kC&

printsec=frontcover& dq=Assembling+ the+ tree+ of+ life#v=onepage& q& f=false). Oxford University Press. p. 592. ISBN 0-19-517234-5. .
[30] Needham & Wang 1954 p.166 shows how the 'flying gallop' image propagated from China to the West.
[31] "A myth is a belief given uncritical acceptance by members of a group ..." —Weiss, Business Ethics p. 15, as cited by Ronald R. Sims

(2003) Ethics and corporate social responsibility: why giants fall p.21
[32] Imre Lakatos (1976), Proofs and Refutations. Taleb 2007, p. 72 lists ways to avoid narrative fallacy and confirmation bias.
[33][33] For more on the narrative fallacy, see also Fleck 1979, p. 27: "Words and ideas are originally phonetic and mental equivalences of the

experiences coinciding with them. ... Such proto-ideas are at first always too broad and insufficiently specialized. ... Once a structurally

http://books.google.com/books?id=mhLVHR5QAQkC&pg=PA59&lpg=PA59&dq=Opticae+thesaurus+alhazen&source=bl&ots=noo2fzmnU-&sig=fHI2OZUVkiKuxyOGw-nt08p9lSM&hl=en&ei=QHU1TZnCJsT68AbywuTyCA&sa=X&oi=book_result&ct=result&resnum=1&ved=0CBIQ6AEwADgK#v=onepage&q=Opticae%20thesaurus%20alhazen&f=false
http://en.wikipedia.org/w/index.php?title=Morris_Kline
http://books.google.com/books?id=f-e0bro-0FUC&pg=PA284&dq&hl=en#v=onepage&q=&f=false
http://books.google.com/books?id=f-e0bro-0FUC&pg=PA284&dq&hl=en#v=onepage&q=&f=false
http://en.wikipedia.org/w/index.php?title=Courier_Dover_Publications
http://www.cosmopolitanuniversity.ac/library/LogicofScientificDiscoveryPopper1959.pdf
http://www.cosmopolitanuniversity.ac/library/LogicofScientificDiscoveryPopper1959.pdf
http://en.wikipedia.org/w/index.php?title=Leon_Lederman
http://en.wikipedia.org/w/index.php?title=Physics_first
http://en.wikipedia.org/w/index.php?title=Ian_Shelton
http://en.wikipedia.org/w/index.php?title=Supernova_1987a
http://en.wikipedia.org/w/index.php?title=Kamiokande
http://en.wikipedia.org/w/index.php?title=Neutrino
http://en.wikipedia.org/w/index.php?title=SN_1987a
http://en.wikipedia.org/w/index.php?title=SN_1987a
http://books.google.com/books?id=C7pZftbI0ZMC&printsec=frontcover&dq=Translational+and+Experimental+Clinical+Research&hl=en&sa=X&ei=ZciuT_SzCOnOiAKNzIzfAw&ved=0CE4Q6AEwAA#v=onepage&q=Translational%20and%20Experimental%20Clinical%20Research&f=false
http://books.google.com/books?id=C7pZftbI0ZMC&printsec=frontcover&dq=Translational+and+Experimental+Clinical+Research&hl=en&sa=X&ei=ZciuT_SzCOnOiAKNzIzfAw&ved=0CE4Q6AEwAA#v=onepage&q=Translational%20and%20Experimental%20Clinical%20Research&f=false
http://books.google.com/books?id=C7pZftbI0ZMC&printsec=frontcover&dq=Translational+and+Experimental+Clinical+Research&hl=en&sa=X&ei=ZciuT_SzCOnOiAKNzIzfAw&ved=0CE4Q6AEwAA#v=onepage&q=Translational%20and%20Experimental%20Clinical%20Research&f=false
http://en.wikipedia.org/w/index.php?title=Marshall_Nirenberg
http://en.wikipedia.org/w/index.php?title=Galileo
http://en.wikipedia.org/w/index.php?title=1638
http://en.wikipedia.org/w/index.php?title=Two_New_Sciences
http://en.wikipedia.org/w/index.php?title=Leiden
http://en.wikipedia.org/w/index.php?title=House_of_Elzevir
http://en.wikipedia.org/w/index.php?title=Galileo_Galilei
http://en.wikipedia.org/w/index.php?title=Galileo_Galilei
http://en.wikipedia.org/w/index.php?title=Accademia_dei_Lincei
http://en.wikipedia.org/w/index.php?title=Tobacco_mosaic_virus
http://en.wikipedia.org/w/index.php?title=Acta_Crystallographica
http://en.wikipedia.org/w/index.php?title=Acta_Crystallographica
http://en.wikipedia.org/w/index.php?title=Photo_51
http://en.wikipedia.org/w/index.php?title=DNA
http://en.wikipedia.org/w/index.php?title=Chargaff%27s_rules
http://en.wikipedia.org/w/index.php?title=Chargaff%27s_rules
http://grants.nih.gov/grants/policy/data_sharing/index.htm
http://www.jblearning.com/catalog/9780763700669/
http://books.google.ca/books?id=6lXTP0YU6_kC&printsec=frontcover&dq=Assembling+the+tree+of+life#v=onepage&q&f=false
http://books.google.ca/books?id=6lXTP0YU6_kC&printsec=frontcover&dq=Assembling+the+tree+of+life#v=onepage&q&f=false
http://en.wikipedia.org/w/index.php?title=Imre_Lakatos
http://en.wikipedia.org/w/index.php?title=Proofs_and_Refutations


Scientific method 52
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[80] Peirce, Carnegie application (L75, 1902), New Elements of Mathematics v. 4, pp. 37-38:

For it is not sufficient that a hypothesis should be a justifiable one. Any hypothesis which explains the
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DNA

The structure of the DNA double helix. The atoms in the structure are colour-coded by
element and the detailed structure of two base pairs are shown in the bottom right.

The structure of part of a DNA double helix

Deoxyribonucleic acid (DNA) is a
molecule encoding the genetic
instructions used in the development
and functioning of all known living
organisms and many viruses. Along
with RNA and proteins, DNA is one of
the three major macromolecules that
are essential for all known forms of
life. Genetic information is encoded as
a sequence of nucleotides (guanine,
adenine, thymine, and cytosine)
recorded using the letters G, A, T, and
C. Most DNA molecules are
double-stranded helices, consisting of
two long polymers of simple units
called nucleotides, molecules with
backbones made of alternating sugars
(deoxyribose) and phosphate groups
(related to phosphoric acid), with the
nucleobases (G, A, T, C) attached to
the sugars. DNA is well-suited for
biological information storage, since
the DNA backbone is resistant to
cleavage and the double-stranded
structure provides the molecule with a
built-in duplicate of the encoded
information.

These two strands run in opposite
directions to each other and are
therefore anti-parallel, one backbone
being 3' (three prime) and the other 5'
(five prime). This refers to the
direction the 3rd and 5th carbon on the
sugar molecule is facing. Attached to
each sugar is one of four types of
molecules called nucleobases
(informally, bases). It is the sequence
of these four nucleobases along the
backbone that encodes information.
This information is read using the
genetic code, which specifies the
sequence of the amino acids within
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proteins. The code is read by copying stretches of DNA into the related nucleic acid RNA in a process called
transcription.
Within cells, DNA is organized into long structures called chromosomes. During cell division these chromosomes
are duplicated in the process of DNA replication, providing each cell its own complete set of chromosomes.
Eukaryotic organisms (animals, plants, fungi, and protists) store most of their DNA inside the cell nucleus and some
of their DNA in organelles, such as mitochondria or chloroplasts.[1] In contrast, prokaryotes (bacteria and archaea)
store their DNA only in the cytoplasm. Within the chromosomes, chromatin proteins such as histones compact and
organize DNA. These compact structures guide the interactions between DNA and other proteins, helping control
which parts of the DNA are transcribed.

Properties

Chemical structure of DNA. Hydrogen bonds shown as dotted lines.

DNA is a long polymer made from
repeating units called nucleotides.[2][3][4]

DNA was first identified and isolated by
Friedrich Miescher and the double helix
structure of DNA was first discovered by
James D. Watson and Francis Crick. The
structure of DNA of all species comprises
two helical chains each coiled round the
same axis, and each with a pitch of
34 ångströms (3.4 nanometres) and a radius
of 10 ångströms (1.0 nanometres).[5]

According to another study, when measured
in a particular solution, the DNA chain
measured 22 to 26 ångströms wide (2.2 to
2.6 nanometres), and one nucleotide unit
measured 3.3 Å (0.33 nm) long.[6] Although
each individual repeating unit is very small,
DNA polymers can be very large molecules
containing millions of nucleotides. For
instance, the largest human chromosome,
chromosome number 1, is approximately
220 million base pairs long.[7]

In living organisms DNA does not usually
exist as a single molecule, but instead as a pair of molecules that are held tightly together.[8][9] These two long
strands entwine like vines, in the shape of a double helix. The nucleotide repeats contain both the segment of the
backbone of the molecule, which holds the chain together, and a nucleobase, which interacts with the other DNA
strand in the helix. A nucleobase linked to a sugar is called a nucleoside and a base linked to a sugar and one or more
phosphate groups is called a nucleotide. A polymer comprising multiple linked nucleotides (as in DNA) is called a
polynucleotide.[10]

The backbone of the DNA strand is made from alternating phosphate and sugar residues.[11] The sugar in DNA is 
2-deoxyribose, which is a pentose (five-carbon) sugar. The sugars are joined together by phosphate groups that form 
phosphodiester bonds between the third and fifth carbon atoms of adjacent sugar rings. These asymmetric bonds 
mean a strand of DNA has a direction. In a double helix the direction of the nucleotides in one strand is opposite to 
their direction in the other strand: the strands are antiparallel. The asymmetric ends of DNA strands are called the 5′
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(five prime) and 3′ (three prime) ends, with the 5' end having a terminal phosphate group and the 3' end a terminal
hydroxyl group. One major difference between DNA and RNA is the sugar, with the 2-deoxyribose in DNA being
replaced by the alternative pentose sugar ribose in RNA.[9]

A section of DNA. The bases lie
horizontally between the two

spiraling strands.[12] (animated
version).

The DNA double helix is stabilized primarily by two forces: hydrogen bonds
between nucleotides and base-stacking interactions among aromatic
nucleobases.[13] In the aqueous environment of the cell, the conjugated π bonds
of nucleotide bases align perpendicular to the axis of the DNA molecule,
minimizing their interaction with the solvation shell and therefore, the Gibbs free
energy. The four bases found in DNA are adenine (abbreviated A), cytosine (C),
guanine (G) and thymine (T). These four bases are attached to the
sugar/phosphate to form the complete nucleotide, as shown for adenosine
monophosphate.

Nucleobase classification

The nucleobases are classified into two types: the purines, A and G, being fused
five- and six-membered heterocyclic compounds, and the pyrimidines, the
six-membered rings C and T.[9] A fifth pyrimidine nucleobase, uracil (U), usually
takes the place of thymine in RNA and differs from thymine by lacking a methyl
group on its ring. In addition to RNA and DNA a large number of artificial
nucleic acid analogues have also been created to study the properties of nucleic
acids, or for use in biotechnology.[14]

Uracil is not usually found in DNA, occurring only as a breakdown product of
cytosine. However in a number of bacteriophages – Bacillus subtilis bacteriophages PBS1 and PBS2 and Yersinia
bacteriophage piR1-37 – thymine has been replaced by uracil.[15] A modified form
(beta-d-glucopyranosyloxymethyluracil) is also found in a number of organisms: the flagellates Diplonema and
Euglena, and all the kinetoplastid genera[16] Biosynthesis of J occurs in two steps: in the first step a specific
thymidine in DNA is converted into hydroxymethyldeoxyuridine; in the second HOMedU is glycosylated to form
J.[17] Proteins that bind specifically to this base have been identified.[18][19][20] These proteins appear to be distant
relatives of the Tet1 oncogene that is involved in the pathogenesis of acute myeloid leukemia.[21] J appears to act as
a termination signal for RNA polymerase II.[22][23]

Major and minor grooves of DNA. Minor groove
is a binding site for the dye Hoechst 33258.

Grooves

Twin helical strands form the DNA backbone. Another double helix
may be found tracing the spaces, or grooves, between the strands.
These voids are adjacent to the base pairs and may provide a binding
site. As the strands are not symmetrically located with respect to each
other, the grooves are unequally sized. One groove, the major groove,
is 22 Å wide and the other, the minor groove, is 12 Å wide.[24] The
narrowness of the minor groove means that the edges of the bases are
more accessible in the major groove. As a result, proteins like
transcription factors that can bind to specific sequences in

double-stranded DNA usually make contacts to the sides of the bases exposed in the major groove.[25] This situation
varies in unusual conformations of DNA within the cell (see below), but the major and minor grooves are always
named to reflect the differences in size that would be seen if the DNA is twisted back into the ordinary B form.
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Base pairing
In a DNA double helix, each type of nucleobase on one strand bonds with just one type of nucleobase on the other
strand. This is called complementary base pairing. Here, purines form hydrogen bonds to pyrimidines, with adenine
bonding only to thymine in two hydrogen bonds, and cytosine bonding only to guanine in three hydrogen bonds.
This arrangement of two nucleotides binding together across the double helix is called a base pair. As hydrogen
bonds are not covalent, they can be broken and rejoined relatively easily. The two strands of DNA in a double helix
can therefore be pulled apart like a zipper, either by a mechanical force or high temperature.[26] As a result of this
complementarity, all the information in the double-stranded sequence of a DNA helix is duplicated on each strand,
which is vital in DNA replication. Indeed, this reversible and specific interaction between complementary base pairs
is critical for all the functions of DNA in living organisms.[3]

 
Top, a GC base pair with three hydrogen bonds. Bottom, an AT base pair with two hydrogen bonds. Non-covalent
hydrogen bonds between the pairs are shown as dashed lines.
The two types of base pairs form different numbers of hydrogen bonds, AT forming two hydrogen bonds, and GC
forming three hydrogen bonds (see figures, right). DNA with high GC-content is more stable than DNA with low
GC-content.
As noted above, most DNA molecules are actually two polymer strands, bound together in a helical fashion by
noncovalent bonds; this double stranded structure (dsDNA) is maintained largely by the intrastrand base stacking
interactions, which are strongest for G,C stacks. The two strands can come apart – a process known as melting – to
form two ssDNA molecules. Melting occurs when conditions favor ssDNA; such conditions are high temperature,
low salt and high pH (low pH also melts DNA, but since DNA is unstable due to acid depurination, low pH is rarely
used).
The stability of the dsDNA form depends not only on the GC-content (% G,C basepairs) but also on sequence (since
stacking is sequence specific) and also length (longer molecules are more stable). The stability can be measured in
various ways; a common way is the "melting temperature", which is the temperature at which 50% of the ds
molecules are converted to ss molecules; melting temperature is dependent on ionic strength and the concentration of
DNA. As a result, it is both the percentage of GC base pairs and the overall length of a DNA double helix that
determines the strength of the association between the two strands of DNA. Long DNA helices with a high
GC-content have stronger-interacting strands, while short helices with high AT content have weaker-interacting
strands.[27] In biology, parts of the DNA double helix that need to separate easily, such as the TATAAT Pribnow
box in some promoters, tend to have a high AT content, making the strands easier to pull apart.[28]

In the laboratory, the strength of this interaction can be measured by finding the temperature necessary to break the
hydrogen bonds, their melting temperature (also called Tm value). When all the base pairs in a DNA double helix
melt, the strands separate and exist in solution as two entirely independent molecules. These single-stranded DNA
molecules (ssDNA) have no single common shape, but some conformations are more stable than others.[29]
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Sense and antisense
A DNA sequence is called "sense" if its sequence is the same as that of a messenger RNA copy that is translated into
protein.[30] The sequence on the opposite strand is called the "antisense" sequence. Both sense and antisense
sequences can exist on different parts of the same strand of DNA (i.e. both strands contain both sense and antisense
sequences). In both prokaryotes and eukaryotes, antisense RNA sequences are produced, but the functions of these
RNAs are not entirely clear.[31] One proposal is that antisense RNAs are involved in regulating gene expression
through RNA-RNA base pairing.[32]

A few DNA sequences in prokaryotes and eukaryotes, and more in plasmids and viruses, blur the distinction between
sense and antisense strands by having overlapping genes.[33] In these cases, some DNA sequences do double duty,
encoding one protein when read along one strand, and a second protein when read in the opposite direction along the
other strand. In bacteria, this overlap may be involved in the regulation of gene transcription,[34] while in viruses,
overlapping genes increase the amount of information that can be encoded within the small viral genome.[35]

Supercoiling
DNA can be twisted like a rope in a process called DNA supercoiling. With DNA in its "relaxed" state, a strand
usually circles the axis of the double helix once every 10.4 base pairs, but if the DNA is twisted the strands become
more tightly or more loosely wound.[36] If the DNA is twisted in the direction of the helix, this is positive
supercoiling, and the bases are held more tightly together. If they are twisted in the opposite direction, this is
negative supercoiling, and the bases come apart more easily. In nature, most DNA has slight negative supercoiling
that is introduced by enzymes called topoisomerases.[37] These enzymes are also needed to relieve the twisting
stresses introduced into DNA strands during processes such as transcription and DNA replication.[38]

From left to right, the structures of A, B and Z
DNA

Alternate DNA structures

DNA exists in many possible conformations that include A-DNA,
B-DNA, and Z-DNA forms, although, only B-DNA and Z-DNA have
been directly observed in functional organisms.[11] The conformation
that DNA adopts depends on the hydration level, DNA sequence, the
amount and direction of supercoiling, chemical modifications of the
bases, the type and concentration of metal ions, as well as the presence
of polyamines in solution.[39]

The first published reports of A-DNA X-ray diffraction patterns— and
also B-DNA — used analyses based on Patterson transforms that
provided only a limited amount of structural information for oriented fibers of DNA.[40][41] An alternate analysis was
then proposed by Wilkins et al., in 1953, for the in vivo B-DNA X-ray diffraction/scattering patterns of highly
hydrated DNA fibers in terms of squares of Bessel functions.[42] In the same journal, James D. Watson and Francis
Crick presented their molecular modeling analysis of the DNA X-ray diffraction patterns to suggest that the structure
was a double-helix.[5]

Although the `B-DNA form' is most common under the conditions found in cells,[43] it is not a well-defined
conformation but a family of related DNA conformations[44] that occur at the high hydration levels present in living
cells. Their corresponding X-ray diffraction and scattering patterns are characteristic of molecular paracrystals with a
significant degree of disorder.[45][46]

Compared to B-DNA, the A-DNA form is a wider right-handed spiral, with a shallow, wide minor groove and a 
narrower, deeper major groove. The A form occurs under non-physiological conditions in partially dehydrated 
samples of DNA, while in the cell it may be produced in hybrid pairings of DNA and RNA strands, as well as in 
enzyme-DNA complexes.[47][48] Segments of DNA where the bases have been chemically modified by methylation
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may undergo a larger change in conformation and adopt the Z form. Here, the strands turn about the helical axis in a
left-handed spiral, the opposite of the more common B form.[49] These unusual structures can be recognized by
specific Z-DNA binding proteins and may be involved in the regulation of transcription.[50]

Alternate DNA chemistry
For a number of years exobiologists have proposed the existence of a shadow biosphere, a postulated microbial
biosphere of Earth that uses radically different biochemical and molecular processes than currently known life. One
of the proposals was the existence of lifeforms that use arsenic instead of phosphorus in DNA. A report in 2010 of
the possibility in the bacterium GFAJ-1, was announced,[51][51][52] though the research was disputed,[52][53] and
evidence suggests the bacterium actively prevents the incorporation of arsenic into the DNA backbone and other
biomolecules.[54]

Quadruplex structures
At the ends of the linear chromosomes are specialized regions of DNA called telomeres. The main function of these
regions is to allow the cell to replicate chromosome ends using the enzyme telomerase, as the enzymes that normally
replicate DNA cannot copy the extreme 3′ ends of chromosomes.[55] These specialized chromosome caps also help
protect the DNA ends, and stop the DNA repair systems in the cell from treating them as damage to be corrected.[56]

In human cells, telomeres are usually lengths of single-stranded DNA containing several thousand repeats of a
simple TTAGGG sequence.[57]

DNA quadruplex formed by telomere repeats.
The looped conformation of the DNA backbone
is very different from the typical DNA helix.[58]

These guanine-rich sequences may stabilize chromosome ends by
forming structures of stacked sets of four-base units, rather than the
usual base pairs found in other DNA molecules. Here, four guanine
bases form a flat plate and these flat four-base units then stack on top
of each other, to form a stable G-quadruplex structure.[59] These
structures are stabilized by hydrogen bonding between the edges of the
bases and chelation of a metal ion in the centre of each four-base
unit.[60] Other structures can also be formed, with the central set of
four bases coming from either a single strand folded around the bases,
or several different parallel strands, each contributing one base to the
central structure.

In addition to these stacked structures, telomeres also form large loop
structures called telomere loops, or T-loops. Here, the single-stranded
DNA curls around in a long circle stabilized by telomere-binding
proteins.[61] At the very end of the T-loop, the single-stranded telomere DNA is held onto a region of
double-stranded DNA by the telomere strand disrupting the double-helical DNA and base pairing to one of the two
strands. This triple-stranded structure is called a displacement loop or D-loop.[59]

Single branch Multiple branches

Branched DNA can form networks containing multiple branches.
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Branched DNA
In DNA fraying occurs when non-complementary regions exist at the end of an otherwise complementary
double-strand of DNA. However, branched DNA can occur if a third strand of DNA is introduced and contains
adjoining regions able to hybridize with the frayed regions of the pre-existing double-strand. Although the simplest
example of branched DNA involves only three strands of DNA, complexes involving additional strands and multiple
branches are also possible.[62] Branched DNA can be used in nanotechnology to construct geometric shapes, see the
section on uses in technology below.

Vibration
DNA may carry out low-frequency collective motion as observed by the Raman spectroscopy[63][64] and analyzed
with a quasi-continuum model.[65][66]

Chemical modifications and altered DNA packaging

cytosine 5-methylcytosine thymine

Structure of cytosine with and without the 5-methyl group. Deamination converts 5-methylcytosine into thymine.

Base modifications and DNA packaging
The expression of genes is influenced by how the DNA is packaged in chromosomes, in a structure called chromatin.
Base modifications can be involved in packaging, with regions that have low or no gene expression usually
containing high levels of methylation of cytosine bases. DNA packaging and its influence on gene expression can
also occur by covalent modifications of the histone protein core around which DNA is wrapped in the chromatin
structure or else by remodeling carried out by chromatin remodeling complexes (see Chromatin remodeling). There
is, further, crosstalk between DNA methylation and histone modification, so they can coordinately affect chromatin
and gene expression.[67]

For one example, cytosine methylation, produces 5-methylcytosine, which is important for X-chromosome
inactivation.[68] The average level of methylation varies between organisms – the worm Caenorhabditis elegans
lacks cytosine methylation, while vertebrates have higher levels, with up to 1% of their DNA containing
5-methylcytosine.[69] Despite the importance of 5-methylcytosine, it can deaminate to leave a thymine base, so
methylated cytosines are particularly prone to mutations.[70] Other base modifications include adenine methylation in
bacteria, the presence of 5-hydroxymethylcytosine in the brain,[71] and the glycosylation of uracil to produce the
"J-base" in kinetoplastids.[72][73]
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Damage

A covalent adduct between a metabolically
activated form of benzo[a]pyrene, the major
mutagen in tobacco smoke, and DNA[74]

DNA can be damaged by many sorts of mutagens, which change the
DNA sequence. Mutagens include oxidizing agents, alkylating agents
and also high-energy electromagnetic radiation such as ultraviolet light
and X-rays. The type of DNA damage produced depends on the type of
mutagen. For example, UV light can damage DNA by producing
thymine dimers, which are cross-links between pyrimidine bases.[75]

On the other hand, oxidants such as free radicals or hydrogen peroxide
produce multiple forms of damage, including base modifications,
particularly of guanosine, and double-strand breaks.[76] A typical
human cell contains about 150,000 bases that have suffered oxidative
damage.[77] Of these oxidative lesions, the most dangerous are
double-strand breaks, as these are difficult to repair and can produce
point mutations, insertions and deletions from the DNA sequence, as
well as chromosomal translocations.[78] These mutations can cause
cancer. Because of inherent limitations in the DNA repair mechanisms,
if humans lived long enough, they would all eventually develop
cancer.[79][80] DNA damages that are naturally occurring, due to
normal cellular processes that produce reactive oxygen species, the
hydrolytic activities of cellular water, etc., also occur frequently.
Although most of these damages are repaired, in any cell some DNA damage may remain despite the action of repair
processes. These remaining DNA damages accumulate with age in mammalian postmitotic tissues. This
accumulation appears to be an important underlying cause of aging.[81][82][83]

Many mutagens fit into the space between two adjacent base pairs, this is called intercalation. Most intercalators are
aromatic and planar molecules; examples include ethidium bromide, acridines, daunomycin, and doxorubicin. In
order for an intercalator to fit between base pairs, the bases must separate, distorting the DNA strands by unwinding
of the double helix. This inhibits both transcription and DNA replication, causing toxicity and mutations.[84] As a
result, DNA intercalators may be carcinogens, and in the case of thalidomide, a teratogen.[85] Others such as
benzo[a]pyrene diol epoxide and aflatoxin form DNA adducts which induce errors in replication.[86] Nevertheless,
due to their ability to inhibit DNA transcription and replication, other similar toxins are also used in chemotherapy to
inhibit rapidly growing cancer cells.[87]

Biological functions
DNA usually occurs as linear chromosomes in eukaryotes, and circular chromosomes in prokaryotes. The set of
chromosomes in a cell makes up its genome; the human genome has approximately 3 billion base pairs of DNA
arranged into 46 chromosomes.[88] The information carried by DNA is held in the sequence of pieces of DNA called
genes. Transmission of genetic information in genes is achieved via complementary base pairing. For example, in
transcription, when a cell uses the information in a gene, the DNA sequence is copied into a complementary RNA
sequence through the attraction between the DNA and the correct RNA nucleotides. Usually, this RNA copy is then
used to make a matching protein sequence in a process called translation, which depends on the same interaction
between RNA nucleotides. In alternative fashion, a cell may simply copy its genetic information in a process called
DNA replication. The details of these functions are covered in other articles; here we focus on the interactions
between DNA and other molecules that mediate the function of the genome.
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Genes and genomes
Genomic DNA is tightly and orderly packed in the process called DNA condensation to fit the small available
volumes of the cell. In eukaryotes, DNA is located in the cell nucleus, as well as small amounts in mitochondria and
chloroplasts. In prokaryotes, the DNA is held within an irregularly shaped body in the cytoplasm called the
nucleoid.[89] The genetic information in a genome is held within genes, and the complete set of this information in an
organism is called its genotype. A gene is a unit of heredity and is a region of DNA that influences a particular
characteristic in an organism. Genes contain an open reading frame that can be transcribed, as well as regulatory
sequences such as promoters and enhancers, which control the transcription of the open reading frame.
In many species, only a small fraction of the total sequence of the genome encodes protein. For example, only about
1.5% of the human genome consists of protein-coding exons, with over 50% of human DNA consisting of
non-coding repetitive sequences.[90] The reasons for the presence of so much noncoding DNA in eukaryotic
genomes and the extraordinary differences in genome size, or C-value, among species represent a long-standing
puzzle known as the "C-value enigma".[91] However, some DNA sequences that do not code protein may still encode
functional non-coding RNA molecules, which are involved in the regulation of gene expression.[92]

T7 RNA polymerase (blue) producing a mRNA
(green) from a DNA template (orange).[93]

Some noncoding DNA sequences play structural roles in
chromosomes. Telomeres and centromeres typically contain few genes,
but are important for the function and stability of chromosomes.[56][94]

An abundant form of noncoding DNA in humans are pseudogenes,
which are copies of genes that have been disabled by mutation.[95]

These sequences are usually just molecular fossils, although they can
occasionally serve as raw genetic material for the creation of new
genes through the process of gene duplication and divergence.[96]

Transcription and translation

A gene is a sequence of DNA that contains genetic information and
can influence the phenotype of an organism. Within a gene, the sequence of bases along a DNA strand defines a
messenger RNA sequence, which then defines one or more protein sequences. The relationship between the
nucleotide sequences of genes and the amino-acid sequences of proteins is determined by the rules of translation,
known collectively as the genetic code. The genetic code consists of three-letter 'words' called codons formed from a
sequence of three nucleotides (e.g. ACT, CAG, TTT).

In transcription, the codons of a gene are copied into messenger RNA by RNA polymerase. This RNA copy is then
decoded by a ribosome that reads the RNA sequence by base-pairing the messenger RNA to transfer RNA, which
carries amino acids. Since there are 4 bases in 3-letter combinations, there are 64 possible codons ( 
combinations). These encode the twenty standard amino acids, giving most amino acids more than one possible
codon. There are also three 'stop' or 'nonsense' codons signifying the end of the coding region; these are the TAA,
TGA and TAG codons.
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DNA replication. The double helix is unwound by a helicase and topoisomerase. Next,
one DNA polymerase produces the leading strand copy. Another DNA polymerase binds

to the lagging strand. This enzyme makes discontinuous segments (called Okazaki
fragments) before DNA ligase joins them together.

Replication

Cell division is essential for an
organism to grow, but, when a cell
divides, it must replicate the DNA in
its genome so that the two daughter
cells have the same genetic
information as their parent. The
double-stranded structure of DNA
provides a simple mechanism for DNA
replication. Here, the two strands are
separated and then each strand's
complementary DNA sequence is
recreated by an enzyme called DNA
polymerase. This enzyme makes the
complementary strand by finding the correct base through complementary base pairing, and bonding it onto the
original strand. As DNA polymerases can only extend a DNA strand in a 5′ to 3′ direction, different mechanisms are
used to copy the antiparallel strands of the double helix.[97] In this way, the base on the old strand dictates which
base appears on the new strand, and the cell ends up with a perfect copy of its DNA.

Interactions with proteins

All the functions of DNA depend on interactions with proteins. These protein interactions can be non-specific, or the
protein can bind specifically to a single DNA sequence. Enzymes can also bind to DNA and of these, the
polymerases that copy the DNA base sequence in transcription and DNA replication are particularly important.

DNA-binding proteins

Interaction of DNA (shown in orange) with histones (shown in blue). These proteins' basic amino acids bind to the
acidic phosphate groups on DNA.
Structural proteins that bind DNA are well-understood examples of non-specific DNA-protein interactions. Within 
chromosomes, DNA is held in complexes with structural proteins. These proteins organize the DNA into a compact 
structure called chromatin. In eukaryotes this structure involves DNA binding to a complex of small basic proteins 
called histones, while in prokaryotes multiple types of proteins are involved.[98][99] The histones form a disk-shaped 
complex called a nucleosome, which contains two complete turns of double-stranded DNA wrapped around its 
surface. These non-specific interactions are formed through basic residues in the histones making ionic bonds to the 
acidic sugar-phosphate backbone of the DNA, and are therefore largely independent of the base sequence.[100] 

Chemical modifications of these basic amino acid residues include methylation, phosphorylation and acetylation.[101] 

These chemical changes alter the strength of the interaction between the DNA and the histones, making the DNA 
more or less accessible to transcription factors and changing the rate of transcription.[102] Other non-specific
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DNA-binding proteins in chromatin include the high-mobility group proteins, which bind to bent or distorted
DNA.[103] These proteins are important in bending arrays of nucleosomes and arranging them into the larger
structures that make up chromosomes.[104]

A distinct group of DNA-binding proteins are the DNA-binding proteins that specifically bind single-stranded DNA.
In humans, replication protein A is the best-understood member of this family and is used in processes where the
double helix is separated, including DNA replication, recombination and DNA repair.[105] These binding proteins
seem to stabilize single-stranded DNA and protect it from forming stem-loops or being degraded by nucleases.

The lambda repressor
helix-turn-helix transcription factor

bound to its DNA target[106]

In contrast, other proteins have evolved to bind to particular DNA sequences.
The most intensively studied of these are the various transcription factors, which
are proteins that regulate transcription. Each transcription factor binds to one
particular set of DNA sequences and activates or inhibits the transcription of
genes that have these sequences close to their promoters. The transcription
factors do this in two ways. Firstly, they can bind the RNA polymerase
responsible for transcription, either directly or through other mediator proteins;
this locates the polymerase at the promoter and allows it to begin
transcription.[107] Alternatively, transcription factors can bind enzymes that
modify the histones at the promoter; this will change the accessibility of the
DNA template to the polymerase.[108]

As these DNA targets can occur throughout an organism's genome, changes in
the activity of one type of transcription factor can affect thousands of genes.[109]

Consequently, these proteins are often the targets of the signal transduction
processes that control responses to environmental changes or cellular
differentiation and development. The specificity of these transcription factors'
interactions with DNA come from the proteins making multiple contacts to the edges of the DNA bases, allowing
them to "read" the DNA sequence. Most of these base-interactions are made in the major groove, where the bases are
most accessible.[25]

The restriction enzyme EcoRV (green) in a
complex with its substrate DNA[110]

DNA-modifying enzymes

Nucleases and ligases

Nucleases are enzymes that cut DNA strands by catalyzing the
hydrolysis of the phosphodiester bonds. Nucleases that hydrolyse
nucleotides from the ends of DNA strands are called exonucleases,
while endonucleases cut within strands. The most frequently used
nucleases in molecular biology are the restriction endonucleases, which
cut DNA at specific sequences. For instance, the EcoRV enzyme
shown to the left recognizes the 6-base sequence 5′-GATATC-3′ and

makes a cut at the vertical line. In nature, these enzymes protect bacteria against phage infection by digesting the
phage DNA when it enters the bacterial cell, acting as part of the restriction modification system.[111] In technology,
these sequence-specific nucleases are used in molecular cloning and DNA fingerprinting.

Enzymes called DNA ligases can rejoin cut or broken DNA strands.[112] Ligases are particularly important in lagging
strand DNA replication, as they join together the short segments of DNA produced at the replication fork into a
complete copy of the DNA template. They are also used in DNA repair and genetic recombination.[112]
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Topoisomerases and helicases

Topoisomerases are enzymes with both nuclease and ligase activity. These proteins change the amount of
supercoiling in DNA. Some of these enzymes work by cutting the DNA helix and allowing one section to rotate,
thereby reducing its level of supercoiling; the enzyme then seals the DNA break.[37] Other types of these enzymes
are capable of cutting one DNA helix and then passing a second strand of DNA through this break, before rejoining
the helix.[113] Topoisomerases are required for many processes involving DNA, such as DNA replication and
transcription.[38]

Helicases are proteins that are a type of molecular motor. They use the chemical energy in nucleoside triphosphates,
predominantly ATP, to break hydrogen bonds between bases and unwind the DNA double helix into single
strands.[114] These enzymes are essential for most processes where enzymes need to access the DNA bases.

Polymerases

Polymerases are enzymes that synthesize polynucleotide chains from nucleoside triphosphates. The sequence of their
products are copies of existing polynucleotide chains – which are called templates. These enzymes function by
adding nucleotides onto the 3′ hydroxyl group of the previous nucleotide in a DNA strand. As a consequence, all
polymerases work in a 5′ to 3′ direction.[115] In the active site of these enzymes, the incoming nucleoside
triphosphate base-pairs to the template: this allows polymerases to accurately synthesize the complementary strand
of their template. Polymerases are classified according to the type of template that they use.
In DNA replication, a DNA-dependent DNA polymerase makes a copy of a DNA sequence. Accuracy is vital in this
process, so many of these polymerases have a proofreading activity. Here, the polymerase recognizes the occasional
mistakes in the synthesis reaction by the lack of base pairing between the mismatched nucleotides. If a mismatch is
detected, a 3′ to 5′ exonuclease activity is activated and the incorrect base removed.[116] In most organisms, DNA
polymerases function in a large complex called the replisome that contains multiple accessory subunits, such as the
DNA clamp or helicases.[117]

RNA-dependent DNA polymerases are a specialized class of polymerases that copy the sequence of an RNA strand
into DNA. They include reverse transcriptase, which is a viral enzyme involved in the infection of cells by
retroviruses, and telomerase, which is required for the replication of telomeres.[55][118] Telomerase is an unusual
polymerase because it contains its own RNA template as part of its structure.[56]

Transcription is carried out by a DNA-dependent RNA polymerase that copies the sequence of a DNA strand into
RNA. To begin transcribing a gene, the RNA polymerase binds to a sequence of DNA called a promoter and
separates the DNA strands. It then copies the gene sequence into a messenger RNA transcript until it reaches a
region of DNA called the terminator, where it halts and detaches from the DNA. As with human DNA-dependent
DNA polymerases, RNA polymerase II, the enzyme that transcribes most of the genes in the human genome,
operates as part of a large protein complex with multiple regulatory and accessory subunits.[119]
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Genetic recombination

 
Structure of the Holliday junction intermediate in genetic recombination. The four separate DNA strands are
coloured red, blue, green and yellow.[120]

Recombination involves the breakage and rejoining of two
chromosomes (M and F) to produce two re-arranged chromosomes

(C1 and C2).

A DNA helix usually does not interact with other
segments of DNA, and in human cells the different
chromosomes even occupy separate areas in the
nucleus called "chromosome territories".[121] This
physical separation of different chromosomes is
important for the ability of DNA to function as a stable
repository for information, as one of the few times
chromosomes interact is during chromosomal crossover
when they recombine. Chromosomal crossover is when
two DNA helices break, swap a section and then rejoin.

Recombination allows chromosomes to exchange
genetic information and produces new combinations of
genes, which increases the efficiency of natural
selection and can be important in the rapid evolution of

new proteins.[122] Genetic recombination can also be involved in DNA repair, particularly in the cell's response to
double-strand breaks.[123]

The most common form of chromosomal crossover is homologous recombination, where the two chromosomes
involved share very similar sequences. Non-homologous recombination can be damaging to cells, as it can produce
chromosomal translocations and genetic abnormalities. The recombination reaction is catalyzed by enzymes known
as recombinases, such as RAD51.[124] The first step in recombination is a double-stranded break caused by either an
endonuclease or damage to the DNA.[125] A series of steps catalyzed in part by the recombinase then leads to joining
of the two helices by at least one Holliday junction, in which a segment of a single strand in each helix is annealed to
the complementary strand in the other helix. The Holliday junction is a tetrahedral junction structure that can be
moved along the pair of chromosomes, swapping one strand for another. The recombination reaction is then halted
by cleavage of the junction and re-ligation of the released DNA.[126]
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Evolution
DNA contains the genetic information that allows all modern living things to function, grow and reproduce.
However, it is unclear how long in the 4-billion-year history of life DNA has performed this function, as it has been
proposed that the earliest forms of life may have used RNA as their genetic material.[127][128] RNA may have acted
as the central part of early cell metabolism as it can both transmit genetic information and carry out catalysis as part
of ribozymes.[129] This ancient RNA world where nucleic acid would have been used for both catalysis and genetics
may have influenced the evolution of the current genetic code based on four nucleotide bases. This would occur,
since the number of different bases in such an organism is a trade-off between a small number of bases increasing
replication accuracy and a large number of bases increasing the catalytic efficiency of ribozymes.[130]

However, there is no direct evidence of ancient genetic systems, as recovery of DNA from most fossils is impossible.
This is because DNA will survive in the environment for less than one million years and slowly degrades into short
fragments in solution.[131] Claims for older DNA have been made, most notably a report of the isolation of a viable
bacterium from a salt crystal 250 million years old,[132] but these claims are controversial.[133][134]

On 8 August 2011, a report, based on NASA studies with meteorites found on Earth, was published suggesting
building blocks of DNA (adenine, guanine and related organic molecules) may have been formed extraterrestrially in
outer space.[135][136][137]

Uses in technology

Genetic engineering
Methods have been developed to purify DNA from organisms, such as phenol-chloroform extraction, and to
manipulate it in the laboratory, such as restriction digests and the polymerase chain reaction. Modern biology and
biochemistry make intensive use of these techniques in recombinant DNA technology. Recombinant DNA is a
man-made DNA sequence that has been assembled from other DNA sequences. They can be transformed into
organisms in the form of plasmids or in the appropriate format, by using a viral vector.[138] The genetically modified
organisms produced can be used to produce products such as recombinant proteins, used in medical research,[139] or
be grown in agriculture.[140][141]

Forensics
Forensic scientists can use DNA in blood, semen, skin, saliva or hair found at a crime scene to identify a matching
DNA of an individual, such as a perpetrator. This process is formally termed DNA profiling, but may also be called
"genetic fingerprinting". In DNA profiling, the lengths of variable sections of repetitive DNA, such as short tandem
repeats and minisatellites, are compared between people. This method is usually an extremely reliable technique for
identifying a matching DNA.[142] However, identification can be complicated if the scene is contaminated with DNA
from several people.[143] DNA profiling was developed in 1984 by British geneticist Sir Alec Jeffreys,[144] and first
used in forensic science to convict Colin Pitchfork in the 1988 Enderby murders case.[145]

The development of forensic science, and the ability to now obtain genetic matching on minute samples of blood,
skin, saliva or hair has led to a re-examination of a number of cases. Evidence can now be uncovered that was not
scientifically possible at the time of the original examination. Combined with the removal of the double jeopardy law
in some places, this can allow cases to be reopened where previous trials have failed to produce sufficient evidence
to convince a jury. People charged with serious crimes may be required to provide a sample of DNA for matching
purposes. The most obvious defence to DNA matches obtained forensically is to claim that cross-contamination of
evidence has taken place. This has resulted in meticulous strict handling procedures with new cases of serious crime.
DNA profiling is also be used to identify victims of mass casualty incidents.[146] As well as positively identifying
bodies or body parts in serious accidents, DNA profiling is being successfully used to identify individual victims in
mass war graves – matching to family members.
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Bioinformatics
Bioinformatics involves the manipulation, searching, and data mining of biological data, and this includes DNA
sequence data. The development of techniques to store and search DNA sequences have led to widely applied
advances in computer science, especially string searching algorithms, machine learning and database theory.[147]

String searching or matching algorithms, which find an occurrence of a sequence of letters inside a larger sequence
of letters, were developed to search for specific sequences of nucleotides.[148] The DNA sequence may be aligned
with other DNA sequences to identify homologous sequences and locate the specific mutations that make them
distinct. These techniques, especially multiple sequence alignment, are used in studying phylogenetic relationships
and protein function.[149] Data sets representing entire genomes' worth of DNA sequences, such as those produced
by the Human Genome Project, are difficult to use without the annotations that identify the locations of genes and
regulatory elements on each chromosome. Regions of DNA sequence that have the characteristic patterns associated
with protein- or RNA-coding genes can be identified by gene finding algorithms, which allow researchers to predict
the presence of particular gene products and their possible functions in an organism even before they have been
isolated experimentally.[150] Entire genomes may also be compared which can shed light on the evolutionary history
of particular organism and permit the examination of complex evolutionary events.

DNA nanotechnology

The DNA structure at left (schematic shown) will self-assemble into the structure
visualized by atomic force microscopy at right. DNA nanotechnology is the field that

seeks to design nanoscale structures using the molecular recognition properties of DNA
molecules. Image from Strong, 2004 (doi:10.1371/journal.pbio.0020073).

DNA nanotechnology uses the unique
molecular recognition properties of
DNA and other nucleic acids to create
self-assembling branched DNA
complexes with useful properties.[151]

DNA is thus used as a structural
material rather than as a carrier of
biological information. This has led to
the creation of two-dimensional
periodic lattices (both tile-based as
well as using the "DNA origami"
method) as well as three-dimensional
structures in the shapes of
polyhedra.[152] Nanomechanical
devices and algorithmic self-assembly
have also been demonstrated,[153] and
these DNA structures have been used to template the arrangement of other molecules such as gold nanoparticles and
streptavidin proteins.[154]

History and anthropology

Because DNA collects mutations over time, which are then inherited, it contains historical information, and, by
comparing DNA sequences, geneticists can infer the evolutionary history of organisms, their phylogeny.[155] This
field of phylogenetics is a powerful tool in evolutionary biology. If DNA sequences within a species are compared,
population geneticists can learn the history of particular populations. This can be used in studies ranging from
ecological genetics to anthropology; For example, DNA evidence is being used to try to identify the Ten Lost Tribes
of Israel.[156][157]

DNA has also been used to look at modern family relationships, such as establishing family relationships between 
the descendants of Sally Hemings and Thomas Jefferson. This usage is closely related to the use of DNA in criminal
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investigations detailed above. Indeed, some criminal investigations have been solved when DNA from crime scenes
has matched relatives of the guilty individual.[158]

Information storage
In a paper published in Nature in January, 2013, scientists from the European Bioinformatics Institute and Agilent
Technologies proposed a mechanism to use DNA's ability to code information as a means of digital data storage. The
group was able to encode 739 kilobytes of data into DNA code, synthesize the actual DNA, then sequence the DNA
and decode the information back to its original form, with a reported 100% accuracy. The encoded information
consisted of text files and audio files. A prior experiment was published in August 2012. It was conducted by
researchers at Harvard University, where the text of a 54,000-word book was encoded in DNA.[159][160]

History of DNA research

James D. Watson and Francis Crick (right),
co-originators of the double-helix model, with

Maclyn McCarty (left).

DNA was first isolated by the Swiss physician Friedrich Miescher
who, in 1869, discovered a microscopic substance in the pus of
discarded surgical bandages. As it resided in the nuclei of cells, he
called it "nuclein".[161] In 1878, Albrecht Kossel isolated the
non-protein component of "nuclein", nucleic acid, and later isolated its
five primary nucleobases.[162] In 1919, Phoebus Levene identified the
base, sugar and phosphate nucleotide unit.[163] Levene suggested that
DNA consisted of a string of nucleotide units linked together through
the phosphate groups. However, Levene thought the chain was short
and the bases repeated in a fixed order. In 1937 William Astbury
produced the first X-ray diffraction patterns that showed that DNA had
a regular structure.[164]

In 1927 Nikolai Koltsov proposed that inherited traits would be inherited via a "giant hereditary molecule" made up
of "two mirror strands that would replicate in a semi-conservative fashion using each strand as a template".[165] In
1928, Frederick Griffith discovered that traits of the "smooth" form of Pneumococcus could be transferred to the
"rough" form of the same bacteria by mixing killed "smooth" bacteria with the live "rough" form.[166] This system
provided the first clear suggestion that DNA carries genetic information—the Avery–MacLeod–McCarty
experiment—when Oswald Avery, along with coworkers Colin MacLeod and Maclyn McCarty, identified DNA as
the transforming principle in 1943.[167] DNA's role in heredity was confirmed in 1952, when Alfred Hershey and
Martha Chase in the Hershey–Chase experiment showed that DNA is the genetic material of the T2 phage.[168]

In 1953, James D. Watson and Francis Crick suggested what is now accepted as the first correct double-helix model
of DNA structure in the journal Nature.[5] Their double-helix, molecular model of DNA was then based on a single
X-ray diffraction image (labeled as "Photo 51")[169] taken by Rosalind Franklin and Raymond Gosling in May 1952,
as well as the information that the DNA bases are paired — also obtained through private communications from
Erwin Chargaff in the previous years. Chargaff's rules played a very important role in establishing double-helix
configurations for B-DNA as well as A-DNA.
Experimental evidence supporting the Watson and Crick model was published in a series of five articles in the same 
issue of Nature.[170] Of these, Franklin and Gosling's paper was the first publication of their own X-ray diffraction 
data and original analysis method that partially supported the Watson and Crick model;[41][171] this issue also 
contained an article on DNA structure by Maurice Wilkins and two of his colleagues, whose analysis and in vivo 
B-DNA X-ray patterns also supported the presence in vivo of the double-helical DNA configurations as proposed by 
Crick and Watson for their double-helix molecular model of DNA in the previous two pages of Nature.[42] In 1962, 
after Franklin's death, Watson, Crick, and Wilkins jointly received the Nobel Prize in Physiology or Medicine.[172]
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Nobel Prizes were awarded only to living recipients at the time. A debate continues about who should receive credit
for the discovery.[173]

In an influential presentation in 1957, Crick laid out the central dogma of molecular biology, which foretold the
relationship between DNA, RNA, and proteins, and articulated the "adaptor hypothesis".[174] Final confirmation of
the replication mechanism that was implied by the double-helical structure followed in 1958 through the
Meselson–Stahl experiment.[175] Further work by Crick and coworkers showed that the genetic code was based on
non-overlapping triplets of bases, called codons, allowing Har Gobind Khorana, Robert W. Holley and Marshall
Warren Nirenberg to decipher the genetic code.[176] These findings represent the birth of molecular biology.
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A computer is a general purpose device that can be programmed to carry out a finite set of arithmetic or logical
operations. Since a sequence of operations can be readily changed, the computer can solve more than one kind of
problem.
Conventionally, a computer consists of at least one processing element, typically a central processing unit (CPU) and
some form of memory. The processing element carries out arithmetic and logic operations, and a sequencing and
control unit that can change the order of operations based on stored information. Peripheral devices allow
information to be retrieved from an external source, and the result of operations saved and retrieved.
The first electronic digital computers were developed between 1940 and 1945 in the United Kingdom and United
States. Originally they were the size of a large room, consuming as much power as several hundred modern personal
computers (PCs).[1] In this era mechanical analog computers were used for military applications.
Modern computers based on integrated circuits are millions to billions of times more capable than the early
machines, and occupy a fraction of the space.[2] Simple computers are small enough to fit into mobile devices, and
mobile computers can be powered by small batteries. Personal computers in their various forms are icons of the
Information Age and are what most people think of as "computers". However, the embedded computers found in
many devices from MP3 players to fighter aircraft and from toys to industrial robots are the most numerous.

History of computing

The Jacquard loom, on display at the
Museum of Science and Industry in

Manchester, England, was one of the
first programmable devices.

The first use of the word "computer" was recorded in 1613 in a book called "The
yong mans gleanings" by English writer Richard Braithwait I haue read the
truest computer of Times, and the best Arithmetician that euer breathed, and he
reduceth thy dayes into a short number. It referred to a person who carried out
calculations, or computations, and the word continued with the same meaning
until the middle of the 20th century. From the end of the 19th century the word
began to take on its more familiar meaning, a machine that carries out
computations.[3]

Limited-function early computers

The history of the modern computer begins with two separate technologies,
automated calculation and programmability. However no single device can be
identified as the earliest computer, partly because of the inconsistent application
of that term. A few devices are worth mentioning though, like some mechanical
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aids to computing, which were very successful and survived for centuries until the advent of the electronic
calculator, like the Sumerian abacus, designed around 2500 BC[4] of which a descendant won a speed competition
against a modern desk calculating machine in Japan in 1946,[5] the slide rules, invented in the 1620s, which were
carried on five Apollo space missions, including to the moon[6] and arguably the astrolabe and the Antikythera
mechanism, an ancient astronomical computer built by the Greeks around 80 BC.[7] The Greek mathematician Hero
of Alexandria (c. 10–70 AD) built a mechanical theater which performed a play lasting 10 minutes and was operated
by a complex system of ropes and drums that might be considered to be a means of deciding which parts of the
mechanism performed which actions and when.[8] This is the essence of programmability.
Around the end of the 10th century, the French monk Gerbert d'Aurillac brought back from Spain the drawings of a
machine invented by the Moors that answered either Yes or No to the questions it was asked.[9] Again in the 13th
century, the monks Albertus Magnus and Roger Bacon built talking androids without any further development
(Albertus Magnus complained that he had wasted forty years of his life when Thomas Aquinas, terrified by his
machine, destroyed it).[10]

In 1642, the Renaissance saw the invention of the mechanical calculator,[9] a device that could perform all four
arithmetic operations without relying on human intelligence.[11] The mechanical calculator was at the root of the
development of computers in two separate ways. Initially, it was in trying to develop more powerful and more
flexible calculators[12] that the computer was first theorized by Charles Babbage[13][14] and then developed.[15]

Secondly, development of a low-cost electronic calculator, successor to the mechanical calculator, resulted in the
development by Intel[16] of the first commercially available microprocessor integrated circuit.
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First general-purpose computers
In 1801, Joseph Marie Jacquard made an improvement to the textile loom by introducing a series of punched paper
cards as a template which allowed his loom to weave intricate patterns automatically. The resulting Jacquard loom
was an important step in the development of computers because the use of punched cards to define woven patterns
can be viewed as an early, albeit limited, form of programmability.

The Most Famous Image in the Early History of
Computing From cave paintings to the internet
HistoryofScience.comThis portrait of Jacquard

was woven in silk on a Jacquard loom and
required 24,000 punched cards to create (1839). It

was only produced to order. Charles Babbage
owned one of these portraits ; it inspired him in

using perforated cards in his analytical
engineSee: Anthony Hyman, ed., Science and
Reform: Selected Works of Charles Babbage
(Cambridge, England: Cambridge University

Press, 1989), page 298. It is in the collection of
the Science Museum in London, England. (Delve

(2007), page 99.)

It was the fusion of automatic calculation with programmability that
produced the first recognizable computers. In 1837, Charles Babbage
was the first to conceptualize and design a fully programmable
mechanical computer, his analytical engine.[19] Limited finances and
Babbage's inability to resist tinkering with the design meant that the
device was never completed—nevertheless his son, Henry Babbage,
completed a simplified version of the analytical engine's computing
unit (the mill) in 1888. He gave a successful demonstration of its use in
computing tables in 1906. This machine was given to the Science
museum in South Kensington in 1910.

In the late 1880s, Herman Hollerith invented the recording of data on a
machine-readable medium. Earlier uses of machine-readable media had
been for control, not data. "After some initial trials with paper tape, he
settled on punched cards ..."[20] To process these punched cards he
invented the tabulator, and the keypunch machines. These three
inventions were the foundation of the modern information processing
industry. Large-scale automated data processing of punched cards was
performed for the 1890 United States Census by Hollerith's company,
which later became the core of IBM. By the end of the 19th century a
number of ideas and technologies, that would later prove useful in the
realization of practical computers, had begun to appear: Boolean
algebra, the vacuum tube (thermionic valve), punched cards and tape,
and the teleprinter.

During the first half of the 20th century, many scientific computing
needs were met by increasingly sophisticated analog computers, which
used a direct mechanical or electrical model of the problem as a basis
for computation. However, these were not programmable and generally
lacked the versatility and accuracy of modern digital computers.

Alan Turing is widely regarded as the father of modern computer science. In 1936 Turing provided an influential
formalisation of the concept of the algorithm and computation with the Turing machine, providing a blueprint for the
electronic digital computer.[21] Of his role in the creation of the modern computer, Time magazine in naming Turing
one of the 100 most influential people of the 20th century, states: "The fact remains that everyone who taps at a
keyboard, opening a spreadsheet or a word-processing program, is working on an incarnation of a Turing
machine".[21]
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The Zuse Z3, 1941, considered the world's first
working programmable, fully automatic

computing machine.

The ENIAC, which became operational in 1946,
is considered to be the first general-purpose

electronic computer.

EDSAC was one of the first computers to
implement the stored-program (von Neumann)

architecture.

The Atanasoff–Berry Computer (ABC) was the world's first electronic
digital computer, albeit not programmable.[22] Atanasoff is considered
to be one of the fathers of the computer.[23] Conceived in 1937 by Iowa
State College physics professor John Atanasoff, and built with the
assistance of graduate student Clifford Berry,[24] the machine was not
programmable, being designed only to solve systems of linear
equations. The computer did employ parallel computation. A 1973
court ruling in a patent dispute found that the patent for the 1946
ENIAC computer derived from the Atanasoff–Berry Computer.

The first program-controlled computer was invented by Konrad Zuse,
who built the Z3, an electromechanical computing machine, in
1941.[25] The first programmable electronic computer was the
Colossus, built in 1943 by Tommy Flowers.

George Stibitz is internationally recognized as a father of the modern
digital computer. While working at Bell Labs in November 1937,
Stibitz invented and built a relay-based calculator he dubbed the
"Model K" (for "kitchen table", on which he had assembled it), which
was the first to use binary circuits to perform an arithmetic operation.
Later models added greater sophistication including complex
arithmetic and programmability.[26]

A succession of steadily more powerful and flexible computing devices
were constructed in the 1930s and 1940s, gradually adding the key
features that are seen in modern computers. The use of digital
electronics (largely invented by Claude Shannon in 1937) and more
flexible programmability were vitally important steps, but defining one
point along this road as "the first digital electronic computer" is
difficult.Shannon 1940 Notable achievements include:

• Konrad Zuse's electromechanical "Z machines". The Z3 (1941) was
the first working machine featuring binary arithmetic, including
floating point arithmetic and a measure of programmability. In 1998 the Z3 was proved to be Turing complete,
therefore being the world's first operational computer.[27]

• The non-programmable Atanasoff–Berry Computer (commenced in 1937, completed in 1941) which used 
vacuum tube based computation, binary numbers, and regenerative capacitor memory. The use of regenerative
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memory allowed it to be much more compact than its peers (being approximately the size of a large desk or
workbench), since intermediate results could be stored and then fed back into the same set of computation
elements.

• The secret British Colossus computers (1943),[28] which had limited programmability but demonstrated that a
device using thousands of tubes could be reasonably reliable and electronically reprogrammable. It was used for
breaking German wartime codes.

• The Harvard Mark I (1944), a large-scale electromechanical computer with limited programmability.[29]

• The U.S. Army's Ballistic Research Laboratory ENIAC (1946), which used decimal arithmetic and is sometimes
called the first general purpose electronic computer (since Konrad Zuse's Z3 of 1941 used electromagnets instead
of electronics). Initially, however, ENIAC had an architecture which required rewiring a plugboard to change its
programming.

Stored-program architecture
Several developers of ENIAC, recognizing its flaws, came up with a far more flexible and elegant design, which
came to be known as the "stored-program architecture" or von Neumann architecture. This design was first formally
described by John von Neumann in the paper First Draft of a Report on the EDVAC, distributed in 1945. A number
of projects to develop computers based on the stored-program architecture commenced around this time, the first of
which was completed in 1948 at the University of Manchester in England, the Manchester Small-Scale Experimental
Machine (SSEM or "Baby"). The Electronic Delay Storage Automatic Calculator (EDSAC), completed a year after
the SSEM at Cambridge University, was the first practical, non-experimental implementation of the stored-program
design and was put to use immediately for research work at the university. Shortly thereafter, the machine originally
described by von Neumann's paper—EDVAC—was completed but did not see full-time use for an additional two
years.
Nearly all modern computers implement some form of the stored-program architecture, making it the single trait by
which the word "computer" is now defined. While the technologies used in computers have changed dramatically
since the first electronic, general-purpose computers of the 1940s, most still use the von Neumann architecture.

Die of an Intel 80486DX2 microprocessor (actual
size: 12×6.75 mm) in its packaging

Beginning in the 1950s, Soviet scientists Sergei Sobolev and Nikolay
Brusentsov conducted research on ternary computers, devices that
operated on a base three numbering system of −1, 0, and 1 rather than
the conventional binary numbering system upon which most computers
are based. They designed the Setun, a functional ternary computer, at
Moscow State University. The device was put into limited production
in the Soviet Union, but supplanted by the more common binary
architecture.

Semiconductors and microprocessors

Computers using vacuum tubes as their electronic elements were in use
throughout the 1950s, but by the 1960s they had been largely replaced by transistor-based machines, which were
smaller, faster, cheaper to produce, required less power, and were more reliable. The first transistorised computer
was demonstrated at the University of Manchester in 1953.[30] In the 1970s, integrated circuit technology and the
subsequent creation of microprocessors, such as the Intel 4004, further decreased size and cost and further increased
speed and reliability of computers. By the late 1970s, many products such as video recorders contained dedicated
computers called microcontrollers, and they started to appear as a replacement to mechanical controls in domestic
appliances such as washing machines. The 1980s witnessed home computers and the now ubiquitous personal
computer. With the evolution of the Internet, personal computers are becoming as common as the television and the
telephone in the household.
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Modern smartphones are fully programmable computers in their own right, and as of 2009 may well be the most
common form of such computers in existence.

Programs
The defining feature of modern computers which distinguishes them from all other machines is that they can be
programmed. That is to say that some type of instructions (the program) can be given to the computer, and it will
process them. Modern computers based on the von Neumann architecture often have machine code in the form of an
imperative programming language.
In practical terms, a computer program may be just a few instructions or extend to many millions of instructions, as
do the programs for word processors and web browsers for example. A typical modern computer can execute billions
of instructions per second (gigaflops) and rarely makes a mistake over many years of operation. Large computer
programs consisting of several million instructions may take teams of programmers years to write, and due to the
complexity of the task almost certainly contain errors.

Stored program architecture

Replica of the Small-Scale Experimental
Machine (SSEM), the world's first

stored-program computer, at the Museum of
Science and Industry in Manchester, England

This section applies to most common RAM machine-based computers.
In most cases, computer instructions are simple: add one number to
another, move some data from one location to another, send a message
to some external device, etc. These instructions are read from the
computer's memory and are generally carried out (executed) in the
order they were given. However, there are usually specialized
instructions to tell the computer to jump ahead or backwards to some
other place in the program and to carry on executing from there. These
are called "jump" instructions (or branches). Furthermore, jump
instructions may be made to happen conditionally so that different
sequences of instructions may be used depending on the result of some
previous calculation or some external event. Many computers directly
support subroutines by providing a type of jump that "remembers" the location it jumped from and another
instruction to return to the instruction following that jump instruction.

Program execution might be likened to reading a book. While a person will normally read each word and line in
sequence, they may at times jump back to an earlier place in the text or skip sections that are not of interest.
Similarly, a computer may sometimes go back and repeat the instructions in some section of the program over and
over again until some internal condition is met. This is called the flow of control within the program and it is what
allows the computer to perform tasks repeatedly without human intervention.

Comparatively, a person using a pocket calculator can perform a basic arithmetic operation such as adding two
numbers with just a few button presses. But to add together all of the numbers from 1 to 1,000 would take thousands
of button presses and a lot of time, with a near certainty of making a mistake. On the other hand, a computer may be
programmed to do this with just a few simple instructions. For example:

      mov No. 0, sum     ; set sum to 0

      mov No. 1, num     ; set num to 1

loop: add num, sum    ; add num to sum

      add No. 1, num     ; add 1 to num

      cmp num, #1000  ; compare num to 1000

      ble loop        ; if num <= 1000, go back to 'loop'

      halt            ; end of program. stop running
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Once told to run this program, the computer will perform the repetitive addition task without further human
intervention. It will almost never make a mistake and a modern PC can complete the task in about a millionth of a
second.[31]

Bugs

The actual first computer bug, a moth found
trapped on a relay of the Harvard Mark II

computer

Errors in computer programs are called "bugs". They may be benign
and not affect the usefulness of the program, or have only subtle
effects. But in some cases they may cause the program or the entire
system to "hang" – become unresponsive to input such as mouse clicks
or keystrokes – to completely fail, or to crash. Otherwise benign bugs
may sometimes be harnessed for malicious intent by an unscrupulous
user writing an exploit, code designed to take advantage of a bug and
disrupt a computer's proper execution. Bugs are usually not the fault of
the computer. Since computers merely execute the instructions they are
given, bugs are nearly always the result of programmer error or an
oversight made in the program's design.[32]

Grace Hopper is credited for having first used the term "bugs" in
computing after a dead moth was found shorting a relay in the Harvard Mark II computer in September 1947.[33]

Machine code
In most computers, individual instructions are stored as machine code with each instruction being given a unique
number (its operation code or opcode for short). The command to add two numbers together would have one opcode,
the command to multiply them would have a different opcode and so on. The simplest computers are able to perform
any of a handful of different instructions; the more complex computers have several hundred to choose from, each
with a unique numerical code. Since the computer's memory is able to store numbers, it can also store the instruction
codes. This leads to the important fact that entire programs (which are just lists of these instructions) can be
represented as lists of numbers and can themselves be manipulated inside the computer in the same way as numeric
data. The fundamental concept of storing programs in the computer's memory alongside the data they operate on is
the crux of the von Neumann, or stored program, architecture. In some cases, a computer might store some or all of
its program in memory that is kept separate from the data it operates on. This is called the Harvard architecture after
the Harvard Mark I computer. Modern von Neumann computers display some traits of the Harvard architecture in
their designs, such as in CPU caches.
While it is possible to write computer programs as long lists of numbers (machine language) and while this
technique was used with many early computers,[34] it is extremely tedious and potentially error-prone to do so in
practice, especially for complicated programs. Instead, each basic instruction can be given a short name that is
indicative of its function and easy to remember – a mnemonic such as ADD, SUB, MULT or JUMP. These
mnemonics are collectively known as a computer's assembly language. Converting programs written in assembly
language into something the computer can actually understand (machine language) is usually done by a computer
program called an assembler.

http://en.wikipedia.org/w/index.php?title=File%3AH96566k.jpg
http://en.wikipedia.org/w/index.php?title=Software_bug
http://en.wikipedia.org/w/index.php?title=Hang_%28computing%29
http://en.wikipedia.org/w/index.php?title=Mouse_%28computing%29
http://en.wikipedia.org/w/index.php?title=Crash_%28computing%29
http://en.wikipedia.org/w/index.php?title=Exploit_%28computer_security%29
http://en.wikipedia.org/w/index.php?title=Grace_Hopper
http://en.wikipedia.org/w/index.php?title=Harvard_Mark_II
http://en.wikipedia.org/w/index.php?title=Machine_code
http://en.wikipedia.org/w/index.php?title=Opcode
http://en.wikipedia.org/w/index.php?title=Harvard_architecture
http://en.wikipedia.org/w/index.php?title=Harvard_Mark_I
http://en.wikipedia.org/w/index.php?title=CPU_cache
http://en.wikipedia.org/w/index.php?title=Machine_code
http://en.wikipedia.org/w/index.php?title=Mnemonic
http://en.wikipedia.org/w/index.php?title=Assembly_language


Computer 90

A 1970s punched card containing one line from a FORTRAN program. The card
reads: "Z(1) = Y + W(1)" and is labelled "PROJ039" for identification purposes.

Programming language

Programming languages provide various
ways of specifying programs for computers
to run. Unlike natural languages,
programming languages are designed to
permit no ambiguity and to be concise. They
are purely written languages and are often
difficult to read aloud. They are generally
either translated into machine code by a
compiler or an assembler before being run,
or translated directly at run time by an
interpreter. Sometimes programs are
executed by a hybrid method of the two techniques.

Low-level languages

Machine languages and the assembly languages that represent them (collectively termed low-level programming
languages) tend to be unique to a particular type of computer. For instance, an ARM architecture computer (such as
may be found in a PDA or a hand-held videogame) cannot understand the machine language of an Intel Pentium or
the AMD Athlon 64 computer that might be in a PC.[35]

Higher-level languages

Though considerably easier than in machine language, writing long programs in assembly language is often difficult
and is also error prone. Therefore, most practical programs are written in more abstract high-level programming
languages that are able to express the needs of the programmer more conveniently (and thereby help reduce
programmer error). High level languages are usually "compiled" into machine language (or sometimes into assembly
language and then into machine language) using another computer program called a compiler.[36] High level
languages are less related to the workings of the target computer than assembly language, and more related to the
language and structure of the problem(s) to be solved by the final program. It is therefore often possible to use
different compilers to translate the same high level language program into the machine language of many different
types of computer. This is part of the means by which software like video games may be made available for different
computer architectures such as personal computers and various video game consoles.

Program design
Program design of small programs is relatively simple and involves the analysis of the problem, collection of inputs,
using the programming constructs within languages, devising or using established procedures and algorithms,
providing data for output devices and solutions to the problem as applicable. As problems become larger and more
complex, features such as subprograms, modules, formal documentation, and new paradigms such as object-oriented
programming are encountered. Large programs involving thousands of line of code and more require formal
software methodologies. The task of developing large software systems presents a significant intellectual challenge.
Producing software with an acceptably high reliability within a predictable schedule and budget has historically been
difficult; the academic and professional discipline of software engineering concentrates specifically on this
challenge.
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Components
A general purpose computer has four main components: the arithmetic logic unit (ALU), the control unit, the
memory, and the input and output devices (collectively termed I/O). These parts are interconnected by busses, often
made of groups of wires.
Inside each of these parts are thousands to trillions of small electrical circuits which can be turned off or on by means
of an electronic switch. Each circuit represents a bit (binary digit) of information so that when the circuit is on it
represents a "1", and when off it represents a "0" (in positive logic representation). The circuits are arranged in logic
gates so that one or more of the circuits may control the state of one or more of the other circuits.
The control unit, ALU, registers, and basic I/O (and often other hardware closely linked with these) are collectively
known as a central processing unit (CPU). Early CPUs were composed of many separate components but since the
mid-1970s CPUs have typically been constructed on a single integrated circuit called a microprocessor.

Control unit

Diagram showing how a particular MIPS architecture instruction would
be decoded by the control system.

The control unit (often called a control system or
central controller) manages the computer's various
components; it reads and interprets (decodes) the
program instructions, transforming them into a series
of control signals which activate other parts of the
computer.[37] Control systems in advanced
computers may change the order of some instructions
so as to improve performance.

A key component common to all CPUs is the
program counter, a special memory cell (a register) that keeps track of which location in memory the next instruction
is to be read from.[38]

The control system's function is as follows—note that this is a simplified description, and some of these steps may be
performed concurrently or in a different order depending on the type of CPU:
1.1. Read the code for the next instruction from the cell indicated by the program counter.
2.2. Decode the numerical code for the instruction into a set of commands or signals for each of the other systems.
3.3. Increment the program counter so it points to the next instruction.
4.4. Read whatever data the instruction requires from cells in memory (or perhaps from an input device). The location

of this required data is typically stored within the instruction code.
5.5. Provide the necessary data to an ALU or register.
6.6. If the instruction requires an ALU or specialized hardware to complete, instruct the hardware to perform the

requested operation.
7.7. Write the result from the ALU back to a memory location or to a register or perhaps an output device.
8.8. Jump back to step (1).
Since the program counter is (conceptually) just another set of memory cells, it can be changed by calculations done
in the ALU. Adding 100 to the program counter would cause the next instruction to be read from a place 100
locations further down the program. Instructions that modify the program counter are often known as "jumps" and
allow for loops (instructions that are repeated by the computer) and often conditional instruction execution (both
examples of control flow).
The sequence of operations that the control unit goes through to process an instruction is in itself like a short
computer program, and indeed, in some more complex CPU designs, there is another yet smaller computer called a
microsequencer, which runs a microcode program that causes all of these events to happen.
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Arithmetic logic unit (ALU)
The ALU is capable of performing two classes of operations: arithmetic and logic.[39]

The set of arithmetic operations that a particular ALU supports may be limited to addition and subtraction, or might
include multiplication, division, trigonometry functions such as sine, cosine, etc., and square roots. Some can only
operate on whole numbers (integers) whilst others use floating point to represent real numbers, albeit with limited
precision. However, any computer that is capable of performing just the simplest operations can be programmed to
break down the more complex operations into simple steps that it can perform. Therefore, any computer can be
programmed to perform any arithmetic operation—although it will take more time to do so if its ALU does not
directly support the operation. An ALU may also compare numbers and return boolean truth values (true or false)
depending on whether one is equal to, greater than or less than the other ("is 64 greater than 65?").
Logic operations involve Boolean logic: AND, OR, XOR and NOT. These can be useful for creating complicated
conditional statements and processing boolean logic.
Superscalar computers may contain multiple ALUs, allowing them to process several instructions simultaneously.[40]

Graphics processors and computers with SIMD and MIMD features often contain ALUs that can perform arithmetic
on vectors and matrices.

Memory

Magnetic core memory was the computer
memory of choice throughout the 1960s, until it

was replaced by semiconductor memory.

A computer's memory can be viewed as a list of cells into which
numbers can be placed or read. Each cell has a numbered "address"
and can store a single number. The computer can be instructed to "put
the number 123 into the cell numbered 1357" or to "add the number
that is in cell 1357 to the number that is in cell 2468 and put the answer
into cell 1595". The information stored in memory may represent
practically anything. Letters, numbers, even computer instructions can
be placed into memory with equal ease. Since the CPU does not
differentiate between different types of information, it is the software's
responsibility to give significance to what the memory sees as nothing
but a series of numbers.
In almost all modern computers, each memory cell is set up to store
binary numbers in groups of eight bits (called a byte). Each byte is able to represent 256 different numbers (2^8 =
256); either from 0 to 255 or −128 to +127. To store larger numbers, several consecutive bytes may be used
(typically, two, four or eight). When negative numbers are required, they are usually stored in two's complement
notation. Other arrangements are possible, but are usually not seen outside of specialized applications or historical
contexts. A computer can store any kind of information in memory if it can be represented numerically. Modern
computers have billions or even trillions of bytes of memory.

The CPU contains a special set of memory cells called registers that can be read and written to much more rapidly
than the main memory area. There are typically between two and one hundred registers depending on the type of
CPU. Registers are used for the most frequently needed data items to avoid having to access main memory every
time data is needed. As data is constantly being worked on, reducing the need to access main memory (which is
often slow compared to the ALU and control units) greatly increases the computer's speed.
Computer main memory comes in two principal varieties: random-access memory or RAM and read-only memory or 
ROM. RAM can be read and written to anytime the CPU commands it, but ROM is pre-loaded with data and 
software that never changes, therefore the CPU can only read from it. ROM is typically used to store the computer's 
initial start-up instructions. In general, the contents of RAM are erased when the power to the computer is turned off, 
but ROM retains its data indefinitely. In a PC, the ROM contains a specialized program called the BIOS that
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orchestrates loading the computer's operating system from the hard disk drive into RAM whenever the computer is
turned on or reset. In embedded computers, which frequently do not have disk drives, all of the required software
may be stored in ROM. Software stored in ROM is often called firmware, because it is notionally more like
hardware than software. Flash memory blurs the distinction between ROM and RAM, as it retains its data when
turned off but is also rewritable. It is typically much slower than conventional ROM and RAM however, so its use is
restricted to applications where high speed is unnecessary.[41]

In more sophisticated computers there may be one or more RAM cache memories, which are slower than registers
but faster than main memory. Generally computers with this sort of cache are designed to move frequently needed
data into the cache automatically, often without the need for any intervention on the programmer's part.

Input/output (I/O)

Hard disk drives are common storage devices
used with computers.

I/O is the means by which a computer exchanges information with the
outside world.[42] Devices that provide input or output to the computer
are called peripherals.[43] On a typical personal computer, peripherals
include input devices like the keyboard and mouse, and output devices
such as the display and printer. Hard disk drives, floppy disk drives
and optical disc drives serve as both input and output devices.
Computer networking is another form of I/O.

I/O devices are often complex computers in their own right, with their
own CPU and memory. A graphics processing unit might contain fifty
or more tiny computers that perform the calculations necessary to
display 3D graphics. Modern desktop computers contain many smaller computers that assist the main CPU in
performing I/O.

Multitasking
While a computer may be viewed as running one gigantic program stored in its main memory, in some systems it is
necessary to give the appearance of running several programs simultaneously. This is achieved by multitasking i.e.
having the computer switch rapidly between running each program in turn.[44]

One means by which this is done is with a special signal called an interrupt, which can periodically cause the
computer to stop executing instructions where it was and do something else instead. By remembering where it was
executing prior to the interrupt, the computer can return to that task later. If several programs are running "at the
same time", then the interrupt generator might be causing several hundred interrupts per second, causing a program
switch each time. Since modern computers typically execute instructions several orders of magnitude faster than
human perception, it may appear that many programs are running at the same time even though only one is ever
executing in any given instant. This method of multitasking is sometimes termed "time-sharing" since each program
is allocated a "slice" of time in turn.[45]

Before the era of cheap computers, the principal use for multitasking was to allow many people to share the same
computer.
Seemingly, multitasking would cause a computer that is switching between several programs to run more slowly, in
direct proportion to the number of programs it is running, but most programs spend much of their time waiting for
slow input/output devices to complete their tasks. If a program is waiting for the user to click on the mouse or press a
key on the keyboard, then it will not take a "time slice" until the event it is waiting for has occurred. This frees up
time for other programs to execute so that many programs may be run simultaneously without unacceptable speed
loss.
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Multiprocessing

Cray designed many supercomputers that used
multiprocessing heavily.

Some computers are designed to distribute their work across several
CPUs in a multiprocessing configuration, a technique once employed
only in large and powerful machines such as supercomputers,
mainframe computers and servers. Multiprocessor and multi-core
(multiple CPUs on a single integrated circuit) personal and laptop
computers are now widely available, and are being increasingly used in
lower-end markets as a result.

Supercomputers in particular often have highly unique architectures
that differ significantly from the basic stored-program architecture and
from general purpose computers.[46] They often feature thousands of
CPUs, customized high-speed interconnects, and specialized
computing hardware. Such designs tend to be useful only for specialized tasks due to the large scale of program
organization required to successfully utilize most of the available resources at once. Supercomputers usually see
usage in large-scale simulation, graphics rendering, and cryptography applications, as well as with other so-called
"embarrassingly parallel" tasks.

Networking and the Internet

Visualization of a portion of the routes on the
Internet.

Computers have been used to coordinate information between multiple
locations since the 1950s. The U.S. military's SAGE system was the
first large-scale example of such a system, which led to a number of
special-purpose commercial systems such as Sabre.[47]

In the 1970s, computer engineers at research institutions throughout
the United States began to link their computers together using
telecommunications technology. The effort was funded by ARPA (now
DARPA), and the computer network that resulted was called the
ARPANET.[48] The technologies that made the Arpanet possible
spread and evolved.

In time, the network spread beyond academic and military institutions
and became known as the Internet. The emergence of networking
involved a redefinition of the nature and boundaries of the computer.
Computer operating systems and applications were modified to include

the ability to define and access the resources of other computers on the network, such as peripheral devices, stored
information, and the like, as extensions of the resources of an individual computer. Initially these facilities were
available primarily to people working in high-tech environments, but in the 1990s the spread of applications like
e-mail and the World Wide Web, combined with the development of cheap, fast networking technologies like
Ethernet and ADSL saw computer networking become almost ubiquitous. In fact, the number of computers that are
networked is growing phenomenally. A very large proportion of personal computers regularly connect to the Internet
to communicate and receive information. "Wireless" networking, often utilizing mobile phone networks, has meant
networking is becoming increasingly ubiquitous even in mobile computing environments.
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Computer architecture paradigms
There are many types of computer architectures:
• Quantum computer vs Chemical computer
• Scalar processor vs Vector processor
• Non-Uniform Memory Access (NUMA) computers
• Register machine vs Stack machine
• Harvard architecture vs von Neumann architecture
•• Cellular architecture
The quantum computer architecture holds the most promise to revolutionize computing.[49]

Logic gates are a common abstraction which can apply to most of the above digital or analog paradigms.
The ability to store and execute lists of instructions called programs makes computers extremely versatile,
distinguishing them from calculators. The Church–Turing thesis is a mathematical statement of this versatility: any
computer with a minimum capability (being Turing-complete) is, in principle, capable of performing the same tasks
that any other computer can perform. Therefore any type of computer (netbook, supercomputer, cellular automaton,
etc.) is able to perform the same computational tasks, given enough time and storage capacity.

Misconceptions
A computer does not need to be electronic, nor even have a processor, nor RAM, nor even a hard disk. While
popular usage of the word "computer" is synonymous with a personal electronic computer, the modern[50] definition
of a computer is literally "A device that computes, especially a programmable [usually] electronic machine that
performs high-speed mathematical or logical operations or that assembles, stores, correlates, or otherwise processes
information".[51] Any device which processes information qualifies as a computer, especially if the processing is
purposeful.

Required technology
Historically, computers evolved from mechanical computers and eventually from vacuum tubes to transistors.
However, conceptually computational systems as flexible as a personal computer can be built out of almost anything.
For example, a computer can be made out of billiard balls (billiard ball computer); an oft-quoted example. More
realistically, modern computers are made out of transistors made of photolithographed semiconductors.
There is active research to make computers out of many promising new types of technology, such as optical
computers, DNA computers, neural computers, and quantum computers. Most computers are universal, and are able
to calculate any computable function, and are limited only by their memory capacity and operating speed. However
different designs of computers can give very different performance for particular problems; for example quantum
computers can potentially break some modern encryption algorithms (by quantum factoring) very quickly.
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Further topics
•• Glossary of computers

Artificial intelligence
A computer will solve problems in exactly the way it is programmed to, without regard to efficiency, alternative
solutions, possible shortcuts, or possible errors in the code. Computer programs that learn and adapt are part of the
emerging field of artificial intelligence and machine learning.

Hardware
The term hardware covers all of those parts of a computer that are tangible objects. Circuits, displays, power
supplies, cables, keyboards, printers and mice are all hardware.

History of computing hardware

First generation
(mechanical/electromechanical)

Calculators Antikythera mechanism, Difference engine, Norden
bombsight

Programmable devices Jacquard loom, Analytical engine, Harvard Mark I, Z3

Second generation (vacuum tubes) Calculators Atanasoff–Berry Computer, IBM 604, UNIVAC 60,
UNIVAC 120

Programmable devices Colossus, ENIAC, Manchester Small-Scale Experimental
Machine, EDSAC, Manchester Mark 1, Ferranti Pegasus,
Ferranti Mercury, CSIRAC, EDVAC, UNIVAC I, IBM 701,
IBM 702, IBM 650, Z22

Third generation (discrete transistors and
SSI, MSI, LSI integrated circuits)

Mainframes IBM 7090, IBM 7080, IBM System/360, BUNCH

Minicomputer PDP-8, PDP-11, IBM System/32, IBM System/36

Fourth generation (VLSI integrated
circuits)

Minicomputer VAX, IBM System i

4-bit microcomputer Intel 4004, Intel 4040

8-bit microcomputer Intel 8008, Intel 8080, Motorola 6800, Motorola 6809, MOS
Technology 6502, Zilog Z80

16-bit microcomputer Intel 8088, Zilog Z8000, WDC 65816/65802

32-bit microcomputer Intel 80386, Pentium, Motorola 68000, ARM architecture

64-bit microcomputer[52] Alpha, MIPS, PA-RISC, PowerPC, SPARC, x86-64

Embedded computer Intel 8048, Intel 8051

Personal computer Desktop computer, Home computer, Laptop computer,
Personal digital assistant (PDA), Portable computer, Tablet
PC, Wearable computer

Theoretical/experimental Quantum computer, Chemical
computer, DNA computing, Optical
computer, Spintronics based computer
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Other hardware topics

Peripheral device
(input/output)

Input Mouse, keyboard, joystick, image scanner, webcam, graphics tablet,
microphone

Output Monitor, printer, loudspeaker

Both Floppy disk drive, hard disk drive, optical disc drive, teleprinter

Computer busses Short range RS-232, SCSI, PCI, USB

Long range (computer
networking)

Ethernet, ATM, FDDI

Software
Software refers to parts of the computer which do not have a material form, such as programs, data, protocols, etc.
When software is stored in hardware that cannot easily be modified (such as BIOS ROM in an IBM PC compatible),
it is sometimes called "firmware".

Operating
system

Unix and BSD UNIX System V, IBM AIX, HP-UX, Solaris (SunOS), IRIX, List of BSD operating systems

GNU/Linux List of Linux distributions, Comparison of Linux distributions

Microsoft Windows Windows 95, Windows 98, Windows NT, Windows 2000, Windows Me, Windows XP, Windows Vista,
Windows 7, Windows 8

DOS 86-DOS (QDOS), PC-DOS, MS-DOS, DR-DOS, FreeDOS

Mac OS Mac OS classic, Mac OS X

Embedded and
real-time

List of embedded operating systems

Experimental Amoeba, Oberon/Bluebottle, Plan 9 from Bell Labs

Library Multimedia DirectX, OpenGL, OpenAL

Programming library C standard library, Standard Template Library

Data Protocol TCP/IP, Kermit, FTP, HTTP, SMTP

File format HTML, XML, JPEG, MPEG, PNG

User interface Graphical user interface
(WIMP)

Microsoft Windows, GNOME, KDE, QNX Photon, CDE, GEM, Aqua

Text-based user
interface

Command-line interface, Text user interface
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Application Office suite Word processing, Desktop publishing, Presentation program, Database management system, Scheduling
& Time management, Spreadsheet, Accounting software

Internet Access Browser, E-mail client, Web server, Mail transfer agent, Instant messaging

Design and
manufacturing

Computer-aided design, Computer-aided manufacturing, Plant management, Robotic manufacturing,
Supply chain management

Graphics Raster graphics editor, Vector graphics editor, 3D modeler, Animation editor, 3D computer graphics,
Video editing, Image processing

Audio Digital audio editor, Audio playback, Mixing, Audio synthesis, Computer music

Software engineering Compiler, Assembler, Interpreter, Debugger, Text editor, Integrated development environment, Software
performance analysis, Revision control, Software configuration management

Educational Edutainment, Educational game, Serious game, Flight simulator

Games Strategy, Arcade, Puzzle, Simulation, First-person shooter, Platform, Massively multiplayer, Interactive
fiction

Misc Artificial intelligence, Antivirus software, Malware scanner, Installer/Package management systems, File
manager

Languages
There are thousands of different programming languages—some intended to be general purpose, others useful only
for highly specialized applications.

Programming languages

Lists of programming languages Timeline of programming languages, List of programming languages by category, Generational list of
programming languages, List of programming languages, Non-English-based programming languages

Commonly used assembly
languages

ARM, MIPS, x86

Commonly used high-level
programming languages

Ada, BASIC, C, C++, C#, COBOL, Fortran, Java, Lisp, Pascal, Object Pascal

Commonly used scripting
languages

Bourne script, JavaScript, Python, Ruby, PHP, Perl

Professions and organizations
As the use of computers has spread throughout society, there are an increasing number of careers involving
computers.

Computer-related professions

Hardware-related Electrical engineering, Electronic engineering, Computer engineering, Telecommunications engineering, Optical engineering,
Nanoengineering

Software-related Computer science, Computer engineering, Desktop publishing, Human–computer interaction, Information technology,
Information systems, Computational science, Software engineering, Video game industry, Web design

The need for computers to work well together and to be able to exchange information has spawned the need for
many standards organizations, clubs and societies of both a formal and informal nature.
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Organizations

Standards groups ANSI, IEC, IEEE, IETF, ISO, W3C

Professional Societies ACM, AIS, IET, IFIP, BCS

Free/Open source software groups Free Software Foundation, Mozilla Foundation, Apache Software Foundation
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[1] In 1946, ENIAC required an estimated 174 kW. By comparison, a modern laptop computer may use around 30 W; nearly six thousand times

less. "Approximate Desktop & Notebook Power Usage" (http:/ / www. upenn. edu/ computing/ provider/ docs/ hardware/ powerusage. html).
University of Pennsylvania. . Retrieved 20 June 2009.
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[5] Berkeley, Edmund (1949). Giant Brains, or Machines That Think. John Wiley & Sons. p. 19. Edmund Berkeley
[6] According to advertising on Pickett's N600 slide rule boxes. "Pickett Apollo Box Scans" (http:/ / copland. udel. edu/ ~mm/ sliderule/ lem/ ).

Copland.udel.edu. . Retrieved 20 February 2010.
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[8] "Heron of Alexandria" (http:/ / www. mlahanas. de/ Greeks/ HeronAlexandria2. htm). . Retrieved 15 January 2008.
[9] Felt, Dorr E. (1916). Mechanical arithmetic, or The history of the counting machine (http:/ / www. archive. org/ details/

mechanicalarithm00feltrich). Chicago: Washington Institute. p. 8. . Dorr E. Felt
[10] "Speaking machines" (http:/ / books. google. co. uk/ books?id=Xt4PAAAAYAAJ& pg=PT38& dq=the+ parlour+ review+ january+ 1838&
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substitute for human intelligence in the combination of figures" The Gentleman's magazine, Volume 202, p.100 (http:/ / books. google. fr/
books?id=Rf0IAAAAIAAJ& pg=PA100& dq=arithmometer& as_brr=1#v=onepage& q=arithmometer& f=false)

[12] Babbage's Difference engine in 1823 and his Analytical engine in the mid-1830s
[13] "It is reasonable to inquire, therefore, whether it is possible to devise a machine which will do for mathematical computation what the

automatic lathe has done for engineering. The first suggestion that such a machine could be made came more than a hundred years ago from
the mathematician Charles Babbage. Babbage's ideas have only been properly appreciated in the last ten years, but we now realize that he
understood clearly all the fundamental principles which are embodied in modern digital computers" Faster than thought, edited by B. V.
Bowden, 1953, Pitman publishing corporation

[14] "...Among this extraordinary galaxy of talent Charles Babbage appears to be one of the most remarkable of all. Most of his life he spent in
an entirely unsuccessful attempt to make a machine which was regarded by his contemporaries as utterly preposterous, and his efforts were
regarded as futile, time-consuming and absurd. In the last decade or so we have learnt how his ideas can be embodied in a modern digital
computer. He understood more about the logic of these machines than anyone else in the world had learned until after the end of the last war"
Foreword, Irascible Genius, Charles Babbage, inventor by Maboth Moseley, 1964, London, Hutchinson

[15] In the proposal that Aiken gave IBM in 1937 while requesting funding for the Harvard Mark I we can read: "Few calculating machines
have been designed strictly for application to scientific investigations, the notable exceptions being those of Charles Babbage and others who
followed him ... After abandoning the difference engine, Babbage devoted his energy to the design and construction of an analytical engine of
far higher powers than the difference engine ... Since the time of Babbage, the development of calculating machinery has continued at an
increasing rate." Howard Aiken, Proposed automatic calculating machine, reprinted in: The origins of Digital computers, Selected Papers,
Edited by Brian Randell, 1973, ISBN 3-540-06169-X
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Human+ Brain) HistoryofScience.com

[18] See: Anthony Hyman, ed., Science and Reform: Selected Works of Charles Babbage (Cambridge, England: Cambridge University Press,
1989), page 298. It is in the collection of the Science Museum in London, England. (Delve (2007), page 99.)

[19] The analytical engine should not be confused with Babbage's difference engine which was a non-programmable mechanical calculator.
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[20] "Columbia University Computing History: Herman Hollerith" (http:/ / www. columbia. edu/ acis/ history/ hollerith. html). Columbia.edu. .
Retrieved 11 December 2010.

[21] "Alan Turing – Time 100 People of the Century" (http:/ / 205. 188. 238. 181/ time/ time100/ scientist/ profile/ turing. html). Time Magazine.
. Retrieved 13 June 2009. "The fact remains that everyone who taps at a keyboard, opening a spreadsheet or a word-processing program, is
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books?id=PyEDAAAAMBAJ& pg=PA86& dq=motor+ gun+ boat& hl=en& ei=LxTqTMfGI4-bnwfEyNiWDQ& sa=X& oi=book_result&
ct=result& resnum=6& ved=0CEIQ6AEwBQ#v=onepage& q=motor gun boat& f=true). Google Books. . Retrieved 11 December 2010.

[30][30] Lavington 1998, p. 37
[31] This program was written similarly to those for the PDP-11 minicomputer and shows some typical things a computer can do. All the text

after the semicolons are comments for the benefit of human readers. These have no significance to the computer and are ignored. (Digital
Equipment Corporation 1972)

[32] It is not universally true that bugs are solely due to programmer oversight. Computer hardware may fail or may itself have a fundamental
problem that produces unexpected results in certain situations. For instance, the Pentium FDIV bug caused some Intel microprocessors in the
early 1990s to produce inaccurate results for certain floating point division operations. This was caused by a flaw in the microprocessor design
and resulted in a partial recall of the affected devices.

[33] Taylor, Alexander L., III (16 April 1984). "The Wizard Inside the Machine" (http:/ / www. time. com/ time/ printout/ 0,8816,954266,00.
html). TIME. . Retrieved 17 February 2007.

[34] Even some later computers were commonly programmed directly in machine code. Some minicomputers like the DEC PDP-8 could be
programmed directly from a panel of switches. However, this method was usually used only as part of the booting process. Most modern
computers boot entirely automatically by reading a boot program from some non-volatile memory.

[35] However, there is sometimes some form of machine language compatibility between different computers. An x86-64 compatible
microprocessor like the AMD Athlon 64 is able to run most of the same programs that an Intel Core 2 microprocessor can, as well as programs
designed for earlier microprocessors like the Intel Pentiums and Intel 80486. This contrasts with very early commercial computers, which
were often one-of-a-kind and totally incompatible with other computers.

[36] High level languages are also often interpreted rather than compiled. Interpreted languages are translated into machine code on the fly, while
running, by another program called an interpreter.

[37] The control unit's role in interpreting instructions has varied somewhat in the past. Although the control unit is solely responsible for
instruction interpretation in most modern computers, this is not always the case. Many computers include some instructions that may only be
partially interpreted by the control system and partially interpreted by another device. This is especially the case with specialized computing
hardware that may be partially self-contained. For example, EDVAC, one of the earliest stored-program computers, used a central control unit
that only interpreted four instructions. All of the arithmetic-related instructions were passed on to its arithmetic unit and further decoded there.

[38][38] Instructions often occupy more than one memory address, therefore the program counter usually increases by the number of memory
locations required to store one instruction.

[39] David J. Eck (2000). The Most Complex Machine: A Survey of Computers and Computing. A K Peters, Ltd.. p. 54.
ISBN 978-1-56881-128-4.

[40] Erricos John Kontoghiorghes (2006). Handbook of Parallel Computing and Statistics. CRC Press. p. 45. ISBN 978-0-8247-4067-2.
[41] Flash memory also may only be rewritten a limited number of times before wearing out, making it less useful for heavy random access

usage. (Verma & Mielke 1988)
[42] Donald Eadie (1968). Introduction to the Basic Computer. Prentice-Hall. p. 12.
[43] Arpad Barna; Dan I. Porat (1976). Introduction to Microcomputers and the Microprocessors. Wiley. p. 85. ISBN 978-0-471-05051-3.
[44] Jerry Peek; Grace Todino, John Strang (2002). Learning the UNIX Operating System: A Concise Guide for the New User. O'Reilly. p. 130.

ISBN 978-0-596-00261-9.
[45] Gillian M. Davis (2002). Noise Reduction in Speech Applications. CRC Press. p. 111. ISBN 978-0-8493-0949-6.
[46] However, it is also very common to construct supercomputers out of many pieces of cheap commodity hardware; usually individual 

computers connected by networks. These so-called computer clusters]] can often provide supercomputer performance at a much lower cost
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than customized designs. While custom architectures are still used for most of the most powerful supercomputers, there has been a
proliferation of cluster computers in recent years. (TOP500 2006)

[47] Agatha C. Hughes (2000). Systems, Experts, and Computers. MIT Press. p. 161. ISBN 978-0-262-08285-3. "The experience of SAGE
helped make possible the first truly large-scale commercial real-time network: the SABRE computerized airline reservations system..."

[48] "A Brief History of the Internet" (http:/ / www. isoc. org/ internet/ history/ brief. shtml). Internet Society. . Retrieved 20 September 2008.
[49] "Computer architecture: fundamentals and principles of computer design" (http:/ / books. google. com/ books?id=ZWaUurOwMPQC&

q=quantum+ computers& dq=insufficient+ address+ computer+ architecture& source=gbs_word_cloud_r& cad=3#v=snippet& q=quantum
computers& f=false) by Joseph D. Dumas 2006. page 340.

[50] According to the Shorter Oxford English Dictionary (6th ed, 2007), the word computer dates back to the mid 17th century, when it referred
to "A person who makes calculations; specifically a person employed for this in an observatory etc."

[51] "Definition of computer" (http:/ / thefreedictionary. com/ computer). Thefreedictionary.com. . Retrieved 29 January 2012.
[52] Most major 64-bit instruction set architectures are extensions of earlier designs. All of the architectures listed in this table, except for Alpha,

existed in 32-bit forms before their 64-bit incarnations were introduced.
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Antenna (radio)

Whip antenna on car

Diagram of the electric fields (blue) and
magnetic fields (red) radiated by a dipole
antenna (black rods) during transmission.

Large parabolic antenna for
communicating with spacecraft

An antenna (or aerial) is an electrical device which converts electric power
into radio waves, and vice versa. It is usually used with a radio transmitter or
radio receiver. In transmission, a radio transmitter supplies an oscillating
radio frequency electric current to the antenna's terminals, and the antenna
radiates the energy from the current as electromagnetic waves (radio waves).
In reception, an antenna intercepts some of the power of an electromagnetic
wave in order to produce a tiny voltage at its terminals, that is applied to a
receiver to be amplified.

Antennas are essential components of all equipment that uses radio. They are
used in systems such as radio broadcasting, broadcast television, two-way
radio, communications receivers, radar, cell phones, and satellite
communications, as well as other devices such as garage door openers,
wireless microphones, bluetooth enabled devices, wireless computer
networks, baby monitors, and RFID tags on merchandise.

Typically an antenna consists of an arrangement of metallic conductors
("elements"), electrically connected (often through a transmission line) to the
receiver or transmitter. An oscillating current of electrons forced through the
antenna by a transmitter will create an oscillating magnetic field around the
antenna elements, while the charge of the electrons also creates an oscillating
electric field along the elements. These time-varying fields, when created in
the proper proportions, radiate away from the antenna into space as a moving
transverse electromagnetic field wave. Conversely, during reception, the
oscillating electric and magnetic fields of an incoming radio wave exert force
on the electrons in the antenna elements, causing them to move back and
forth, creating oscillating currents in the antenna.

Antennas may also contain reflective or directive elements or surfaces not
connected to the transmitter or receiver, such as parasitic elements, parabolic
reflectors or horns, which serve to direct the radio waves into a beam or other
desired radiation pattern. Antennas can be designed to transmit or receive
radio waves in all directions equally (omnidirectional antennas), or transmit
them in a beam in a particular direction, and receive from that one direction
only (directional or high gain antennas).

The first antennas were built in 1888 by German physicist Heinrich Hertz in
his pioneering experiments to prove the existence of electromagnetic waves
predicted by the theory of James Clerk Maxwell. Hertz placed dipole
antennas at the focal point of parabolic reflectors for both transmitting and
receiving. He published his work in Annalen der Physik und Chemie (vol. 36,
1889).
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Rooftop television antennas in Israel.
Yagi-Uda antennas like these six are

widely used at VHF and UHF
frequencies.

Terminology

The words antenna (plural: antennas[1]) and aerial are used interchangeably.
Occasionally a rigid metallic structure is called an "antenna" while the wire
form is called an "aerial". However, note the important international technical
journal, the IEEE Transactions on Antennas and Propagation.[2] In the
United Kingdom and other areas where British English is used, the term aerial
is sometimes used although 'antenna' has been universal in professional use
for many years.

The origin of the word antenna relative to wireless apparatus is attributed to
Italian radio pioneer Guglielmo Marconi. In 1895, while testing early radio
apparatus in the Swiss Alps at Salvan, Switzerland in the Mont Blanc region,
Marconi experimented with long wire "aerials". He used a 2.5 meter vertical
pole, with a wire attached to the top running down to the transmitter, as a
radiating and receiving aerial element. In Italian a tent pole is known as
l'antenna centrale, and the pole with the wire was simply called l'antenna.
Until then wireless radiating transmitting and receiving elements were known
simply as aerials or terminals. Because of his prominence, Marconi's use of the word antenna (Italian for pole)
spread among wireless researchers, and later to the general public.[3]

In common usage, the word antenna may refer broadly to an entire assembly including support structure, enclosure
(if any), etc. in addition to the actual functional components. Especially at microwave frequencies, a receiving
antenna may include not only the actual electrical antenna but an integrated preamplifier or mixer.

"Rabbit ears"
dipole antenna
for television

reception

Cell phone
base station

antennas

Wi-Fi WestNet Wi-Fi
base station antennas in

Calgary, Alberta

Parabolic antenna by Himalaya
Television Nepal
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Yagi antenna
used for mobile

military
communications
station, Dresden,
Germany, 1955

Turnstile type
transmitting
antenna for
VHF low

band
television

broadcasting
station,

Germany.

Folded dipole
antenna

Large Yagi antenna used by
amateur radio hobbyists

A mast radiator antenna for an
AM radio station in Chapel Hill,

North Carolina

Overview

Antennas of the Atacama Large Millimeter
submillimeter Array.[4]

Antennas are required by any radio receiver or transmitter to couple its
electrical connection to the electromagnetic field. Radio waves are
electromagnetic waves which carry signals through the air (or through
space) at the speed of light with almost no transmission loss. Radio
transmitters and receivers are used to convey signals (information) in
systems including broadcast (audio) radio, television, mobile
telephones, wi-fi (WLAN) data networks, trunk lines and
point-to-point communications links (telephone, data networks),
satellite links, many remote controlled devices such as garage door
openers, and wireless remote sensors, among many others. Radio
waves are also used directly for measurements in technologies
including RADAR, GPS, and radio astronomy. In each and every case, the transmitters and receivers involved
require antennas, although these are sometimes hidden (such as the antenna inside an AM radio or inside a laptop
computer equipped with wi-fi).
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According to their applications and technology available, antennas generally fall in one of two categories:
1. Omnidirectional or only weakly directional antennas which receive or radiate more or less in all directions. These

are employed when the relative position of the other station is unknown or arbitrary. They are also used at lower
frequencies where a directional antenna would be too large, or simply to cut costs in applications where a
directional antenna isn't required.

2. Directional or beam antennas which are intended to preferentially radiate or receive in a particular direction or
directional pattern.

In common usage "omnidirectional" usually refers to all horizontal directions, typically with reduced performance in
the direction of the sky or the ground (a truly isotropic radiator is not even possible). A "directional" antenna usually
is intended to maximize its coupling to the electromagnetic field in the direction of the other station, or sometimes to
cover a particular sector such as a 120° horizontal fan pattern in the case of a panel antenna at a cell site.
One example of omnidirectional antennas is the very common vertical antenna or whip antenna consisting of a metal
rod (often, but not always, a quarter of a wavelength long). A dipole antenna is similar but consists of two such
conductors extending in opposite directions, with a total length that is often, but not always, a half of a wavelength
long. Dipoles are typically oriented horizontally in which case they are weakly directional: signals are reasonably
well radiated toward or received from all directions with the exception of the direction along the conductor itself;
this region is called the antenna blind cone or null.

Half-wave dipole antenna

Both the vertical and dipole antennas are simple in construction and relatively
inexpensive. The dipole antenna, which is the basis for most antenna designs,
is a balanced component, with equal but opposite voltages and currents
applied at its two terminals through a balanced transmission line (or to a
coaxial transmission line through a so-called balun). The vertical antenna, on
the other hand, is a monopole antenna. It is typically connected to the inner
conductor of a coaxial transmission line (or a matching network); the shield
of the transmission line is connected to ground. In this way, the ground (or
any large conductive surface) plays the role of the second conductor of a
dipole, thereby forming a complete circuit.[5] Since monopole antennas rely on a conductive ground, a so-called
grounding structure may be employed to provide a better ground contact to the earth or which itself acts as a ground
plane to perform that function regardless of (or in absence of) an actual contact with the earth.

Antennas more complex than the dipole or vertical designs are usually intended to increase the directivity and
consequently the gain of the antenna. This can be accomplished in many different ways leading to a plethora of
antenna designs. The vast majority of designs are fed with a balanced line (unlike a monopole antenna) and are based
on the dipole antenna with additional components (or elements) which increase its directionality. Antenna "gain" in
this instance describes the concentration of radiated power into a particular solid angle of space, as opposed to the
spherically uniform radiation of the ideal radiator. The increased power in the desired direction is at the expense of
that in the undesired directions. Power is conserved, and there is no net power increase over that delivered from the
power source (the transmitter.)
For instance, a phased array consists of two or more simple antennas which are connected together through an
electrical network. This often involves a number of parallel dipole antennas with a certain spacing. Depending on the
relative phase introduced by the network, the same combination of dipole antennas can operate as a "broadside
array" (directional normal to a line connecting the elements) or as an "end-fire array" (directional along the line
connecting the elements). Antenna arrays may employ any basic (omnidirectional or weakly directional) antenna
type, such as dipole, loop or slot antennas. These elements are often identical.
However a log-periodic dipole array consists of a number of dipole elements of different lengths in order to obtain a 
somewhat directional antenna having an extremely wide bandwidth: these are frequently used for television 
reception in fringe areas. The dipole antennas composing it are all considered "active elements" since they are all
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electrically connected together (and to the transmission line). On the other hand, a superficially similar dipole array,
the Yagi-Uda Antenna (or simply "Yagi"), has only one dipole element with an electrical connection; the other
so-called parasitic elements interact with the electromagnetic field in order to realize a fairly directional antenna but
one which is limited to a rather narrow bandwidth. The Yagi antenna has similar looking parasitic dipole elements
but which act differently due to their somewhat different lengths. There may be a number of so-called "directors" in
front of the active element in the direction of propagation, and usually a single (but possibly more) "reflector" on the
opposite side of the active element.
Greater directionality can be obtained using beam-forming techniques such as a parabolic reflector or a horn. Since
the size of a directional antenna depends on it being large compared to the wavelength, very directional antennas of
this sort are mainly feasible at UHF and microwave frequencies. On the other hand, at low frequencies (such as AM
broadcast) where a practical antenna must be much smaller than a wavelength, significant directionality isn't even
possible. A vertical antenna or loop antenna small compared to the wavelength is typically used, with the main
design challenge being that of impedance matching. With a vertical antenna a loading coil at the base of the antenna
may be employed to cancel the reactive component of impedance; small loop antennas are tuned with parallel
capacitors for this purpose.
An antenna lead-in is the transmission line (or feed line) which connects the antenna to a transmitter or receiver. The
antenna feed may refer to all components connecting the antenna to the transmitter or receiver, such as an impedance
matching network in addition to the transmission line. In a so-called aperture antenna, such as a horn or parabolic
dish, the "feed" may also refer to a basic antenna inside the entire system (normally at the focus of the parabolic dish
or at the throat of a horn) which could be considered the one active element in that antenna system. A microwave
antenna may also be fed directly from a waveguide in lieu of a (conductive) transmission line.
An antenna counterpoise or ground plane is a structure of conductive material which improves or substitutes for the
ground. It may be connected to or insulated from the natural ground. In a monopole antenna, this aids in the function
of the natural ground, particularly where variations (or limitations) of the characteristics of the natural ground
interfere with its proper function. Such a structure is normally connected to the return connection of an unbalanced
transmission line such as the shield of a coaxial cable.
An electromagnetic wave refractor in some aperture antennas is a component which due to its shape and position
functions to selectively delay or advance portions of the electromagnetic wavefront passing through it. The refractor
alters the spatial characteristics of the wave on one side relative to the other side. It can, for instance, bring the wave
to a focus or alter the wave front in other ways, generally in order to maximize the directivity of the antenna system.
This is the radio equivalent of an optical lens.
An antenna coupling network is a passive network (generally a combination of inductive and capacitive circuit
elements) used for impedance matching in between the antenna and the transmitter or receiver. This may be used to
improve the standing wave ratio in order to minimize losses in the transmission line and to present the transmitter or
receiver with a standard resistive impedance that it expects to see for optimum operation.

Reciprocity
It is a fundamental property of antennas that the electrical characteristics of an antenna described in the next section,
such as gain, radiation pattern, impedance, bandwidth, resonant frequency and polarization, are the same whether the
antenna is transmitting or receiving. For example, the "receiving pattern" (sensitivity as a function of direction) of an
antenna when used for reception is identical to the radiation pattern of the antenna when it is driven and functions as
a radiator. This is a consequence of the reciprocity theorem of electromagnetics. Therefore in discussions of antenna
properties no distinction is usually made between receiving and transmitting terminology, and the antenna can be
viewed as either transmitting or receiving, whichever is more convenient.
A necessary condition for the aforementioned reciprocity property is that the materials in the antenna and 
transmission medium are linear and reciprocal. Reciprocal (or bilateral) means that the material has the same
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response to an electric current or magnetic field in one direction, as it has to the field or current in the opposite
direction. Most materials used in antennas meet these conditions, but some microwave antennas use high-tech
components such as isolators and circulators, made of nonreciprocal materials such as ferrite or garnet. These can be
used to give the antenna a different behavior on receiving than it has on transmitting, which can be useful in
applications like radar.

Parameters
Antennas are characterized by a number of performance measures which a user would be concerned with in selecting
or designing an antenna for a particular application. Chief among these relate to the directional characteristics (as
depicted in the antenna's radiation pattern) and the resulting gain. Even in omnidirectional (or weakly directional)
antennas, the gain can often be increased by concentrating more of its power in the horizontal directions, sacrificing
power radiated toward the sky and ground. The antenna's power gain (or simply "gain") also takes into account the
antenna's efficiency, and is often the primary figure of merit.
Resonant antennas are expected to be used around a particular resonant frequency; an antenna must therefore be built
or ordered to match the frequency range of the intended application. A particular antenna design will present a
particular feedpoint impedance. While this may affect the choice of an antenna, an antenna's impedance can also be
adapted to the desired impedance level of a system using a matching network while maintaining the other
characteristics (except for a possible loss of efficiency).
Although these parameters can be measured in principle, such measurements are difficult and require very
specialized equipment. Beyond tuning a transmitting antenna using an SWR meter, the typical user will depend on
theoretical predictions based on the antenna design or on claims of a vendor.
An antenna transmits and receives radio waves with a particular polarization which can be reoriented by tilting the
axis of the antenna in many (but not all) cases. The physical size of an antenna is often a practical issue, particularly
at lower frequencies (longer wavelengths). Highly directional antennas need to be significantly larger than the
wavelength. Resonant antennas use a conductor, or a pair of conductors, each of which is about one quarter of the
wavelength in length. Antennas that are required to be very small compared to the wavelength sacrifice efficiency
and cannot be very directional. Fortunately at higher frequencies (UHF, microwaves) trading off performance to
obtain a smaller physical size is usually not required.

Resonant antennas
While there are broadband designs for antennas, the vast majority of antennas are based on the half-wave dipole
which has a particular resonant frequency. At its resonant frequency, the wavelength (figured by dividing the speed
of light by the resonant frequency) is slightly over twice the length of the half-wave dipole (thus the name). The
quarter-wave vertical antenna consists of one arm of a half-wave dipole, with the other arm replaced by a connection
to ground or an equivalent ground plane (or counterpoise). A Yagi-Uda array consists of a number of resonant dipole
elements, only one of which is directly connected to the transmission line. The quarter-wave elements of a dipole or
vertical antenna imitate a series-resonant electrical element, since if they are driven at the resonant frequency a
standing wave is created with the peak current at the feed-point and the peak voltage at the far end.
A common misconception is that the ability of a resonant antenna to transmit (or receive) fails at frequencies far 
from the resonant frequency. The reason a dipole antenna needs to be used at the resonant frequency has to do with 
the impedance match between the antenna and the transmitter or receiver (and its transmission line). For instance, a 
dipole using a fairly thin conductor[6] will have a purely resistive feedpoint impedance of about 63 ohms at its design 
frequency. Feeding that antenna with a current of 1 ampere will require 63 volts of RF, and the antenna will radiate 
63 watts (ignoring losses) of radio frequency power. If that antenna is driven with 1 ampere at a frequency 20% 
higher, it will still radiate as efficiently but in order to do that about 200 volts would be required due to the change in 
the antenna's impedance which is now largely reactive (voltage out of phase with the current). A typical transmitter
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would not find that impedance acceptable and would deliver much less than 63 watts to it; the transmission line
would be operating at a high (poor) standing wave ratio. But using an appropriate matching network, that large
reactive impedance could be converted to a resistive impedance satisfying the transmitter and accepting the available
power of the transmitter.
This principle is used to construct vertical antennas substantially shorter than the 1/4 wavelength at which the
antenna is resonant. By adding an inductance in series with the vertical antenna (a so-called loading coil) the
capacitative reactance of this antenna can be cancelled leaving a pure resistance which can then be matched to the
transmission line. Sometimes the resulting resonant frequency of such a system (antenna plus matching network) is
described using the construct of "electrical length" and the use of a shorter antenna at a lower frequency than its
resonant frequency is termed "electrical lengthening". For example, at 30 MHz (wavelength = 10 meters) a true
resonant monopole would be almost 2.5 meters (1/4 wavelength) long, and using an antenna only 1.5 meters tall
would require the addition of a loading coil. Then it may be said that the coil has "lengthened" the antenna to achieve
an "electrical length" of 2.5 meters, that is, 1/4 wavelength at 30 MHz where the combined system now resonates.
However, the resulting resistive impedance achieved will be quite a bit lower than the impedance of a resonant
monopole, likely requiring further impedance matching. In addition to a lower radiation resistance, the reactance
becomes higher as the antenna size is reduced, and the resonant circuit formed by the antenna and the tuning coil has
a Q factor that rises and eventually causes the bandwidth of the antenna to be inadequate for the signal being
transmitted. This is the major factor that sets the size of antennas at 1 MHz and lower frequencies.

Current and voltage distribution

The antenna conductors have the lowest feed-point impedance at the resonant frequency where they are just under
1/4 wavelength long; two such conductors in line fed differentially thus realizes the familiar "half-wave dipole".
When fed with an RF current at the resonant frequency, the quarter wave element contains a standing wave with the
voltage and current largely (but not exactly) in phase quadrature, as would be obtained using a quarter wave stub of
transmission line. The current reaches a minimum at the end of the element (where it has nowhere to go!) and is
maximum at the feed-point. The voltage, on the other hand, is the greatest at the end of the conductor and reaches a
minimum (but not zero) at the feedpoint. Making the conductor shorter or longer than 1/4 wavelength means that the
voltage pattern reaches its minimum somewhere beyond the feed-point, so that the feed-point has a higher voltage
and thus sees a higher impedance, as we have noted. Since that voltage pattern is almost in phase quadrature with the
current, the impedance seen at the feed-point is not only much higher but mainly reactive.
It can be seen that if such an element is resonant at f0 to produce such a standing wave pattern, then feeding that
element with 3f0 (whose wavelength is 1/3 that of f0) will lead to a standing wave pattern in which the voltage is
likewise a minimum at the feed-point (and the current at a maximum there). Thus, an antenna element is also
resonant when its length is 3/4 of a wavelength (3/2 wavelength for a complete dipole). This is true for all odd
multiples of 1/4 wavelength, where the feed-point impedance is purely resistive, though larger than the resistive
impedance of the 1/4 wave element. Although such an antenna is resonant and works perfectly well at the higher
frequency, the antenna radiation pattern is also altered compared to the half-wave dipole.
The use of a monopole or dipole at odd multiples of the fundamental resonant frequency, however, does not extend
to even multiples (thus a 1/2 wavelength monopole or 1 wavelength dipole). Now the voltage standing wave is at its
peak at the feed-point, while that of the current (which must be zero at the end of the conductor) is at a minimum
(but not exactly zero). The antenna is anti-resonant at this frequency. Although the reactance at the feedpoint can be
cancelled using such an element length, the feed-point impedance is very high, and is highly dependent on the
diameter of the conductor (which makes only a small difference at the actual resonant frequency). Such an antenna
does not match the much lower characteristic impedance of available transmission lines, and is generally not used.
However some equipment where transmission lines are not involved which desire a high driving point impedance
may take advantage of this anti-resonance.
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Bandwidth

Although a resonant antenna has a purely resistive feed-point impedance at a particular frequency, many (if not
most) applications require using an antenna over a range of frequencies. An antenna's bandwidth specifies the range
of frequencies over which its performance does not suffer due to a poor impedance match. Also in the case of a
Yagi-Uda array, the use of the antenna very far away from its design frequency reduces the antenna's directivity, thus
reducing the usable bandwidth regardless of impedance matching.
Except for the latter concern, the resonant frequency of a resonant antenna can always be altered by adjusting a
suitable matching network. To do this efficiently one would require remotely adjusting a matching network at the
site of the antenna, since simply adjusting a matching network at the transmitter (or receiver) would leave the
transmission line with a poor standing wave ratio.
Instead, it is often desired to have an antenna whose impedance does not vary so greatly over a certain bandwidth. It
turns out that the amount of reactance seen at the terminals of a resonant antenna when the frequency is shifted, say,
by 5%, depends very much on the diameter of the conductor used. A long thin wire used as a half-wave dipole (or
quarter wave monopole) will have a reactance significantly greater than the resistive impedance it has at resonance,
leading to a poor match and generally unacceptable performance. Making the element using a tube of a diameter
perhaps 1/50 of its length, however, results in a reactance at this altered frequency which is not so great, and a much
less serious mismatch which will only modestly damage the antenna's net performance. Thus rather thick tubes are
typically used for the solid elements of such antennas, including Yagi-Uda arrays.
Rather than just using a thick tube, there are similar techniques used to the same effect such as replacing thin wire
elements with cages to simulate a thicker element. This widens the bandwidth of the resonance. On the other hand,
amateur radio antennas need to operate over several bands which are widely separated from each other. This can
often be accomplished simply by connecting resonant elements for the different bands in parallel. Most of the
transmitter's power will flow into the resonant element while the others present a high (reactive) impedance and draw
little current from the same voltage. A popular solution uses so-called traps consisting of parallel resonant circuits
which are strategically placed in breaks along each antenna element. When used at one particular frequency band the
trap presents a very high impedance (parallel resonance) effectively truncating the element at that length, making it a
proper resonant antenna. At a lower frequency the trap allows the full length of the element to be employed, albeit
with a shifted resonant frequency due to the inclusion of the trap's net reactance at that lower frequency.
The bandwidth characteristics of a resonant antenna element can be characterized according to its Q, just as one uses
to characterize the sharpness of an L-C resonant circuit. However it is often assumed that there is an advantage in an
antenna having a high Q. After all, Q is short for "quality factor" and a low Q typically signifies excessive loss (due
to unwanted resistance) in a resonant L-C circuit. However this understanding does not apply to resonant antennas
where the resistance involved is the radiation resistance, a desired quantity which removes energy from the resonant
element in order to radiate it (the purpose of an antenna, after all!). The Q is a measure of the ratio of reactance to
resistance, so with a fixed radiation resistance (an element's radiation resistance is almost independent of its
diameter) a greater reactance off-resonance corresponds to the poorer bandwidth of a very thin conductor. The Q of
such a narrowband antenna can be as high as 15. On the other hand a thick element presents less reactance at an
off-resonant frequency, and consequently a Q as low as 5. These two antennas will perform equivalently at the
resonant frequency, but the second antenna will perform over a bandwidth 3 times as wide as the "hi-Q" antenna
consisting of a thin conductor.
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Gain
Gain is a parameter which measures the degree of directivity of the antenna's radiation pattern. A high-gain antenna
will preferentially radiate in a particular direction. Specifically, the antenna gain, or power gain of an antenna is
defined as the ratio of the intensity (power per unit surface) radiated by the antenna in the direction of its maximum
output, at an arbitrary distance, divided by the intensity radiated at the same distance by a hypothetical isotropic
antenna.
The gain of an antenna is a passive phenomenon - power is not added by the antenna, but simply redistributed to
provide more radiated power in a certain direction than would be transmitted by an isotropic antenna. An antenna
designer must take into account the application for the antenna when determining the gain. High-gain antennas have
the advantage of longer range and better signal quality, but must be aimed carefully in a particular direction.
Low-gain antennas have shorter range, but the orientation of the antenna is relatively inconsequential. For example, a
dish antenna on a spacecraft is a high-gain device that must be pointed at the planet to be effective, whereas a typical
Wi-Fi antenna in a laptop computer is low-gain, and as long as the base station is within range, the antenna can be in
any orientation in space. It makes sense to improve horizontal range at the expense of reception above or below the
antenna.[7]

In practice, the half-wave dipole is taken as a reference instead of the isotropic radiator. The gain is then given in
dBd (decibels over dipole):

NOTE: 0 dBd = 2.15 dBi. It is vital in expressing gain values that the reference point be included.
Failure to do so can lead to confusion and error.

Effective area or aperture
The effective area or effective aperture of a receiving antenna expresses the portion of the power of a passing
electromagnetic wave which it delivers to its terminals, expressed in terms of an equivalent area. For instance, if a
radio wave passing a given location has a flux of 1 pW / m2 (10−12 watts per square meter) and an antenna has an
effective area of 12 m2, then the antenna would deliver 12 pW of RF power to the receiver (30 microvolts rms at 75
ohms). Since the receiving antenna is not equally sensitive to signals received from all directions, the effective area
is a function of the direction to the source.
Due to reciprocity (discussed above) the gain of an antenna used for transmitting must be proportional to its effective
area when used for receiving. Consider an antenna with no loss, that is, one whose electrical efficiency is 100%. It
can be shown that its effective area averaged over all directions must be equal to λ2/4π, the wavelength squared
divided by 4π. Gain is defined such that the average gain over all directions for an antenna with 100% electrical
efficiency is equal to 1. Therefore the effective area Aeff in terms of the gain G in a given direction is given by:

For an antenna with an efficiency of less than 100%, both the effective area and gain are reduced by that same
amount. Therefore the above relationship between gain and effective area still holds. These are thus two different
ways of expressing the same quantity. Aeff is especially convenient when computing the power that would be
received by an antenna of a specified gain, as illustrated by the above example.
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Radiation pattern

polar plots of the horizontal cross sections of a
(virtual) Yagi-Uda-antenna. Outline connects

points with 3db field power compared to an ISO
emitter.

The radiation pattern of an antenna is a plot of the relative field
strength of the radio waves emitted by the antenna at different angles.
It is typically represented by a three dimensional graph, or polar plots
of the horizontal and vertical cross sections. The pattern of an ideal
isotropic antenna, which radiates equally in all directions, would look
like a sphere. Many nondirectional antennas, such as monopoles and
dipoles, emit equal power in all horizontal directions, with the power
dropping off at higher and lower angles; this is called an
omnidirectional pattern and when plotted looks like a torus or donut.

The radiation of many antennas shows a pattern of maxima or "lobes"
at various angles, separated by "nulls", angles where the radiation falls
to zero. This is because the radio waves emitted by different parts of
the antenna typically interfere, causing maxima at angles where the
radio waves arrive at distant points in phase, and zero radiation at other
angles where the radio waves arrive out of phase. In a directional
antenna designed to project radio waves in a particular direction, the lobe in that direction is designed larger than the
others and is called the "main lobe". The other lobes usually represent unwanted radiation and are called "sidelobes".
The axis through the main lobe is called the "principal axis" or "boresight axis".

Field regions
The space surrounding an antenna can be divided into three concentric regions: the reactive near-field, the radiating
near-field (Fresnell region) and the far-field (Fraunhofer) regions. These regions are useful to identify the field
structure in each, although there are no precise boundaries.
In the far-field region, we are far enough from the antenna to neglect its size and shape. We can assume that the
electromagnetic wave is purely a radiating plane wave (electric and magnetic fields are in phase and perpendicular to
each other and to the direction of propagation). This simplifies the mathematical analysis of the radiated field.

Impedance
As an electro-magnetic wave travels through the different parts of the antenna system (radio, feed line, antenna, free
space) it may encounter differences in impedance (E/H, V/I, etc.). At each interface, depending on the impedance
match, some fraction of the wave's energy will reflect back to the source,[8] forming a standing wave in the feed line.
The ratio of maximum power to minimum power in the wave can be measured and is called the standing wave ratio
(SWR). A SWR of 1:1 is ideal. A SWR of 1.5:1 is considered to be marginally acceptable in low power applications
where power loss is more critical, although an SWR as high as 6:1 may still be usable with the right equipment.
Minimizing impedance differences at each interface (impedance matching) will reduce SWR and maximize power
transfer through each part of the antenna system.
Complex impedance of an antenna is related to the electrical length of the antenna at the wavelength in use. The
impedance of an antenna can be matched to the feed line and radio by adjusting the impedance of the feed line, using
the feed line as an impedance transformer. More commonly, the impedance is adjusted at the load (see below) with
an antenna tuner, a balun, a matching transformer, matching networks composed of inductors and capacitors, or
matching sections such as the gamma match.
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Efficiency
Efficiency of a transmitting antenna is the ratio of power actually radiated (in all directions) to the power absorbed by
the antenna terminals. The power supplied to the antenna terminals which is not radiated is converted into heat. This
is usually through loss resistance in the antenna's conductors, but can also be due to dielectric or magnetic core
losses in antennas (or antenna systems) using such components. Such loss effectively robs power from the
transmitter, requiring a stronger transmitter in order to transmit a signal of a given strength.
For instance, if a transmitter delivers 100 W into an antenna having an efficiency of 80%, then the antenna will
radiate 80 W as radio waves and produce 20 W of heat. In order to radiate 100 W of power, one would need to use a
transmitter capable of supplying 125 W to the antenna. Note that antenna efficiency is a separate issue from
impedance matching, which may also reduce the amount of power radiated using a given transmitter. If an SWR
meter reads 150 W of incident power and 50 W of reflected power, that means that 100 W have actually been
absorbed by the antenna (ignoring transmission line losses). How much of that power has actually been radiated
cannot be directly determined through electrical measurements at (or before) the antenna terminals, but would
require (for instance) careful measurement of field strength. Fortunately the loss resistance of antenna conductors
such as aluminum rods can be calculated and the efficiency of an antenna using such materials predicted.
However loss resistance will generally affect the feedpoint impedance, adding to its resistive (real) component. That
resistance will consist of the sum of the radiation resistance Rr and the loss resistance Rloss. If an rms current I is
delivered to the terminals of an antenna, then a power of I2Rr will be radiated and a power of I2Rloss will be lost as
heat. Therefore the efficiency of an antenna is equal to Rr / (Rr + Rloss). Of course only the total resistance Rr + Rloss
can be directly measured.
According to reciprocity, the efficiency of an antenna used as a receiving antenna is identical to the efficiency as
defined above. The power that an antenna will deliver to a receiver (with a proper impedance match) is reduced by
the same amount. In some receiving applications, the very inefficient antennas may have little impact on
performance. At low frequencies, for example, atmospheric or man-made noise can mask antenna inefficiency. For
example, CCIR Rep. 258-3 indicates man-made noise in a residential setting at 40 MHz is about 28 dB above the
thermal noise floor. Consequently, an antenna with a 20 dB loss (due to inefficiency) would have little impact on
system noise performance. The loss within the antenna will affect the intended signal and the noise/interference
identically, leading to no reduction in signal to noise ratio (SNR).
This is fortunate, since antennas at lower frequencies which are not rather large (a good fraction of a wavelength in
size) are inevitably inefficient (due to the small radiation resistance Rr of small antennas). Most AM broadcast radios
(except for car radios) take advantage of this principle by including a small loop antenna for reception which has an
extremely poor efficiency. Using such an inefficient antenna at this low frequency (530–1650 kHz) thus has little
effect on the receiver's net performance, but simply requires greater amplification by the receiver's electronics.
Contrast this tiny component to the massive and very tall towers used at AM broadcast stations for transmitting at the
very same frequency, where every percentage point of reduced antenna efficiency entails a substantial cost.
The definition of antenna gain or power gain already includes the effect of the antenna's efficiency. Therefore if one
is trying to radiate a signal toward a receiver using a transmitter of a given power, one need only compare the gain of
various antennas rather than considering the efficiency as well. This is likewise true for a receiving antenna at very
high (especially microwave) frequencies, where the point is to receive a signal which is strong compared to the
receiver's noise temperature. However in the case of a directional antenna used for receiving signals with the
intention of rejecting interference from different directions, one is no longer concerned with the antenna efficiency,
as discussed above. In this case, rather than quoting the antenna gain, one would be more concerned with the
directive gain which does not include the effect of antenna (in)efficiency. The directive gain of an antenna can be
computed from the published gain divided by the antenna's efficiency.
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Polarization
The polarization of an antenna is the orientation of the electric field (E-plane) of the radio wave with respect to the
Earth's surface and is determined by the physical structure of the antenna and by its orientation. It has nothing in
common with antenna directionality terms: "horizontal", "vertical", and "circular". Thus, a simple straight wire
antenna will have one polarization when mounted vertically, and a different polarization when mounted horizontally.
"Electromagnetic wave polarization filters" are structures which can be employed to act directly on the
electromagnetic wave to filter out wave energy of an undesired polarization and to pass wave energy of a desired
polarization.
Reflections generally affect polarization. For radio waves the most important reflector is the ionosphere - signals
which reflect from it will have their polarization changed unpredictably. For signals which are reflected by the
ionosphere, polarization cannot be relied upon. For line-of-sight communications for which polarization can be
relied upon, it can make a large difference in signal quality to have the transmitter and receiver using the same
polarization; many tens of dB difference are commonly seen and this is more than enough to make the difference
between reasonable communication and a broken link.
Polarization is largely predictable from antenna construction but, especially in directional antennas, the polarization
of side lobes can be quite different from that of the main propagation lobe. For radio antennas, polarization
corresponds to the orientation of the radiating element in an antenna. A vertical omnidirectional WiFi antenna will
have vertical polarization (the most common type). An exception is a class of elongated waveguide antennas in
which vertically placed antennas are horizontally polarized. Many commercial antennas are marked as to the
polarization of their emitted signals.
Polarization is the sum of the E-plane orientations over time projected onto an imaginary plane perpendicular to the
direction of motion of the radio wave. In the most general case, polarization is elliptical, meaning that the
polarization of the radio waves varies over time. Two special cases are linear polarization (the ellipse collapses into a
line) and circular polarization (in which the two axes of the ellipse are equal). In linear polarization the antenna
compels the electric field of the emitted radio wave to a particular orientation. Depending on the orientation of the
antenna mounting, the usual linear cases are horizontal and vertical polarization. In circular polarization, the antenna
continuously varies the electric field of the radio wave through all possible values of its orientation with regard to the
Earth's surface. Circular polarizations, like elliptical ones, are classified as right-hand polarized or left-hand
polarized using a "thumb in the direction of the propagation" rule. Optical researchers use the same rule of thumb,
but pointing it in the direction of the emitter, not in the direction of propagation, and so are opposite to radio
engineers' use.
In practice, regardless of confusing terminology, it is important that linearly polarized antennas be matched, lest the
received signal strength be greatly reduced. So horizontal should be used with horizontal and vertical with vertical.
Intermediate matchings will lose some signal strength, but not as much as a complete mismatch. Transmitters
mounted on vehicles with large motional freedom commonly use circularly polarized antennas so that there will
never be a complete mismatch with signals from other sources.

Impedance matching
Maximum power transfer requires matching the impedance of an antenna system (as seen looking into the 
transmission line) to the complex conjugate of the impedance of the receiver or transmitter. In the case of a 
transmitter, however, the desired matching impedance might not correspond to the dynamic output impedance of the 
transmitter as analyzed as a source impedance but rather the design value (typically 50 ohms) required for efficient 
and safe operation of the transmitting circuitry. The intended impedance is normally resistive but a transmitter (and 
some receivers) may have additional adjustments to cancel a certain amount of reactance in order to "tweak" the 
match. When a transmission line is used in between the antenna and the transmitter (or receiver) one generally would 
like an antenna system whose impedance is resistive and near the characteristic impedance of that transmission line
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in order to minimize the standing wave ratio (SWR) and the increase in transmission line losses it entails, in addition
to supplying a good match at the transmitter or receiver itself.
Antenna tuning generally refers to cancellation of any reactance seen at the antenna terminals, leaving only a
resistive impedance which might or might not be exactly the desired impedance (that of the transmission line).
Although an antenna may be designed to have a purely resistive feedpoint impedance (such as a dipole 97% of a half
wavelength long) this might not be exactly true at the frequency that it is eventually used at. In some cases the
physical length of the antenna can be "trimmed" to obtain a pure resistance. On the other hand, the addition of a
series inductance or parallel capacitance can be used to cancel a residual capacitative or inductive reactance,
respectively.
In some cases this is done in a more extreme manner, not simply to cancel a small amount of residual reactance, but
to resonate an antenna whose resonance frequency is quite different than the intended frequency of operation. For
instance, a "whip antenna" can be made significantly shorter than 1/4 wavelength long, for practical reasons, and
then resonated using a so-called loading coil. This physically large inductor at the base of the antenna has an
inductive reactance which is the opposite of the capacitative reactance that such a vertical antenna has at the desired
operating frequency. The result is a pure resistance seen at feedpoint of the loading coil; unfortunately that resistance
is somewhat lower than would be desired to match commercial coax.
So an additional problem beyond canceling the unwanted reactance is of matching the remaining resistive impedance
to the characteristic impedance of the transmission line. In principle this can always be done with a transformer,
however the turns ratio of a transformer is not adjustable. A general matching network with at least two adjustments
can be made to correct both components of impedance. Matching networks using discrete inductors and capacitors
will have losses associated with those components, and will have power restrictions when used for transmitting.
Avoiding these difficulties, commercial antennas are generally designed with fixed matching elements or feeding
strategies to get an approximate match to standard coax, such as 50 or 75 Ohms. Antennas based on the dipole
(rather than vertical antennas) should include a balun in between the transmission line and antenna element, which
may be integrated into any such matching network.
Another extreme case of impedance matching occurs when using a small loop antenna (usually, but not always, for
receiving) at a relatively low frequency where it appears almost as a pure inductor. Resonating such an inductor with
a capacitor at the frequency of operation not only cancels the reactance but greatly magnifies the very small radiation
resistance of such a loop. This is implemented in most AM broadcast receivers, with a small ferrite loop antenna
resonated by a capacitor which is varied along with the receiver tuning in order to maintain resonance over the AM
broadcast band

Basic antenna models

Typical US multiband TV antenna (aerial)

There are many variations of antennas. Below are a few basic models.
More can be found in Category:Radio frequency antenna types.

• The isotropic radiator is a purely theoretical antenna that radiates
equally in all directions. It is considered to be a point in space with
no dimensions and no mass. This antenna cannot physically exist,
but is useful as a theoretical model for comparison with all other
antennas. Most antennas' gains are measured with reference to an
isotropic radiator, and are rated in dBi (decibels with respect to an
isotropic radiator).

• The dipole antenna is simply two wires pointed in opposite directions arranged either horizontally or vertically, 
with one end of each wire connected to the radio and the other end hanging free in space. Since this is the
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simplest practical antenna, it is also used as a reference model for other antennas; gain with respect to a dipole is
labeled as dBd. Generally, the dipole is considered to be omnidirectional in the plane perpendicular to the axis of
the antenna, but it has deep nulls in the directions of the axis. Variations of the dipole include the folded dipole,
the half wave antenna, the ground plane antenna, the whip, and the J-pole.

• The Yagi-Uda antenna is a directional variation of the dipole with parasitic elements added which are
functionality similar to adding a reflector and lenses (directors) to focus a filament light bulb.

• The random wire antenna is simply a very long (at least one quarter wavelength) wire with one end connected to
the radio and the other in free space, arranged in any way most convenient for the space available. Folding will
reduce effectiveness and make theoretical analysis extremely difficult. (The added length helps more than the
folding typically hurts.) Typically, a random wire antenna will also require an antenna tuner, as it might have a
random impedance that varies non-linearly with frequency.

• The horn antenna is used where high gain is needed, the wavelength is short (microwave) and space is not an
issue. Horns can be narrow band or wide band, depending on their shape. A horn can be built for any frequency,
but horns for lower frequencies are typically impractical. Horns are also frequently used as reference antennas.

• The parabolic antenna consists of an active element at the focus of a parabolic reflector to reflect the waves into a
plane wave. Like the horn it is used for high gain, microwave applications, such as satellite dishes.

• The patch antenna consists mainly of a square conductor mounted over a groundplane. Another example of a
planar antenna is the tapered slot antenna (TSA), as the Vivaldi-antenna.

Practical antennas

"Rabbit ears" set-top antenna

Although any circuit can radiate if driven with a signal of high
enough frequency, most practical antennas are specially designed
to radiate efficiently at a particular frequency. An example of an
inefficient antenna is the simple Hertzian dipole antenna, which
radiates over wide range of frequencies and is useful for its small
size. A more efficient variation of this is the half-wave dipole,
which radiates with high efficiency when the signal wavelength is
twice the electrical length of the antenna.

One of the goals of antenna design is to minimize the reactance of
the device so that it appears as a resistive load. An "antenna
inherent reactance" includes not only the distributed reactance of
the active antenna but also the natural reactance due to its location and surroundings (as for example, the capacity
relation inherent in the position of the active antenna relative to ground). Reactance can be eliminated by operating
the antenna at its resonant frequency, when its capacitive and inductive reactances are equal and opposite, resulting
in a net zero reactive current. If this is not possible, compensating inductors or capacitors can instead be added to the
antenna to cancel its reactance as far as the source is concerned.

Once the reactance has been eliminated, what remains is a pure resistance, which is the sum of two parts: the ohmic
resistance of the conductors, and the radiation resistance. Power absorbed by the ohmic resistance becomes waste
heat, and that absorbed by the radiation resistance becomes radiated electromagnetic energy. The greater the ratio of
radiation resistance to ohmic resistance, the more efficient the antenna.
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Effect of ground
Antennas are typically used in an environment where other objects are present that may have an effect on their
performance. Height above ground has a very significant effect on the radiation pattern of some antenna types.
At frequencies used in antennas, the ground behaves mainly as a dielectric. The conductivity of ground at these
frequencies is negligible. When an electromagnetic wave arrives at the surface of an object, two waves are created:
one enters the dielectric and the other is reflected. If the object is a conductor, the transmitted wave is negligible and
the reflected wave has almost the same amplitude as the incident one. When the object is a dielectric, the fraction
reflected depends (among other things) on the angle of incidence. When the angle of incidence is small (that is, the
wave arrives almost perpendicularly) most of the energy traverses the surface and very little is reflected. When the
angle of incidence is near 90° (grazing incidence) almost all the wave is reflected.
Most of the electromagnetic waves emitted by an antenna to the ground below the antenna at moderate (say < 60°)
angles of incidence enter the earth and are absorbed (lost). But waves emitted to the ground at grazing angles, far
from the antenna, are almost totally reflected. At grazing angles, the ground behaves as a mirror. Quality of
reflection depends on the nature of the surface. When the irregularities of the surface are smaller than the
wavelength, reflection is good.

The wave reflected by earth can be considered as
emitted by the image antenna.

This means that the receptor "sees" the real antenna and, under the
ground, the image of the antenna reflected by the ground. If the ground
has irregularities, the image will appear fuzzy.
If the receiver is placed at some height above the ground, waves
reflected by ground will travel a little longer distance to arrive to the
receiver than direct waves. The distance will be the same only if the
receiver is close to ground.
In the drawing at right, the angle has been drawn far bigger than in
reality. The distance between the antenna and its image is .

The situation is a bit more complex because the reflection of
electromagnetic waves depends on the polarization of the incident wave. As the refractive index of the ground
(average value ) is bigger than the refractive index of the air ( ), the direction of the component of the electric
field parallel to the ground inverses at the reflection. This is equivalent to a phase shift of radians or 180°. The
vertical component of the electric field reflects without changing direction. This sign inversion of the parallel
component and the non-inversion of the perpendicular component would also happen if the ground were a good
electrical conductor.

The vertical component of the current reflects
without changing sign. The horizontal component

reverses sign at reflection.

This means that a receiving antenna "sees" the image antenna with the
current in the same direction if the antenna is vertical or with the
current inverted if the antenna is horizontal.
For a vertical polarized emission antenna the far electric field of the
electromagnetic wave produced by the direct ray plus the reflected ray
is:

The sign inversion for the parallel field case just changes a cosine to a
sine:

In these two equations:
• is the electrical field radiated by the antenna if there were no ground.
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• is the wave number.
• is the wave length.
• is the distance between antenna and its image (twice the height of the center of the antenna).

Radiation patterns of antennas and their images
reflected by the ground. At left the polarization is
vertical and there is always a maximum for 
. If the polarization is horizontal as at right, there

is always a zero for .

For emitting and receiving antennas situated near the ground (in a
building or on a mast) far from each other, distances traveled by direct
and reflected rays are nearly the same. There is no induced phase shift.
If the emission is polarized vertically, the two fields (direct and
reflected) add and there is maximum of received signal. If the emission
is polarized horizontally, the two signals subtract and the received
signal is minimum. This is depicted in the image at right. In the case of
vertical polarization, there is always a maximum at earth level (left
pattern). For horizontal polarization, there is always a minimum at
earth level. Note that in these drawings the ground is considered as a perfect mirror, even for low angles of
incidence. In these drawings, the distance between the antenna and its image is just a few wavelengths. For greater
distances, the number of lobes increases.
Note that the situation is different—and more complex—if reflections in the ionosphere occur. This happens over
very long distances (thousands of kilometers). There is not a direct ray but several reflected rays that add with
different phase shifts.

This is the reason why almost all public address radio emissions have vertical polarization. As public users are near
ground, horizontal polarized emissions would be poorly received. Observe household and automobile radio
receivers. They all have vertical antennas or horizontal ferrite antennas for vertical polarized emissions. In cases
where the receiving antenna must work in any position, as in mobile phones, the emitter and receivers in base
stations use circular polarized electromagnetic waves.
Classical (analog) television emissions are an exception. They are almost always horizontally polarized, because the
presence of buildings makes it unlikely that a good emitter antenna image will appear. However, these same
buildings reflect the electromagnetic waves and can create ghost images. Using horizontal polarization, reflections
are attenuated because of the low reflection of electromagnetic waves whose magnetic field is parallel to the
dielectric surface near the Brewster's angle. Vertically polarized analog television has been used in some rural areas.
In digital terrestrial television reflections are less obtrusive, due to the inherent robustness of digital signalling and
built-in error correction.
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Mutual impedance and interaction between antennas

Mutual impedance between parallel dipoles
not staggered. Curves Re and Im are the resistive

and reactive parts of the impedance.

Current circulating in any antenna induces currents in all others. One can postulate a mutual impedance 
between two antennas that has the same significance as the in ordinary coupled inductors. The mutual
impedance between two antennas is defined as:

where is the current flowing in antenna 1 and is the voltage that would have to be applied to antenna 2–with
antenna 1 removed–to produce the current in the antenna 2 that was produced by antenna 1.
From this definition, the currents and voltages applied in a set of coupled antennas are:

where:
• is the voltage applied to the antenna 
• is the impedance of antenna 
• is the mutual impedance between antennas and 
Note that, as is the case for mutual inductances,

This is a consequence of Lorentz reciprocity. If some of the elements are not fed (there is a short circuit instead a
feeder cable), as is the case in television antennas (Yagi-Uda antennas), the corresponding are zero. Those
elements are called parasitic elements. Parasitic elements are unpowered elements that either reflect or absorb and
reradiate RF energy.
In some geometrical settings, the mutual impedance between antennas can be zero. This is the case for crossed
dipoles used in circular polarization antennas.
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Antenna gallery

Antennas and antenna arrays

A Yagi-Uda beam antenna. A multi-band rotary directional
antenna for amateur radio use.

Rooftop TV
antenna. It is
actually three

Yagi antennas.
The longest
elements are
for the low
band, while
the medium

and short
elements are
for the high
and UHF

band.

A
terrestrial

microwave
radio

antenna
array.

Wire dipole antenna
using open-wire ladder

line feedline for amateur
radio use.

Low cost LF time signal
receiver, antenna (left) and

receiver

Examples of US 136-174 MHz
base station antennas.

Rotatable log-periodic
array for VHF and UHF.

Shortwave antennas in
Delano, California.

An old VHF-band
Yagi-type television

antenna.

A T2FD broadband antenna,
covering the 5-30 MHz band.

A US multiband "aerial"
TV antenna.
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"Rabbit ears" antenna AM loop antenna

Antennas and supporting structures

A building rooftop supporting
numerous dish and sectored
mobile telecommunications

antennas (Doncaster, Victoria,
Australia).

A water tower in Palmerston,
Northern Territory with radio

broadcasting and
communications antennas.

A three-sector telephone site in
Mexico City.

Telephone site concealed as a
palm tree.

Diagrams as part of a system

Antennas may be connected through a
multiplexing arrangement in some applications

like this trunked two-way radio example.

Antenna network for an emergency medical services base station.

http://en.wikipedia.org/w/index.php?title=Television_antenna
http://en.wikipedia.org/w/index.php?title=File%3AOld_rabbit_ears.jpg
http://en.wikipedia.org/w/index.php?title=Loop_antenna
http://en.wikipedia.org/w/index.php?title=File%3APhilco_am_loop.jpg
http://en.wikipedia.org/w/index.php?title=Doncaster%2C_Victoria
http://en.wikipedia.org/w/index.php?title=Victoria_%28Australia%29
http://en.wikipedia.org/w/index.php?title=Australia
http://en.wikipedia.org/w/index.php?title=File%3ADoncastertower.JPG
http://en.wikipedia.org/w/index.php?title=Water_tower
http://en.wikipedia.org/w/index.php?title=Palmerston%2C_Northern_Territory
http://en.wikipedia.org/w/index.php?title=Northern_Territory
http://en.wikipedia.org/w/index.php?title=File%3APalmerston-water-tank.jpg
http://en.wikipedia.org/w/index.php?title=File%3ABase_station_mexico-city.JPG
http://en.wikipedia.org/w/index.php?title=File%3APalmCellTower.jpg
http://en.wikipedia.org/w/index.php?title=Multiplexing
http://en.wikipedia.org/w/index.php?title=Trunked_radio_system
http://en.wikipedia.org/w/index.php?title=Two-way_radio
http://en.wikipedia.org/w/index.php?title=File%3ATrunked_5ch_central_control.svg
http://en.wikipedia.org/w/index.php?title=File%3ABase_station_antenna_network.svg


Antenna (radio) 121

Notes
[1] In the context of electrical engineering and physics, the plural of antenna is antennas, and it has been this way since about 1950 (or earlier),

when a cornerstone textbook in this field, Antennas, was published by the physicist and electrical engineer John D. Kraus of The Ohio State
University. Besides in the title, Dr. Kraus noted this in a footnote on the first page of his book. Insects may have "antennae", but this form is
not used in the context of electronics or physics.

[2] http:/ / ieeexplore. ieee. org/ xpl/ RecentIssue. jsp?reload=true& punumber=8
[3] "Salvan: Cradle of Wireless, How Marconi Conducted Early Wireless Experiments in the Swiss Alps", Fred Gardiol & Yves Fournier,

Microwave Journal, February 2006, pp. 124-136.
[4] "Media Advisory: Apply Now to Attend the ALMA Observatory Inauguration" (http:/ / www. eso. org/ public/ announcements/ ann12092/ ).

ESO Announcement. . Retrieved 4 December 2012.
[5] Tesla said during the development of radio that "One of the terminals of the source would be connected to Earth [as a electric ground

connection ...] the other to an insulated body of large surface. For more information, see " On Light and Other High Frequency Phenomena
(http:/ / www. tfcbooks. com/ tesla/ 1893-02-24. htm)". Delivered before the Franklin Institute, Philadelphia, February 1893, and before the
National Electric Light Association, St. Louis, Missouri, March 1893.

[6][6] This example assumes a length to diameter ratio of 1000.
[7] "Guide to Wi-Fi Wireless Network Antenna Selection." (http:/ / networkbits. net/ wireless-printing/ wireless-network-antenna-guide/ ).

NetworkBits.net. Archived (http:/ / web. archive. org/ web/ 20080305182010/ http:/ / networkbits. net/ wireless-printing/
wireless-network-antenna-guide/ ) from the original on 5 March 2008. . Retrieved April 8, 2008.

[8] Impedance is caused by the same physics as refractive index in optics, although impedance effects are typically one dimensional, where
effects of refractive index is three dimensional.
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Brain

A chimpanzee brain

The brain is the center of the nervous system in all vertebrate and most
invertebrate animals—only a few invertebrates such as sponges,
jellyfish, adult sea squirts and starfish do not have one, even if diffuse
neural tissue is present. It is located in the head, usually close to the
primary sensory organs for such senses as vision, hearing, balance,
taste, and smell. The brain of a vertebrate is the most complex organ of
its body. In a typical human the cerebral cortex (the largest part) is
estimated to contain 15–33 billion neurons,[1] each connected by
synapses to several thousand other neurons. These neurons
communicate with one another by means of long protoplasmic fibers
called axons, which carry trains of signal pulses called action potentials
to distant parts of the brain or body targeting specific recipient cells.

Physiologically, the function of the brain is to exert centralized control
over the other organs of the body. The brain acts on the rest of the
body both by generating patterns of muscle activity and by driving
secretion of chemicals called hormones. This centralized control allows
rapid and coordinated responses to changes in the environment. Some basic types of responsiveness such as reflexes
can be mediated by the spinal cord or peripheral ganglia, but sophisticated purposeful control of behavior based on
complex sensory input requires the information-integrating capabilities of a centralized brain.

From a philosophical point of view, what makes the brain special in comparison to other organs is that it forms the
physical structure that generates the mind. As Hippocrates put it: "Men ought to know that from nothing else but the
brain come joys, delights, laughter and sports, and sorrows, griefs, despondency, and lamentations."[2] Through
much of history, the mind was thought to be separate from the brain. Even for present-day neuroscience, the
mechanisms by which brain activity gives rise to consciousness and thought remain very challenging to understand:
despite rapid scientific progress, much about how the brain works remains a mystery. The operations of individual
brain cells are now understood in considerable detail, but the way they cooperate in ensembles of millions has been
very difficult to decipher. The most promising approaches treat the brain as a biological computer, very different in
mechanism from electronic computers, but similar in the sense that it acquires information from the surrounding
world, stores it, and processes it in a variety of ways.
This article compares the properties of brains across the entire range of animal species, with the greatest attention to
vertebrates. It deals with the human brain insofar as it shares the properties of other brains. The ways in which the
human brain differs from other brains are covered in the human brain article. Several topics that might be covered
here are instead covered there because much more can be said about them in a human context. The most important is
brain disease and the effects of brain damage, covered in the human brain article because the most common diseases
of the human brain either do not show up in other species, or else manifest themselves in different ways.
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Anatomy

Cross section of the olfactory bulb of a rat,
stained in two different ways at the same time:
one stain shows neuron cell bodies, the other

shows receptors for the neurotransmitter GABA.

The shape and size of the brains of different species vary greatly, and
identifying common features is often difficult.[3] Nevertheless, there
are a number of principles of brain architecture that apply across a
wide range of species.[4] Some aspects of brain structure are common
to almost the entire range of animals species;[5] others distinguish
"advanced" brains from more primitive ones, or distinguish vertebrates
from invertebrates.[3]

The simplest way to gain information about brain anatomy is by visual
inspection, but many more sophisticated techniques have been
developed. Brain tissue in its natural state is too soft to work with, but
it can be hardened by immersion in alcohol or other fixatives, and then
sliced apart for examination of the interior. Visually, the interior of the brain consists of areas of so-called grey
matter, with a dark color, separated by areas of white matter, with a lighter color. Further information can be gained
by staining slices of brain tissue with a variety of chemicals that bring out areas where specific types of molecules
are present in high concentrations. It is also possible to examine the microstructure of brain tissue using a
microscope, and to trace the pattern of connections from one brain area to another.[6]

Cellular structure

Neurons generate electrical signals that travel along their axons.
When a pulse of electricity reaches a junction called a synapse, it
causes a neurotransmitter chemical to be released, which binds to
receptors on other cells and thereby alters their electrical activity.

The brains of all species are composed primarily of two
broad classes of cells: neurons and glial cells. Glial
cells (also known as glia or neuroglia) come in several
types, and perform a number of critical functions,
including structural support, metabolic support,
insulation, and guidance of development. Neurons,
however, are usually considered the most important
cells in the brain.[7]

The property that makes neurons unique is their ability
to send signals to specific target cells over long
distances.[8] They send these signals by means of an
axon, which is a thin protoplasmic fiber that extends
from the cell body and projects, usually with numerous
branches, to other areas, sometimes nearby, sometimes
in distant parts of the brain or body. The length of an
axon can be extraordinary: for example, if a pyramidal
cell of the cerebral cortex were magnified so that its
cell body became the size of a human body, its axon,
equally magnified, would become a cable a few
centimeters in diameter, extending more than a
kilometer.[9] These axons transmit signals in the form
of electrochemical pulses called action potentials,
which last less than a thousandth of a second and travel
along the axon at speeds of 1–100 meters per second. Some neurons emit action potentials constantly, at rates of
10–100 per second, usually in irregular patterns; other neurons are quiet most of the time, but occasionally emit a
burst of action potentials.[10]
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Axons transmit signals to other neurons by means of specialized junctions called synapses. A single axon may make
as many as several thousand synaptic connections with other cells.[11] When an action potential, traveling along an
axon, arrives at a synapse, it causes a chemical called a neurotransmitter to be released. The neurotransmitter binds
to receptor molecules in the membrane of the target cell.[12]

Neurons often have extensive networks of
dendrites, which receive synaptic connections.

Shown is a pyramidal neuron from the
hippocampus, stained for green fluorescent

protein.

Synapses are the key functional elements of the brain.[13] The essential
function of the brain is cell-to-cell communication, and synapses are
the points at which communication occurs. The human brain has been
estimated to contain approximately 100 trillion synapses;[14] even the
brain of a fruit fly contains several million.[15] The functions of these
synapses are very diverse: some are excitatory (excite the target cell);
others are inhibitory; others work by activating second messenger
systems that change the internal chemistry of their target cells in
complex ways.[13] A large fraction of synapses are dynamically
modifiable; that is, they are capable of changing strength in a way that
is controlled by the patterns of signals that pass through them. It is
widely believed that activity-dependent modification of synapses is the
brain's primary mechanism for learning and memory.[13]

Most of the space in the brain is taken up by axons, which are often
bundled together in what are called nerve fiber tracts. Many axons are

wrapped in thick sheaths of a fatty substance called myelin, which serves to greatly increase the speed of signal
propagation. Myelin is white, so parts of the brain filled exclusively with nerve fibers appear as light-colored white
matter, in contrast to the darker-colored grey matter that marks areas with high densities of neuron cell bodies.[16]

Evolution

The generic bilaterian nervous system

Nervous system of a generic bilaterian animal, in the form of a nerve cord with
segmental enlargements, and a "brain" at the front

Except for a few primitive types such as
sponges (which have no nervous system[17])
and jellyfish (which have a nervous system
consisting of a diffuse nerve net[17]), all
living animals are bilaterians, meaning
animals with a bilaterally symmetric body
shape (that is, left and right sides that are
approximate mirror images of each
other).[18] All bilaterians are thought to have
descended from a common ancestor that appeared early in the Cambrian period, 550–600 million years ago, and it
has been hypothesized that this common ancestor had the shape of a simple tubeworm with a segmented body.[18] At
a schematic level, that basic worm-shape continues to be reflected in the body and nervous system architecture of all
modern bilaterians, including vertebrates.[19] The fundamental bilateral body form is a tube with a hollow gut cavity
running from the mouth to the anus, and a nerve cord with an enlargement (a ganglion) for each body segment, with
an especially large ganglion at the front, called the brain. The brain is small and simple in some species, such as
nematode worms; in other species, including vertebrates, it is the most complex organ in the body.[3] Some types of
worms, such as leeches, also have an enlarged ganglion at the back end of the nerve cord, known as a "tail brain".[20]

There are a few types of existing bilaterians that lack a recognizable brain, including echinoderms, tunicates, and a 
group of primitive flatworms called Acoelomorpha. It has not been definitively established whether the existence of 
these brainless species indicates that the earliest bilaterians lacked a brain, or whether their ancestors evolved in a
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way that led to the disappearance of a previously existing brain structure.[21]

Invertebrates

Fruit flies (Drosophila) have been extensively
studied to gain insight into the role of genes in

brain development.

This category includes arthropods, molluscs, and numerous types of
worms. The diversity of invertebrate body plans is matched by an
equal diversity in brain structures.[22]

Two groups of invertebrates have notably complex brains: arthropods
(insects, crustaceans, arachnids, and others), and cephalopods
(octopuses, squids, and similar molluscs).[23] The brains of arthropods
and cephalopods arise from twin parallel nerve cords that extend
through the body of the animal. Arthropods have a central brain with
three divisions and large optical lobes behind each eye for visual
processing.[23] Cephalopods such as the octopus and squid have the
largest brains of any invertebrates.[24]

There are several invertebrate species whose brains have been studied
intensively because they have properties that make them convenient for experimental work:
• Fruit flies (Drosophila), because of the large array of techniques available for studying their genetics, have been a

natural subject for studying the role of genes in brain development.[25] In spite of the large evolutionary distance
between insects and mammals, many aspects of Drosophila neurogenetics have turned out to be relevant to
humans. The first biological clock genes, for example, were identified by examining Drosophila mutants that
showed disrupted daily activity cycles.[26] A search in the genomes of vertebrates turned up a set of analogous
genes, which were found to play similar roles in the mouse biological clock—and therefore almost certainly in the
human biological clock as well.[27]

• The nematode worm Caenorhabditis elegans, like Drosophila, has been studied largely because of its importance
in genetics.[28] In the early 1970s, Sydney Brenner chose it as a model system for studying the way that genes
control development. One of the advantages of working with this worm is that the body plan is very stereotyped:
the nervous system of the hermaphrodite morph contains exactly 302 neurons, always in the same places, making
identical synaptic connections in every worm.[29] Brenner's team sliced worms into thousands of ultrathin sections
and photographed every section under an electron microscope, then visually matched fibers from section to
section, to map out every neuron and synapse in the entire body.[30] Nothing approaching this level of detail is
available for any other organism, and the information has been used to enable a multitude of studies that would
not have been possible without it.[31]

• The sea slug Aplysia was chosen by Nobel Prize-winning neurophysiologist Eric Kandel as a model for studying
the cellular basis of learning and memory, because of the simplicity and accessibility of its nervous system, and it
has been examined in hundreds of experiments.[32]
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Vertebrates

The brain of a shark

The first vertebrates appeared over 500 million years ago (Mya), during the
Cambrian period, and may have resembled the modern hagfish in form.[33]

Sharks appeared about 450 Mya, amphibians about 400 Mya, reptiles about
350 Mya, and mammals about 200 Mya. No modern species should be described
as more "primitive" than others, strictly speaking, since each has an equally long
evolutionary history—but the brains of modern hagfishes, lampreys, sharks,
amphibians, reptiles, and mammals show a gradient of size and complexity that
roughly follows the evolutionary sequence. All of these brains contain the same
set of basic anatomical components, but many are rudimentary in the hagfish,
whereas in mammals the foremost part (the telencephalon) is greatly elaborated
and expanded.[34]

Brains are most simply compared in terms of their size. The relationship between brain size, body size and other
variables has been studied across a wide range of vertebrate species. As a rule, brain size increases with body size,
but not in a simple linear proportion. In general, smaller animals tend to have larger brains, measured as a fraction of
body size: the animal with the largest brain-size-to-body-size ratio is the hummingbird. For mammals, the
relationship between brain volume and body mass essentially follows a power law with an exponent of about
0.75.[35] This formula describes the central tendency, but every family of mammals departs from it to some degree,
in a way that reflects in part the complexity of their behavior. For example, primates have brains 5 to 10 times larger
than the formula predicts. Predators tend to have larger brains than their prey, relative to body size.[36]

The main subdivisions of the embryonic vertebrate brain, which later
differentiate into the forebrain, midbrain and hindbrain

All vertebrate brains share a common underlying form,
which appears most clearly during early stages of
embryonic development. In its earliest form, the brain
appears as three swellings at the front end of the neural
tube; these swellings eventually become the forebrain,
midbrain, and hindbrain (the prosencephalon,
mesencephalon, and rhombencephalon, respectively).
At the earliest stages of brain development, the three
areas are roughly equal in size. In many classes of
vertebrates, such as fish and amphibians, the three parts
remain similar in size in the adult, but in mammals the
forebrain becomes much larger than the other parts, and
the midbrain becomes very small.[37]

The brains of vertebrates are made of very soft
tissue.[38] Living brain tissue is pinkish on the outside
and mostly white on the inside, with subtle variations in

color. Vertebrate brains are surrounded by a system of connective tissue membranes called meninges that separate
the skull from the brain. Blood vessels enter the central nervous system through holes in the meningeal layers. The
cells in the blood vessel walls are joined tightly to one another, forming the so-called blood–brain barrier, which
protects the brain from toxins that might enter through the bloodstream.[39]

Neuroanatomists usually divide the vertebrate brain into six main regions: the telencephalon (cerebral hemispheres), 
diencephalon (thalamus and hypothalamus), mesencephalon (midbrain), cerebellum, pons, and medulla oblongata. 
Each of these areas has a complex internal structure. Some parts, such as the cerebral cortex and cerebellum, consist 
of layers that are folded or convoluted to fit within the available space. Other parts, such as the thalamus and 
hypothalamus, consist of clusters of many small nuclei. Thousands of distinguishable areas can be identified within
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the vertebrate brain based on fine distinctions of neural structure, chemistry, and connectivity.[38]

Although the same basic components are present in all vertebrate brains, some branches of vertebrate evolution have
led to substantial distortions of brain geometry, especially in the forebrain area. The brain of a shark shows the basic
components in a straightforward way, but in teleost fishes (the great majority of existing fish species), the forebrain
has become "everted", like a sock turned inside out. In birds, there are also major changes in forebrain structure.[40]

These distortions can make it difficult to match brain components from one species with those of another species.[41]

The main anatomical regions of the vertebrate
brain, shown for shark and human. The same

parts are present, but they differ greatly in size
and shape.

Here is a list of some of the most important vertebrate brain
components, along with a brief description of their functions as
currently understood:
• The medulla, along with the spinal cord, contains many small

nuclei involved in a wide variety of sensory and motor functions.[42]

• The pons lies in the brainstem directly above the medulla. Among
other things, it contains nuclei that control sleep, respiration,
swallowing, bladder function, equilibrium, eye movement, facial
expressions, and posture.[43]

• The hypothalamus is a small region at the base of the forebrain,
whose complexity and importance belies its size. It is composed of
numerous small nuclei, each with distinct connections and
neurochemistry. The hypothalamus regulates sleep and wake cycles,
eating and drinking, hormone release, and many other critical
biological functions.[44]

• The thalamus is another collection of nuclei with diverse functions.
Some are involved in relaying information to and from the cerebral
hemispheres. Others are involved in motivation. The subthalamic
area (zona incerta) seems to contain action-generating systems for
several types of "consummatory" behaviors, including eating,
drinking, defecation, and copulation.[45]

• The cerebellum modulates the outputs of other brain systems to make them precise. Removal of the cerebellum
does not prevent an animal from doing anything in particular, but it makes actions hesitant and clumsy. This
precision is not built-in, but learned by trial and error. Learning how to ride a bicycle is an example of a type of
neural plasticity that may take place largely within the cerebellum.[46]

• The optic tectum allows actions to be directed toward points in space, most commonly in response to visual
input. In mammals it is usually referred to as the superior colliculus, and its best-studied function is to direct eye
movements. It also directs reaching movements and other object-directed actions. It receives strong visual inputs,
but also inputs from other senses that are useful in directing actions, such as auditory input in owls and input from
the thermosensitive pit organs in snakes. In some fishes, such as lampreys, this region is the largest part of the
brain.[47] The superior colliculus is part of the midbrain.

• The pallium is a layer of gray matter that lies on the surface of the forebrain. In reptiles and mammals, it is called
the cerebral cortex. Multiple functions involve the pallium, including olfaction and spatial memory. In mammals,
where it becomes so large as to dominate the brain, it takes over functions from many other brain areas. In many
mammals, the cerebral cortex consists of folded bulges called gyri that create deep furrows or fissures called
sulci. The folds increase the surface area of the cortex and therefore increase the amount of gray matter and the
amount of information that can be processed.[48]

• The hippocampus, strictly speaking, is found only in mammals. However, the area it derives from, the medial
pallium, has counterparts in all vertebrates. There is evidence that this part of the brain is involved in spatial
memory and navigation in fishes, birds, reptiles, and mammals.[49]
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• The basal ganglia are a group of interconnected structures in the forebrain. The primary function of the basal
ganglia appears to be action selection: they send inhibitory signals to all parts of the brain that can generate motor
behaviors, and in the right circumstances can release the inhibition, so that the action-generating systems are able
to execute their actions. Reward and punishment exert their most important neural effects by altering connections
within the basal ganglia.[50]

• The olfactory bulb is a special structure that processes olfactory sensory signals and sends its output to the
olfactory part of the pallium. It is a major brain component in many vertebrates, but is greatly reduced in
primates.[51]

Mammals

The most obvious difference between the brains of mammals and other vertebrates is in terms of size. On average, a
mammal has a brain roughly twice as large as that of a bird of the same body size, and ten times as large as that of a
reptile of the same body size.[52]

Size, however, is not the only difference: there are also substantial differences in shape. The hindbrain and midbrain
of mammals are generally similar to those of other vertebrates, but dramatic differences appear in the forebrain,
which is greatly enlarged and also altered in structure.[53] The cerebral cortex is the part of the brain that most
strongly distinguishes mammals. In non-mammalian vertebrates, the surface of the cerebrum is lined with a
comparatively simple three-layered structure called the pallium. In mammals, the pallium evolves into a complex
six-layered structure called neocortex or isocortex.[54] Several areas at the edge of the neocortex, including the
hippocampus and amygdala, are also much more extensively developed in mammals than in other vertebrates.[53]

The elaboration of the cerebral cortex carries with it changes to other brain areas. The superior colliculus, which
plays a major role in visual control of behavior in most vertebrates, shrinks to a small size in mammals, and many of
its functions are taken over by visual areas of the cerebral cortex.[52] The cerebellum of mammals contains a large
portion (the neocerebellum) dedicated to supporting the cerebral cortex, which has no counterpart in other
vertebrates.[55]

Primates

Encephalization Quotient

Species EQ
[56]

Human 7.4–7.8

Chimpanzee 2.2–2.5

Rhesus monkey 2.1

Bottlenose dolphin 4.14[57]

Elephant 1.13–2.36[58]

Dog 1.2

Horse 0.9

Rat 0.4

The brains of humans and other primates contain the same structures as the brains of other mammals, but are 
generally larger in proportion to body size.[59] The most widely accepted way of comparing brain sizes across 
species is the so-called encephalization quotient (EQ), which takes into account the nonlinearity of the brain-to-body 
relationship.[56] Humans have an average EQ in the 7-to-8 range, while most other primates have an EQ in the 2-to-3 
range. Dolphins have values higher than those of primates other than humans,[57] but nearly all other mammals have
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EQ values that are substantially lower.
Most of the enlargement of the primate brain comes from a massive expansion of the cerebral cortex, especially the
prefrontal cortex and the parts of the cortex involved in vision.[60] The visual processing network of primates
includes at least 30 distinguishable brain areas, with a complex web of interconnections. It has been estimated that
visual processing areas occupy more than half of the total surface of the primate neocortex.[61] The prefrontal cortex
carries out functions that include planning, working memory, motivation, attention, and executive control. It takes up
a much larger proportion of the brain for primates than for other species, and an especially large fraction of the
human brain.[62]

Physiology
The functions of the brain depend on the ability of neurons to transmit electrochemical signals to other cells, and
their ability to respond appropriately to electrochemical signals received from other cells. The electrical properties of
neurons are controlled by a wide variety of biochemical and metabolic processes, most notably the interactions
between neurotransmitters and receptors that take place at synapses.[12]

Neurotransmitters and receptors
Neurotransmitters are chemicals that are released at synapses when an action potential activates
them—neurotransmitters attach themselves to receptor molecules on the membrane of the synapse's target cell, and
thereby alter the electrical or chemical properties of the receptor molecules. With few exceptions, each neuron in the
brain releases the same chemical neurotransmitter, or combination of neurotransmitters, at all the synaptic
connections it makes with other neurons; this rule is known as Dale's principle.[63] Thus, a neuron can be
characterized by the neurotransmitters that it releases. The great majority of psychoactive drugs exert their effects by
altering specific neurotransmitter systems. This applies to drugs such as marijuana, nicotine, heroin, cocaine,
alcohol, fluoxetine, chlorpromazine, and many others.[64]

The two neurotransmitters that are used most widely in the vertebrate brain are glutamate, which almost always
exerts excitatory effects on target neurons, and gamma-aminobutyric acid (GABA), which is almost always
inhibitory. Neurons using these transmitters can be found in nearly every part of the brain.[65] Because of their
ubiquity, drugs that act on glutamate or GABA tend to have broad and powerful effects. Some general anesthetics
act by reducing the effects of glutamate; most tranquilizers exert their sedative effects by enhancing the effects of
GABA.[66]

There are dozens of other chemical neurotransmitters that are used in more limited areas of the brain, often areas
dedicated to a particular function. Serotonin, for example—the primary target of antidepressant drugs and many
dietary aids—comes exclusively from a small brainstem area called the Raphe nuclei.[67] Norepinephrine, which is
involved in arousal, comes exclusively from a nearby small area called the locus coeruleus.[68] Other
neurotransmitters such as acetylcholine and dopamine have multiple sources in the brain, but are not as ubiquitously
distributed as glutamate and GABA.[69]
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Electrical activity

Brain electrical activity recorded from a human
patient during an epileptic seizure

As a side effect of the electrochemical processes used by neurons for
signaling, brain tissue generates electric fields when it is active. When
large numbers of neurons show synchronized activity, the electric
fields that they generate can be large enough to detect outside the skull,
using electroencephalography (EEG) [70] or magnetoencephalography
(MEG). EEG recordings, along with recordings made from electrodes
implanted inside the brains of animals such as rats, show that the brain
of a living animal is constantly active, even during sleep.[71] Each part
of the brain shows a mixture of rhythmic and nonrhythmic activity,
which may vary according to behavioral state. In mammals, the
cerebral cortex tends to show large slow delta waves during sleep,
faster alpha waves when the animal is awake but inattentive, and
chaotic-looking irregular activity when the animal is actively engaged
in a task. During an epileptic seizure, the brain's inhibitory control
mechanisms fail to function and electrical activity rises to pathological
levels, producing EEG traces that show large wave and spike patterns not seen in a healthy brain. Relating these
population-level patterns to the computational functions of individual neurons is a major focus of current research in
neurophysiology.[71]

Metabolism
All vertebrates have a blood–brain barrier that allows metabolism inside the brain to operate differently from
metabolism in other parts of the body. Glial cells play a major role in brain metabolism, by controlling the chemical
composition of the fluid that surrounds neurons, including levels of ions and nutrients.[72]

Brain tissue consumes a large amount of energy in proportion to its volume, so large brains place severe metabolic
demands on animals. The need to limit body weight in order, for example, to fly, has apparently led to selection for a
reduction of brain size in some species, such as bats.[73] Most of the brain's energy consumption goes into sustaining
the electric charge (membrane potential) of neurons.[72] Most vertebrate species devote between 2% and 8% of basal
metabolism to the brain. In primates, however, the fraction is much higher—in humans it rises to 20–25%.[74] The
energy consumption of the brain does not vary greatly over time, but active regions of the cerebral cortex consume
somewhat more energy than inactive regions; this forms the basis for the functional brain imaging methods PET,
fMRI.[75] and NIRS.[76] In humans and many other species, the brain gets most of its energy from oxygen-dependent
metabolism of glucose (i.e., blood sugar).[72] In some species, though, alternative sources of energy may be used,
including lactate, ketones, amino acids, glycogen, and possibly lipids.[77]

Functions
From an evolutionary-biological perspective, the function of the brain is to provide coherent control over the actions
of an animal. A centralized brain allows groups of muscles to be co-activated in complex patterns; it also allows
stimuli impinging on one part of the body to evoke responses in other parts, and it can prevent different parts of the
body from acting at cross-purposes to each other.[78]

To generate purposeful and unified action, the brain first brings information from sense organs together at a central 
location. It then processes this raw data to extract information about the structure of the environment. Next it 
combines the processed sensory information with information about the current needs of an animal and with memory 
of past circumstances. Finally, on the basis of the results, it generates motor response patterns that are suited to 
maximize the welfare of the animal. These signal-processing tasks require intricate interplay between a variety of
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functional subsystems.[78]

Information processing
The invention of electronic computers in the 1940s, along with the development of mathematical information theory,
led to a realization that brains can potentially be understood as information processing systems. This concept formed
the basis of the field of cybernetics, and eventually gave rise to the field now known as computational
neuroscience.[79] The earliest attempts at cybernetics were somewhat crude in that they treated the brain as
essentially a digital computer in disguise, as for example in John von Neumann's 1958 book, The Computer and the
Brain.[80] Over the years, though, accumulating information about the electrical responses of brain cells recorded
from behaving animals has steadily moved theoretical concepts in the direction of increasing realism.[79]

Model of a neural circuit in the cerebellum, as
proposed by James S. Albus

The essence of the information processing approach is to try to
understand brain function in terms of information flow and
implementation of algorithms.[79] One of the most influential early
contributions was a 1959 paper titled What the frog's eye tells the frog's
brain: the paper examined the visual responses of neurons in the retina
and optic tectum of frogs, and came to the conclusion that some
neurons in the tectum of the frog are wired to combine elementary
responses in a way that makes them function as "bug perceivers".[81] A
few years later David Hubel and Torsten Wiesel discovered cells in the
primary visual cortex of monkeys that become active when sharp edges
move across specific points in the field of view—a discovery that
eventually brought them a Nobel Prize.[82] Follow-up studies in
higher-order visual areas found cells that detect binocular disparity, color, movement, and aspects of shape, with
areas located at increasing distances from the primary visual cortex showing increasingly complex responses.[83]

Other investigations of brain areas unrelated to vision have revealed cells with a wide variety of response correlates,
some related to memory, some to abstract types of cognition such as space.[84]

Theorists have worked to understand these response patterns by constructing mathematical models of neurons and
neural networks, which can be simulated using computers.[79] Some useful models are abstract, focusing on the
conceptual structure of neural algorithms rather than the details of how they are implemented in the brain; other
models attempt to incorporate data about the biophysical properties of real neurons.[85] No model on any level is yet
considered to be a fully valid description of brain function, though. The essential difficulty is that sophisticated
computation by neural networks requires distributed processing in which hundreds or thousands of neurons work
cooperatively—current methods of brain activity recording are only capable of isolating action potentials from a few
dozen neurons at a time.[86]
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Perception

Diagram of signal processing in the auditory
system

One of the primary functions of a brain is to extract biologically
relevant information from sensory inputs. The human brain is provided
with information about light, sound, the chemical composition of the
atmosphere, temperature, head orientation, limb position, the chemical
composition of the bloodstream, and more. In other animals additional
senses may be present, such as the infrared heat-sense of snakes, the
magnetic field sense of some birds, or the electric field sense of some
types of fish. Moreover, other animals may develop existing sensory
systems in new ways, such as the adaptation by bats of the auditory
sense into a form of sonar. One way or another, all of these sensory
modalities are initially detected by specialized sensors that project
signals into the brain.[87]

Each sensory system begins with specialized receptor cells, such as light-receptive neurons in the retina of the eye,
vibration-sensitive neurons in the cochlea of the ear, or pressure-sensitive neurons in the skin. The axons of sensory
receptor cells travel into the spinal cord or brain, where they transmit their signals to a first-order sensory nucleus
dedicated to one specific sensory modality. This primary sensory nucleus sends information to higher-order sensory
areas that are dedicated to the same modality. Eventually, via a way-station in the thalamus, the signals are sent to
the cerebral cortex, where they are processed to extract biologically relevant features, and integrated with signals
coming from other sensory systems.[87]

Motor control
Motor systems are areas of the brain that are directly or indirectly involved in producing body movements, that is, in
activating muscles. Except for the muscles that control the eye, which are driven by nuclei in the midbrain, all the
voluntary muscles in the body are directly innervated by motor neurons in the spinal cord and hindbrain.[88] Spinal
motor neurons are controlled both by neural circuits intrinsic to the spinal cord, and by inputs that descend from the
brain. The intrinsic spinal circuits implement many reflex responses, and contain pattern generators for rhythmic
movements such as walking or swimming. The descending connections from the brain allow for more sophisticated
control.[89]

The brain contains several motor areas that project directly to the spinal cord. At the lowest level are motor areas in
the medulla and pons, which control stereotyped movements such as walking, breathing, or swallowing. At a higher
level are areas in the midbrain, such as the red nucleus, which is responsible for coordinating movements of the arms
and legs. At a higher level yet is the primary motor cortex, a strip of tissue located at the posterior edge of the frontal
lobe. The primary motor cortex sends projections to the subcortical motor areas, but also sends a massive projection
directly to the spinal cord, through the pyramidal tract. This direct corticospinal projection allows for precise
voluntary control of the fine details of movements. Other motor-related brain areas exert secondary effects by
projecting to the primary motor areas. Among the most important secondary areas are the premotor cortex, basal
ganglia, and cerebellum.[90]
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Major areas involved in controlling movement

Area Location Function

Ventral horn Spinal cord Contains motor neurons that directly activate muscles[91]

Oculomotor nuclei Midbrain Contains motor neurons that directly activate the eye muscles[92]

Cerebellum Hindbrain Calibrates precision and timing of movements[46]

Basal ganglia Forebrain Action selection on the basis of motivation[93]

Motor cortex Frontal lobe Direct cortical activation of spinal motor circuits

Premotor cortex Frontal lobe Groups elementary movements into coordinated patterns[94]

Supplementary motor area Frontal lobe Sequences movements into temporal patterns[95]

Prefrontal cortex Frontal lobe Planning and other executive functions[96]

In addition to all of the above, the brain and spinal cord contain extensive circuitry to control the autonomic nervous
system, which works by secreting hormones and by modulating the "smooth" muscles of the gut.[97] The autonomic
nervous system affects heart rate, digestion, respiration rate, salivation, perspiration, urination, and sexual arousal,
and several other processes. Most of its functions are not under direct voluntary control.

Arousal
Perhaps the most obvious aspect of the behavior of any animal is the daily cycle between sleeping and waking.
Arousal and alertness are also modulated on a finer time scale, though, by an extensive network of brain areas.[98]

A key component of the arousal system is the suprachiasmatic nucleus (SCN), a tiny part of the hypothalamus
located directly above the point at which the optic nerves from the two eyes cross. The SCN contains the body's
central biological clock. Neurons there show activity levels that rise and fall with a period of about 24 hours,
circadian rhythms: these activity fluctuations are driven by rhythmic changes in expression of a set of "clock genes".
The SCN continues to keep time even if it is excised from the brain and placed in a dish of warm nutrient solution,
but it ordinarily receives input from the optic nerves, through the retinohypothalamic tract (RHT), that allows daily
light-dark cycles to calibrate the clock.[99]

The SCN projects to a set of areas in the hypothalamus, brainstem, and midbrain that are involved in implementing
sleep-wake cycles. An important component of the system is the reticular formation, a group of neuron-clusters
scattered diffusely through the core of the lower brain. Reticular neurons send signals to the thalamus, which in turn
sends activity-level-controlling signals to every part of the cortex. Damage to the reticular formation can produce a
permanent state of coma.[98]

Sleep involves great changes in brain activity.[100] Until the 1950s it was generally believed that the brain essentially
shuts off during sleep,[101] but this is now known to be far from true; activity continues, but patterns become very
different. There are two types of sleep: REM sleep (with dreaming) and NREM (non-REM, usually without
dreaming) sleep, which repeat in slightly varying patterns throughout a sleep episode. Three broad types of distinct
brain activity patterns can be measured: REM, light NREM and deep NREM. During deep NREM sleep, also called
slow wave sleep, activity in the cortex takes the form of large synchronized waves, whereas in the waking state it is
noisy and desynchronized. Levels of the neurotransmitters norepinephrine and serotonin drop during slow wave
sleep, and fall almost to zero during REM sleep; levels of acetylcholine show the reverse pattern.[100]
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Homeostasis

Cross-section of a human head, showing location
of the hypothalamus

For any animal, survival requires maintaining a variety of parameters
of bodily state within a limited range of variation: these include
temperature, water content, salt concentration in the bloodstream,
blood glucose levels, blood oxygen level, and others.[102] The ability of
an animal to regulate the internal environment of its body—the milieu
intérieur, as pioneering physiologist Claude Bernard called it—is
known as homeostasis (Greek for "standing still").[103] Maintaining
homeostasis is a crucial function of the brain. The basic principle that
underlies homeostasis is negative feedback: any time a parameter
diverges from its set-point, sensors generate an error signal that evokes
a response that causes the parameter to shift back toward its optimum
value.[102] (This principle is widely used in engineering, for example in the control of temperature using a
thermostat.)

In vertebrates, the part of the brain that plays the greatest role is the hypothalamus, a small region at the base of the
forebrain whose size does not reflect its complexity or the importance of its function.[102] The hypothalamus is a
collection of small nuclei, most of which are involved in basic biological functions. Some of these functions relate to
arousal or to social interactions such as sexuality, aggression, or maternal behaviors; but many of them relate to
homeostasis. Several hypothalamic nuclei receive input from sensors located in the lining of blood vessels,
conveying information about temperature, sodium level, glucose level, blood oxygen level, and other parameters.
These hypothalamic nuclei send output signals to motor areas that can generate actions to rectify deficiencies. Some
of the outputs also go to the pituitary gland, a tiny gland attached to the brain directly underneath the hypothalamus.
The pituitary gland secretes hormones into the bloodstream, where they circulate throughout the body and induce
changes in cellular activity.[104]

Motivation

Components of the basal ganglia, shown in two cross-sections of the human brain. Blue:
caudate nucleus and putamen. Green: globus pallidus. Red: subthalamic nucleus. Black:

substantia nigra.

According to evolutionary theory, all
species are genetically programmed to
act as though they have a goal of
surviving and propagating offspring.
At the level of an individual animal,
this overarching goal of genetic fitness
translates into a set of specific
survival-promoting behaviors, such as
seeking food, water, shelter, and a
mate.[105] The motivational system in
the brain monitors the current state of
satisfaction of these goals, and
activates behaviors to meet any needs
that arise. The motivational system works largely by a reward–punishment mechanism. When a particular behavior
is followed by favorable consequences, the reward mechanism in the brain is activated, which induces structural
changes inside the brain that cause the same behavior to be repeated later, whenever a similar situation arises.
Conversely, when a behavior is followed by unfavorable consequences, the brain's punishment mechanism is
activated, inducing structural changes that cause the behavior to be suppressed when similar situations arise in the
future.[106]
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Every type of animal brain that has been studied uses a reward–punishment mechanism: even worms and insects can
alter their behavior to seek food sources or to avoid dangers.[107] In vertebrates, the reward-punishment system is
implemented by a specific set of brain structures, at the heart of which lie the basal ganglia, a set of interconnected
areas at the base of the forebrain.[50] There is substantial evidence that the basal ganglia are the central site at which
decisions are made: the basal ganglia exert a sustained inhibitory control over most of the motor systems in the brain;
when this inhibition is released, a motor system is permitted to execute the action it is programmed to carry out.
Rewards and punishments function by altering the relationship between the inputs that the basal ganglia receive and
the decision-signals that are emitted. The reward mechanism is better understood than the punishment mechanism,
because its role in drug abuse has caused it to be studied very intensively. Research has shown that the
neurotransmitter dopamine plays a central role: addictive drugs such as cocaine, amphetamine, and nicotine either
cause dopamine levels to rise or cause the effects of dopamine inside the brain to be enhanced.[108]

Learning and memory
Almost all animals are capable of modifying their behavior as a result of experience—even the most primitive types
of worms. Because behavior is driven by brain activity, changes in behavior must somehow correspond to changes
inside the brain. Theorists dating back to Santiago Ramón y Cajal argued that the most plausible explanation is that
learning and memory are expressed as changes in the synaptic connections between neurons.[109] Until 1970,
however, experimental evidence to support the synaptic plasticity hypothesis was lacking. In 1971 Tim Bliss and
Terje Lømo published a paper on a phenomenon now called long-term potentiation: the paper showed clear evidence
of activity-induced synaptic changes that lasted for at least several days.[110] Since then technical advances have
made these sorts of experiments much easier to carry out, and thousands of studies have been made that have
clarified the mechanism of synaptic change, and uncovered other types of activity-driven synaptic change in a
variety of brain areas, including the cerebral cortex, hippocampus, basal ganglia, and cerebellum.[111]

Neuroscientists currently distinguish several types of learning and memory that are implemented by the brain in
distinct ways:
• Working memory is the ability of the brain to maintain a temporary representation of information about the task

that an animal is currently engaged in. This sort of dynamic memory is thought to be mediated by the formation
of cell assemblies—groups of activated neurons that maintain their activity by constantly stimulating one
another.[112]

• Episodic memory is the ability to remember the details of specific events. This sort of memory can last for a
lifetime. Much evidence implicates the hippocampus in playing a crucial role: people with severe damage to the
hippocampus sometimes show amnesia, that is, inability to form new long-lasting episodic memories.[113]

• Semantic memory is the ability to learn facts and relationships. This sort of memory is probably stored largely in
the cerebral cortex, mediated by changes in connections between cells that represent specific types of
information.[114]

• Instrumental learning is the ability for rewards and punishments to modify behavior. It is implemented by a
network of brain areas centered on the basal ganglia.[115]

• Motor learning is the ability to refine patterns of body movement by practicing, or more generally by repetition.
A number of brain areas are involved, including the premotor cortex, basal ganglia, and especially the cerebellum,
which functions as a large memory bank for microadjustments of the parameters of movement.[116]
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Development

Brain of a human embryo in the sixth week of development

The brain does not simply grow, but rather
develops in an intricately orchestrated
sequence of stages.[117] It changes in shape
from a simple swelling at the front of the
nerve cord in the earliest embryonic stages,
to a complex array of areas and connections.
Neurons are created in special zones that
contain stem cells, and then migrate through
the tissue to reach their ultimate locations.
Once neurons have positioned themselves,
their axons sprout and navigate through the
brain, branching and extending as they go,
until the tips reach their targets and form
synaptic connections. In a number of parts
of the nervous system, neurons and synapses
are produced in excessive numbers during
the early stages, and then the unneeded ones are pruned away.[118]

For vertebrates, the early stages of neural development are similar across all species.[117] As the embryo transforms
from a round blob of cells into a wormlike structure, a narrow strip of ectoderm running along the midline of the
back is induced to become the neural plate, the precursor of the nervous system. The neural plate folds inward to
form the neural groove, and then the lips that line the groove merge to enclose the neural tube, a hollow cord of cells
with a fluid-filled ventricle at the center. At the front end, the ventricles and cord swell to form three vesicles that are
the precursors of the forebrain, midbrain, and hindbrain. At the next stage, the forebrain splits into two vesicles
called the telencephalon (which will contain the cerebral cortex, basal ganglia, and related structures) and the
diencephalon (which will contain the thalamus and hypothalamus). At about the same time, the hindbrain splits into
the metencephalon (which will contain the cerebellum and pons) and the myelencephalon (which will contain the
medulla oblongata). Each of these areas contains proliferative zones where neurons and glial cells are generated; the
resulting cells then migrate, sometimes for long distances, to their final positions.[117]

Once a neuron is in place, it extends dendrites and an axon into the area around it. Axons, because they commonly
extend a great distance from the cell body and need to reach specific targets, grow in a particularly complex way.
The tip of a growing axon consists of a blob of protoplasm called a growth cone, studded with chemical receptors.
These receptors sense the local environment, causing the growth cone to be attracted or repelled by various cellular
elements, and thus to be pulled in a particular direction at each point along its path. The result of this pathfinding
process is that the growth cone navigates through the brain until it reaches its destination area, where other chemical
cues cause it to begin generating synapses. Considering the entire brain, thousands of genes create products that
influence axonal pathfinding.[119]

The synaptic network that finally emerges is only partly determined by genes, though. In many parts of the brain, 
axons initially "overgrow", and then are "pruned" by mechanisms that depend on neural activity.[120] In the 
projection from the eye to the midbrain, for example, the structure in the adult contains a very precise mapping, 
connecting each point on the surface of the retina to a corresponding point in a midbrain layer. In the first stages of 
development, each axon from the retina is guided to the right general vicinity in the midbrain by chemical cues, but 
then branches very profusely and makes initial contact with a wide swath of midbrain neurons. The retina, before 
birth, contains special mechanisms that cause it to generate waves of activity that originate spontaneously at a 
random point and then propagate slowly across the retinal layer. These waves are useful because they cause 
neighboring neurons to be active at the same time; that is, they produce a neural activity pattern that contains
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information about the spatial arrangement of the neurons. This information is exploited in the midbrain by a
mechanism that causes synapses to weaken, and eventually vanish, if activity in an axon is not followed by activity
of the target cell. The result of this sophisticated process is a gradual tuning and tightening of the map, leaving it
finally in its precise adult form.[121]

Similar things happen in other brain areas: an initial synaptic matrix is generated as a result of genetically
determined chemical guidance, but then gradually refined by activity-dependent mechanisms, partly driven by
internal dynamics, partly by external sensory inputs. In some cases, as with the retina-midbrain system, activity
patterns depend on mechanisms that operate only in the developing brain, and apparently exist solely to guide
development.[121]

In humans and many other mammals, new neurons are created mainly before birth, and the infant brain contains
substantially more neurons than the adult brain.[122] There are, however, a few areas where new neurons continue to
be generated throughout life. The two areas for which adult neurogenesis is well established are the olfactory bulb,
which is involved in the sense of smell, and the dentate gyrus of the hippocampus, where there is evidence that the
new neurons play a role in storing newly acquired memories. With these exceptions, however, the set of neurons that
is present in early childhood is the set that is present for life. Glial cells are different: as with most types of cells in
the body, they are generated throughout the lifespan.[123]

There has long been debate about whether the qualities of mind, personality, and intelligence can be attributed to
heredity or to upbringing—this is the nature versus nurture controversy.[124] Although many details remain to be
settled, neuroscience research has clearly shown that both factors are important. Genes determine the general form of
the brain, and genes determine how the brain reacts to experience. Experience, however, is required to refine the
matrix of synaptic connections, which in its developed form contains far more information than the genome does. In
some respects, all that matters is the presence or absence of experience during critical periods of development.[125] In
other respects, the quantity and quality of experience are important; for example, there is substantial evidence that
animals raised in enriched environments have thicker cerebral cortices, indicating a higher density of synaptic
connections, than animals whose levels of stimulation are restricted.[126]

Research

Human subject with EEG recording
electrodes arranged around his head

The field of neuroscience encompasses all approaches that seek to understand the
brain and the rest of the nervous system.[127] Psychology seeks to understand
mind and behavior, and neurology is the medical discipline that diagnoses and
treats diseases of the nervous system. The brain is also the most important organ
studied in psychiatry, the branch of medicine that works to study, prevent, and
treat mental disorders.[128] Cognitive science seeks to unify neuroscience and
psychology with other fields that concern themselves with the brain, such as
computer science (artificial intelligence and similar fields) and philosophy.[129]

The oldest method of studying the brain is anatomical, and until the middle of the
20th century, much of the progress in neuroscience came from the development
of better cell stains and better microscopes. Neuroanatomists study the
large-scale structure of the brain as well as the microscopic structure of neurons
and their components, especially synapses. Among other tools, they employ a
plethora of stains that reveal neural structure, chemistry, and connectivity. In
recent years, the development of immunostaining techniques has allowed investigation of neurons that express
specific sets of genes. Also, functional neuroanatomy uses medical imaging techniques to correlate variations in
human brain structure with differences in cognition or behavior.[130]
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Neurophysiologists study the chemical, pharmacological, and electrical properties of the brain: their primary tools
are drugs and recording devices. Thousands of experimentally developed drugs affect the nervous system, some in
highly specific ways. Recordings of brain activity can be made using electrodes, either glued to the scalp as in EEG
studies, or implanted inside the brains of animals for extracellular recordings, which can detect action potentials
generated by individual neurons.[131] Because the brain does not contain pain receptors, it is possible using these
techniques to record brain activity from animals that are awake and behaving without causing distress. The same
techniques have occasionally been used to study brain activity in human patients suffering from intractable epilepsy,
in cases where there was a medical necessity to implant electrodes to localize the brain area responsible for epileptic
seizures.[132] Functional imaging techniques such as functional magnetic resonance imaging are also used to study
brain activity; these techniques have mainly been used with human subjects, because they require a conscious subject
to remain motionless for long periods of time, but they have the great advantage of being noninvasive.[133]

Design of an experiment in which brain activity from a monkey was used to
control a robotic arm[134]

Another approach to brain function is to
examine the consequences of damage to
specific brain areas. Even though it is
protected by the skull and meninges,
surrounded by cerebrospinal fluid, and
isolated from the bloodstream by the
blood–brain barrier, the delicate nature of
the brain makes it vulnerable to numerous
diseases and several types of damage. In
humans, the effects of strokes and other
types of brain damage have been a key
source of information about brain function.
Because there is no ability to experimentally
control the nature of the damage, however,
this information is often difficult to

interpret. In animal studies, most commonly involving rats, it is possible to use electrodes or locally injected
chemicals to produce precise patterns of damage and then examine the consequences for behavior.[135]

Computational neuroscience encompasses two approaches: first, the use of computers to study the brain; second, the
study of how brains perform computation. On one hand, it is possible to write a computer program to simulate the
operation of a group of neurons by making use of systems of equations that describe their electrochemical activity;
such simulations are known as biologically realistic neural networks. On the other hand, it is possible to study
algorithms for neural computation by simulating, or mathematically analyzing, the operations of simplified "units"
that have some of the properties of neurons but abstract out much of their biological complexity. The computational
functions of the brain are studied both by computer scientists and neuroscientists.[136]

Recent years have seen increasing applications of genetic and genomic techniques to the study of the brain.[137] The
most common subjects are mice, because of the availability of technical tools. It is now possible with relative ease to
"knock out" or mutate a wide variety of genes, and then examine the effects on brain function. More sophisticated
approaches are also being used: for example, using Cre-Lox recombination it is possible to activate or deactivate
genes in specific parts of the brain, at specific times.[137]
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History

Illustration by René Descartes of how the brain
implements a reflex response

Early philosophers were divided as to whether the seat of the soul lies
in the brain or heart. Aristotle favored the heart, and thought that the
function of the brain was merely to cool the blood. Democritus, the
inventor of the atomic theory of matter, argued for a three-part soul,
with intellect in the head, emotion in the heart, and lust near the
liver.[138] Hippocrates, the "father of medicine", came down
unequivocally in favor of the brain. In his treatise on epilepsy he wrote:

Men ought to know that from nothing else but the brain come
joys, delights, laughter and sports, and sorrows, griefs,
despondency, and lamentations. ... And by the same organ we
become mad and delirious, and fears and terrors assail us, some
by night, and some by day, and dreams and untimely
wanderings, and cares that are not suitable, and ignorance of
present circumstances, desuetude, and unskillfulness. All these
things we endure from the brain, when it is not healthy...

Hippocrates, On the Sacred Disease[2]

Andreas Vesalius' Fabrica,
published in 1543, showing the base
of the human brain, including optic

chiasma, cerebellum, olfactory bulbs,
etc.

The Roman physician Galen also argued for the importance of the brain, and
theorized in some depth about how it might work. Galen traced out the
anatomical relationships among brain, nerves, and muscles, demonstrating that
all muscles in the body are connected to the brain through a branching network
of nerves. He postulated that nerves activate muscles mechanically by carrying a
mysterious substance he called pneumata psychikon, usually translated as
"animal spirits".[138] Galen's ideas were widely known during the Middle Ages,
but not much further progress came until the Renaissance, when detailed
anatomical study resumed, combined with the theoretical speculations of René
Descartes and those who followed him. Descartes, like Galen, thought of the
nervous system in hydraulic terms. He believed that the highest cognitive
functions are carried out by a non-physical res cogitans, but that the majority of
behaviors of humans, and all behaviors of animals, could be explained
mechanistically.[139]

The first real progress toward a modern understanding of nervous function, though, came from the investigations of
Luigi Galvani, who discovered that a shock of static electricity applied to an exposed nerve of a dead frog could
cause its leg to contract. Since that time, each major advance in understanding has followed more or less directly
from the development of a new technique of investigation. Until the early years of the 20th century, the most
important advances were derived from new methods for staining cells.[140] Particularly critical was the invention of
the Golgi stain, which (when correctly used) stains only a small fraction of neurons, but stains them in their entirety,
including cell body, dendrites, and axon. Without such a stain, brain tissue under a microscope appears as an
impenetrable tangle of protoplasmic fibers, in which it is impossible to determine any structure. In the hands of
Camillo Golgi, and especially of the Spanish neuroanatomist Santiago Ramón y Cajal, the new stain revealed
hundreds of distinct types of neurons, each with its own unique dendritic structure and pattern of connectivity.[141]
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Drawing by Santiago Ramón y Cajal of two types
of Golgi-stained neurons from the cerebellum of

a pigeon

In the first half of the 20th century, advances in electronics enabled
investigation of the electrical properties of nerve cells, culminating in
work by Alan Hodgkin, Andrew Huxley, and others on the biophysics
of the action potential, and the work of Bernard Katz and others on the
electrochemistry of the synapse.[142] These studies complemented the
anatomical picture with a conception of the brain as a dynamic entity.
Reflecting the new understanding, in 1942 Charles Sherrington
visualized the workings of the brain waking from sleep:

The great topmost sheet of the mass, that where hardly a light
had twinkled or moved, becomes now a sparkling field of
rhythmic flashing points with trains of traveling sparks hurrying
hither and thither. The brain is waking and with it the mind is
returning. It is as if the Milky Way entered upon some cosmic
dance. Swiftly the head mass becomes an enchanted loom where
millions of flashing shuttles weave a dissolving pattern, always a
meaningful pattern though never an abiding one; a shifting
harmony of subpatterns.

—Sherrington, 1942, Man on his Nature[143]

In the second half of the 20th century, developments in chemistry, electron microscopy, genetics, computer science,
functional brain imaging, and other fields progressively opened new windows into brain structure and function. In
the United States, the 1990s were officially designated as the "Decade of the Brain" to commemorate advances made
in brain research, and to promote funding for such research.[144]

In the 21st century, these trends have continued, and several new approaches have come into prominence, including
multielectrode recording, which allows the activity of many brain cells to be recorded all at the same time;[145]

genetic engineering, which allows molecular components of the brain to be altered experimentally;[137] and
genomics, which allows variations in brain structure to be correlated with variations in DNA properties.[146]
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Neuron

Neuron: nerve cell

Drawing by Santiago Ramón y Cajal of neurons in the pigeon cerebellum. (A) Denotes Purkinje cells, an example of a multipolar neuron. (B)
Denotes granule cells, which are also multipolar.
NeuroLex ID sao1417703748 [1]

A neuron (pron.: /ˈnjʊərɒn/ NYEWR-on or pron.: /ˈnʊərɒn/ NEWR-on; also known as a neurone or nerve cell) is an
electrically excitable cell that processes and transmits information through electrical and chemical signals. A
chemical signal occurs via a synapse, a specialized connection with other cells. Neurons connect to each other to
form neural networks. Neurons are the core components of the nervous system, which includes the brain, spinal cord,
and peripheral ganglia. A number of specialized types of neurons exist: sensory neurons respond to touch, sound,
light and numerous other stimuli affecting cells of the sensory organs that then send signals to the spinal cord and
brain. Motor neurons receive signals from the brain and spinal cord, cause muscle contractions, and affect glands.
Interneurons connect neurons to other neurons within the same region of the brain or spinal cord.
A typical neuron possesses a cell body (often called the soma), dendrites, and an axon. Dendrites are thin structures 
that arise from the cell body, often extending for hundreds of micrometres and branching multiple times, giving rise 
to a complex "dendritic tree". An axon is a special cellular extension that arises from the cell body at a site called the 
axon hillock and travels for a distance, as far as 1 meter in humans or even more in other species. The cell body of a 
neuron frequently gives rise to multiple dendrites, but never to more than one axon, although the axon may branch
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hundreds of times before it terminates. At the majority of synapses, signals are sent from the axon of one neuron to a
dendrite of another. There are, however, many exceptions to these rules: neurons that lack dendrites, neurons that
have no axon, synapses that connect an axon to another axon or a dendrite to another dendrite, etc.
All neurons are electrically excitable, maintaining voltage gradients across their membranes by means of
metabolically driven ion pumps, which combine with ion channels embedded in the membrane to generate
intracellular-versus-extracellular concentration differences of ions such as sodium, potassium, chloride, and calcium.
Changes in the cross-membrane voltage can alter the function of voltage-dependent ion channels. If the voltage
changes by a large enough amount, an all-or-none electrochemical pulse called an action potential is generated,
which travels rapidly along the cell's axon, and activates synaptic connections with other cells when it arrives.
Neurons do not undergo cell division. In most cases, neurons are generated by special types of stem cells.
Astrocytes, a type of glial cell, have also been observed to turn into neurons by virtue of the stem cell characteristic
pluripotency. In humans, neurogenesis largely ceases during adulthood—but in two brain areas, the hippocampus
and olfactory bulb, there is strong evidence for generation of substantial numbers of new neurons.[2][3]

Overview

Structure of a typical neuron

Neuron (peripheral nervous system)

Dendrite

Soma

Axon

Nucleus

Node of
Ranvier

Axon terminal

Schwann cell

Myelin sheath

A neuron is a specialized type of cell found in the bodies of most animals (all members of the group Eumetazoa).
Only sponges and a few other simpler animals have no neurons. The features that define a neuron are electrical
excitability and the presence of synapses, which are complex membrane junctions that transmit signals to other cells.
The body's neurons, plus the glial cells that give them structural and metabolic support, together constitute the
nervous system. In vertebrates, the majority of neurons belong to the central nervous system, but some reside in
peripheral ganglia, and many sensory neurons are situated in sensory organs such as the retina and cochlea.
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Although neurons are very diverse and there are exceptions to nearly every rule, it is convenient to begin with a
schematic description of the structure and function of a "typical" neuron. A typical neuron is divided into three parts:
the soma or cell body, dendrites, and axon. The soma is usually compact; the axon and dendrites are filaments that
extrude from it. Dendrites typically branch profusely, getting thinner with each branching, and extending their
farthest branches a few hundred micrometres from the soma. The axon leaves the soma at a swelling called the axon
hillock, and can extend for great distances, giving rise to hundreds of branches. Unlike dendrites, an axon usually
maintains the same diameter as it extends. The soma may give rise to numerous dendrites, but never to more than
one axon. Synaptic signals from other neurons are received by the soma and dendrites; signals to other neurons are
transmitted by the axon. A typical synapse, then, is a contact between the axon of one neuron and a dendrite or soma
of another. Synaptic signals may be excitatory or inhibitory. If the net excitation received by a neuron over a short
period of time is large enough, the neuron generates a brief pulse called an action potential, which originates at the
soma and propagates rapidly along the axon, activating synapses onto other neurons as it goes.
Many neurons fit the foregoing schema in every respect, but there are also exceptions to most parts of it. There are
no neurons that lack a soma, but there are neurons that lack dendrites, and others that lack an axon. Furthermore, in
addition to the typical axodendritic and axosomatic synapses, there are axoaxonic (axon-to-axon) and
dendrodendritic (dendrite-to-dendrite) synapses.
The key to neural function is the synaptic signaling process, which is partly electrical and partly chemical. The
electrical aspect depends on properties of the neuron's membrane. Like all animal cells, every neuron is surrounded
by a plasma membrane, a bilayer of lipid molecules with many types of protein structures embedded in it. A lipid
bilayer is a powerful electrical insulator, but in neurons, many of the protein structures embedded in the membrane
are electrically active. These include ion channels that permit electrically charged ions to flow across the membrane,
and ion pumps that actively transport ions from one side of the membrane to the other. Most ion channels are
permeable only to specific types of ions. Some ion channels are voltage gated, meaning that they can be switched
between open and closed states by altering the voltage difference across the membrane. Others are chemically gated,
meaning that they can be switched between open and closed states by interactions with chemicals that diffuse
through the extracellular fluid. The interactions between ion channels and ion pumps produce a voltage difference
across the membrane, typically a bit less than 1/10 of a volt at baseline. This voltage has two functions: first, it
provides a power source for an assortment of voltage-dependent protein machinery that is embedded in the
membrane; second, it provides a basis for electrical signal transmission between different parts of the membrane.
Neurons communicate by chemical and electrical synapses in a process known as synaptic transmission. The
fundamental process that triggers synaptic transmission is the action potential, a propagating electrical signal that is
generated by exploiting the electrically excitable membrane of the neuron. This is also known as a wave of
depolarization.
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Anatomy and histology

Diagram of a typical myelinated vertebrate motoneuron

Neurons are highly specialized for the
processing and transmission of cellular
signals. Given the diversity of
functions performed by neurons in
different parts of the nervous system,
there is, as expected, a wide variety in
the shape, size, and electrochemical
properties of neurons. For instance, the
soma of a neuron can vary from 4 to
100 micrometers in diameter.[4]

• The soma is the central part of the
neuron. It contains the nucleus of
the cell, and therefore is where most
protein synthesis occurs. The
nucleus ranges from 3 to 18
micrometers in diameter.[5]

• The dendrites of a neuron are cellular extensions with many branches, and metaphorically this overall shape and
structure is referred to as a dendritic tree. This is where the majority of input to the neuron occurs via the dendritic
spine.

• The axon is a finer, cable-like projection that can extend tens, hundreds, or even tens of thousands of times the
diameter of the soma in length. The axon carries nerve signals away from the soma (and also carries some types
of information back to it). Many neurons have only one axon, but this axon may—and usually will—undergo
extensive branching, enabling communication with many target cells. The part of the axon where it emerges from
the soma is called the axon hillock. Besides being an anatomical structure, the axon hillock is also the part of the
neuron that has the greatest density of voltage-dependent sodium channels. This makes it the most easily-excited
part of the neuron and the spike initiation zone for the axon: in electrophysiological terms it has the most negative
action potential threshold. While the axon and axon hillock are generally involved in information outflow, this
region can also receive input from other neurons.

• The axon terminal contains synapses, specialized structures where neurotransmitter chemicals are released to
communicate with target neurons.

Although the canonical view of the neuron attributes dedicated functions to its various anatomical components,
dendrites and axons often act in ways contrary to their so-called main function.
Axons and dendrites in the central nervous system are typically only about one micrometer thick, while some in the
peripheral nervous system are much thicker. The soma is usually about 10–25 micrometers in diameter and often is
not much larger than the cell nucleus it contains. The longest axon of a human motoneuron can be over a meter long,
reaching from the base of the spine to the toes. Sensory neurons have axons that run from the toes to the dorsal
columns, over 1.5 meters in adults. Giraffes have single axons several meters in length running along the entire
length of their necks. Much of what is known about axonal function comes from studying the squid giant axon, an
ideal experimental preparation because of its relatively immense size (0.5–1 millimeters thick, several centimeters
long).
Fully differentiated neurons are permanently postmitotic;[6] however, recent research shows that additional neurons
throughout the brain can originate from neural stem cells found throughout the brain but in particularly high
concentrations in the subventricular zone and subgranular zone through the process of neurogenesis.[7]
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Histology and internal structure

Golgi-stained neurons in human hippocampal tissue

Nerve cell bodies stained with basophilic dyes show
numerous microscopic clumps of Nissl substance
(named after German psychiatrist and neuropathologist
Franz Nissl, 1860–1919), which consists of rough
endoplasmic reticulum and associated ribosomal RNA.
The prominence of the Nissl substance can be
explained by the fact that nerve cells are metabolically
very active, and hence are involved in large amounts of
protein synthesis.

The cell body of a neuron is supported by a complex
meshwork of structural proteins called neurofilaments,
which are assembled into larger neurofibrils. Some
neurons also contain pigment granules, such as
neuromelanin (a brownish-black pigment, byproduct of
synthesis of catecholamines) and lipofuscin (yellowish-brown pigment that accumulates with age).

There are different internal structural characteristics between axons and dendrites. Typical axons almost never
contain ribosomes, except some in the initial segment. Dendrites contain granular endoplasmic reticulum or
ribosomes, with diminishing amounts with distance from the cell body.

Classes

Image of pyramidal neurons in mouse cerebral cortex expressing
green fluorescent protein. The red staining indicates GABAergic

interneurons.[8]

Neurons exist in a number of different shapes and sizes
and can be classified by their morphology and function.
The anatomist Camillo Golgi grouped neurons into two
types; type I with long axons used to move signals over
long distances and type II with short axons, which can
often be confused with dendrites. Type I cells can be
further divided by where the cell body or soma is
located. The basic morphology of type I neurons,
represented by spinal motor neurons, consists of a cell
body called the soma and a long thin axon covered by
the myelin sheath. Around the cell body is a branching
dendritic tree that receives signals from other neurons.
The end of the axon has branching terminals (axon
terminal) that release neurotransmitters into a gap
called the synaptic cleft between the terminals and the
dendrites of the next neuron.

Structural classification
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SMI32-stained pyramidal neurons in cerebral cortex

Polarity

Different kinds of neurons:
1 Unipolar neuron
2 Bipolar neuron

3 Multipolar neuron
4 Pseudounipolar neuron

Most neurons can be anatomically characterized as:
• Unipolar or pseudounipolar: dendrite and axon emerging from same

process.
• Bipolar: axon and single dendrite on opposite ends of the soma.
• Multipolar: more than two dendrites:

• Golgi I: neurons with long-projecting axonal processes;
examples are pyramidal cells, Purkinje cells, and anterior horn
cells.

• Golgi II: neurons whose axonal process projects locally; the best
example is the granule cell.

Other

Furthermore, some unique neuronal types can be identified according
to their location in the nervous system and distinct shape. Some
examples are:
• Basket cells, interneurons that form a dense plexus of terminals

around the soma of target cells, found in the cortex and cerebellum.
• Betz cells, large motor neurons.
• Medium spiny neurons, most neurons in the corpus striatum.
• Purkinje cells, huge neurons in the cerebellum, a type of Golgi I multipolar neuron.
• Pyramidal cells, neurons with triangular soma, a type of Golgi I.
• Renshaw cells, neurons with both ends linked to alpha motor neurons.
• Granule cells, a type of Golgi II neuron.
• Anterior horn cells, motoneurons located in the spinal cord.
• Spindle cells, interneurons that connect widely separated areas of the brain
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Functional classification

Direction

• Afferent neurons convey information from tissues and organs into the central nervous system and are sometimes
also called sensory neurons.

• Efferent neurons transmit signals from the central nervous system to the effector cells and are sometimes called
motor neurons.

• Interneurons connect neurons within specific regions of the central nervous system.
Afferent and efferent also refer generally to neurons that, respectively, bring information to or send information from
the brain region.

Action on other neurons

A neuron affects other neurons by releasing a neurotransmitter that binds to chemical receptors. The effect upon the
postsynaptic neuron is determined not by the presynaptic neuron or by the neurotransmitter, but by the type of
receptor that is activated. A neurotransmitter can be thought of as a key, and a receptor as a lock: the same type of
key can here be used to open many different types of locks. Receptors can be classified broadly as excitatory
(causing an increase in firing rate), inhibitory (causing a decrease in firing rate), or modulatory (causing long-lasting
effects not directly related to firing rate).
The two most common neurotransmitters in the brain, glutamate and GABA, have actions that are largely consistent.
Glutamate acts on several different types of receptors, and have effects that are excitatory at ionotropic receptors and
a modulatory effect at metabotropic receptors. Similarly GABA acts on several different types of receptors, but all of
them have effects (in adult animals, at least) that are inhibitory. Because of this consistency, it is common for
neuroscientists to simplify the terminology by referring to cells that release glutamate as "excitatory neurons," and
cells that release GABA as "inhibitory neurons." Since over 90% of the neurons in the brain release either glutamate
or GABA, these labels encompass the great majority of neurons. There are also other types of neurons that have
consistent effects on their targets, for example "excitatory" motor neurons in the spinal cord that release
acetylcholine, and "inhibitory" spinal neurons that release glycine.
The distinction between excitatory and inhibitory neurotransmitters is not absolute, however. Rather, it depends on
the class of chemical receptors present on the postsynaptic neuron. In principle, a single neuron, releasing a single
neurotransmitter, can have excitatory effects on some targets, inhibitory effects on others, and modulatory effects on
others still. For example, photoreceptor cells in the retina constantly release the neurotransmitter glutamate in the
absence of light. So-called OFF bipolar cells are, like most neurons, excited by the released glutamate. However,
neighboring target neurons called ON bipolar cells are instead inhibited by glutamate, because they lack the typical
ionotropic glutamate receptors and instead express a class of inhibitory metabotropic glutamate receptors.[9] When
light is present, the photoreceptors cease releasing glutamate, which relieves the ON bipolar cells from inhibition,
activating them; this simultaneously removes the excitation from the OFF bipolar cells, silencing them.
It is possible to identify the type of inhibitory effect a presynaptic neuron will have on a postsynaptic neuron, based
on the proteins the presynaptic neuron expresses. Parvalbumin-expressing neurons typically dampen the output
signal of the postsynaptic neuron in the visual cortex, whereas somatostatin-expressing neurons typically block
dendritic inputs to the postsynaptic neuron.[10]
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Discharge patterns

Neurons can be classified according to their electrophysiological characteristics:
• Tonic or regular spiking. Some neurons are typically constantly (or tonically) active. Example: interneurons in

neurostriatum.
• Phasic or bursting. Neurons that fire in bursts are called phasic.
• Fast spiking. Some neurons are notable for their high firing rates, for example some types of cortical inhibitory

interneurons, cells in globus pallidus, retinal ganglion cells.[11][12]

Classification by neurotransmitter production

Neurons differ in the type of neurotransmitter they manufacture. Some examples are:
• Cholinergic neurons—acetylcholine. Acetylcholine is released from presynaptic neurons into the synaptic cleft. It

acts as a ligand for both ligand-gated ion channels and metabotropic (GPCRs) muscarinic receptors. Nicotinic
receptors, are pentameric ligand-gated ion channels composed of alpha and beta subunits that bind nicotine.
Ligand binding opens the channel causing influx of Na+ depolarization and increases the probability of
presynaptic neurotransmitter release.

• GABAergic neurons—gamma aminobutyric acid. GABA is one of two neuroinhibitors in the CNS, the other
being Glycine. GABA has a homologous function to ACh, gating anion channels that allow Cl- ions to enter the
post synaptic neuron. Cl- causes hyperpolarization within the neuron, decreasing the probability of an action
potential firing as the voltage becomes more negative (recall that for an action potential to fire, a positive voltage
threshold must be reached).

• Glutamatergic neurons—glutamate. Glutamate is one of two primary excitatory amino acids, the other being
Aspartate. Glutamate receptors are one of four categories, three of which are ligand-gated ion channels and one of
which is a G-protein coupled receptor (often referred to as GPCR).
1. AMPA and Kainate receptors both function as cation channels permeable to Na+ cation channels mediating

fast excitatory synaptic transmission
2. NMDA receptors are another cation channel that is more permeable to Ca2+. The function of NMDA receptors

is dependant on Glycine receptor binding as a co-agonist within the channel pore. NMDA receptors do not
function without both ligands present.

3.3. Metabotropic receptors, GPCRs modulate synaptic transmission and postsynaptic excitability.
Glutamate can cause excitotoxicity when blood flow to the brain is interrupted, resulting in brain
damage. When blood flow is suppressed, glutamate is released from presynaptic neurons causing
NMDA and AMPA receptor activation moreso than would normally be the case outside of stress
conditions, leading to elevated Ca2+ and Na+ entering the post synaptic neuron and cell damage.

• Dopaminergic neurons—dopamine. Dopamine is a neurotransmitter that acts on D1 type (D1 and D5) Gs coupled
receptors, which increase cAMP and PKA, and D2 type (D2, D3, and D4) receptors, which activate Gi-coupled
receptors that decrease cAMP and PKA. Dopamine is connected to mood and behavior, and modulates both pre
and post synaptic neurotransmission. Loss of dopamine neurons in the substantia nigra has been linked to
Parkinson's disease.

• Serotonergic neurons—serotonin. Serotonin,(5-Hydroxytryptamine, 5-HT), can act as excitatory or inhibitory. Of
the four 5-HT receptor classes, 3 are GPCR and 1 is ligand gated cation channel. Serotonin is synthesized from
tryptophan by tryptophan hydroxylase, and then further by aromatic acid decarboxylase. A lack of 5-HT at
postsynaptic neurons has been linked to depression. Drugs that block the presynaptic serotonin transporter are
used for treatment, such as Prozac and Zoloft.
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Connectivity
Neurons communicate with one another via synapses, where the axon terminal or en passant boutons (terminals
located along the length of the axon) of one cell impinges upon another neuron's dendrite, soma or, less commonly,
axon. Neurons such as Purkinje cells in the cerebellum can have over 1000 dendritic branches, making connections
with tens of thousands of other cells; other neurons, such as the magnocellular neurons of the supraoptic nucleus,
have only one or two dendrites, each of which receives thousands of synapses. Synapses can be excitatory or
inhibitory and either increase or decrease activity in the target neuron. Some neurons also communicate via electrical
synapses, which are direct, electrically-conductive junctions between cells.
In a chemical synapse, the process of synaptic transmission is as follows: when an action potential reaches the axon
terminal, it opens voltage-gated calcium channels, allowing calcium ions to enter the terminal. Calcium causes
synaptic vesicles filled with neurotransmitter molecules to fuse with the membrane, releasing their contents into the
synaptic cleft. The neurotransmitters diffuse across the synaptic cleft and activate receptors on the postsynaptic
neuron.
The human brain has a huge number of synapses. Each of the 1011 (one hundred billion) neurons has on average
7,000 synaptic connections to other neurons. It has been estimated that the brain of a three-year-old child has about
1015 synapses (1 quadrillion). This number declines with age, stabilizing by adulthood. Estimates vary for an adult,
ranging from 1014 to 5 x 1014 synapses (100 to 500 trillion).[13]

Mechanisms for propagating action potentials

A signal propagating down an axon to the cell body and dendrites of the next cell

In 1937, John Zachary Young suggested that
the squid giant axon could be used to study
neuronal electrical properties.[14] Being larger
than but similar in nature to human neurons,
squid cells were easier to study. By inserting
electrodes into the giant squid axons, accurate
measurements were made of the membrane
potential.

The cell membrane of the axon and soma
contain voltage-gated ion channels that allow
the neuron to generate and propagate an
electrical signal (an action potential). These
signals are generated and propagated by
charge-carrying ions including sodium (Na+),
potassium (K+), chloride (Cl-), and calcium
(Ca2+).

There are several stimuli that can activate a
neuron leading to electrical activity,
including pressure, stretch, chemical
transmitters, and changes of the electric
potential across the cell membrane.[15]

Stimuli cause specific ion-channels within the
cell membrane to open, leading to a flow of
ions through the cell membrane, changing the
membrane potential.

http://en.wikipedia.org/w/index.php?title=Supraoptic_nucleus
http://en.wikipedia.org/w/index.php?title=EPSP
http://en.wikipedia.org/w/index.php?title=IPSP
http://en.wikipedia.org/w/index.php?title=Gap_junction
http://en.wikipedia.org/w/index.php?title=Voltage-dependent_calcium_channel
http://en.wikipedia.org/w/index.php?title=Calcium_in_biology
http://en.wikipedia.org/w/index.php?title=Synaptic_vesicles
http://en.wikipedia.org/w/index.php?title=Human_brain
http://en.wikipedia.org/w/index.php?title=File%3AChemical_synapse_schema_cropped.jpg
http://en.wikipedia.org/w/index.php?title=John_Zachary_Young
http://en.wikipedia.org/w/index.php?title=Squid_giant_axon
http://en.wikipedia.org/w/index.php?title=Ions
http://en.wikipedia.org/w/index.php?title=Mechanoreceptor


Neuron 155

Thin neurons and axons require less metabolic expense to produce and carry action potentials, but thicker axons
convey impulses more rapidly. To minimize metabolic expense while maintaining rapid conduction, many neurons
have insulating sheaths of myelin around their axons. The sheaths are formed by glial cells: oligodendrocytes in the
central nervous system and Schwann cells in the peripheral nervous system. The sheath enables action potentials to
travel faster than in unmyelinated axons of the same diameter, whilst using less energy. The myelin sheath in
peripheral nerves normally runs along the axon in sections about 1 mm long, punctuated by unsheathed nodes of
Ranvier, which contain a high density of voltage-gated ion channels. Multiple sclerosis is a neurological disorder
that results from demyelination of axons in the central nervous system.
Some neurons do not generate action potentials, but instead generate a graded electrical signal, which in turn causes
graded neurotransmitter release. Such nonspiking neurons tend to be sensory neurons or interneurons, because they
cannot carry signals long distances.

Neural coding
Neural coding is concerned with how sensory and other information is represented in the brain by neurons. The main
goal of studying neural coding is to characterize the relationship between the stimulus and the individual or ensemble
neuronal responses, and the relationships amongst the electrical activities of the neurons within the ensemble.[16] It is
thought that neurons can encode both digital and analog information.[17]

All-or-none principle
The conduction of nerve impulses is an example of an all-or-none response. In other words, if a neuron responds at
all, then it must respond completely. Greater intensity of stimulation does not produce a stronger signal but can
produce a higher frequency of firing. There are different types of receptor response to stimulus, slowly adapting or
tonic receptors respond to steady stimulus and produce a steady rate of firing. These tonic receptors most often
respond to increased intensity of stimulus by increasing their firing frequency, usually as a power function of
stimulus plotted against impulses per second. This can be likened to an intrinsic property of light where to get greater
intensity of a specific frequency (color) there have to be more photons, as the photons can't become "stronger" for a
specific frequency.
There are a number of other receptor types that are called quickly-adapting or phasic receptors, where firing
decreases or stops with steady stimulus; examples include: skin when touched by an object causes the neurons to
fire, but if the object maintains even pressure against the skin, the neurons stop firing. The neurons of the skin and
muscles that are responsive to pressure and vibration have filtering accessory structures that aid their function.
The pacinian corpuscle is one such structure. It has concentric layers like an onion, which form around the axon
terminal. When pressure is applied and the corpuscle is deformed, mechanical stimulus is transferred to the axon,
which fires. If the pressure is steady, there is no more stimulus; thus, typically these neurons respond with a transient
depolarization during the initial deformation and again when the pressure is removed, which causes the corpuscle to
change shape again. Other types of adaptation are important in extending the function of a number of other
neurons.[18]

http://en.wikipedia.org/w/index.php?title=Metabolism
http://en.wikipedia.org/w/index.php?title=Myelin
http://en.wikipedia.org/w/index.php?title=Glia
http://en.wikipedia.org/w/index.php?title=Oligodendrocyte
http://en.wikipedia.org/w/index.php?title=Schwann_cell
http://en.wikipedia.org/w/index.php?title=Saltatory_conduction
http://en.wikipedia.org/w/index.php?title=Node_of_Ranvier
http://en.wikipedia.org/w/index.php?title=Node_of_Ranvier
http://en.wikipedia.org/w/index.php?title=Multiple_sclerosis
http://en.wikipedia.org/w/index.php?title=Neural_coding
http://en.wikipedia.org/w/index.php?title=Stimulus_%28physiology%29
http://en.wikipedia.org/w/index.php?title=Neural_ensemble
http://en.wikipedia.org/w/index.php?title=Digital
http://en.wikipedia.org/w/index.php?title=Analog_signal
http://en.wikipedia.org/w/index.php?title=All-or-none_law
http://en.wikipedia.org/w/index.php?title=Human_skin
http://en.wikipedia.org/w/index.php?title=Pacinian_corpuscle


Neuron 156

History

Drawing by Camillo Golgi of a hippocampus
stained with the silver nitrate method

Drawing of a Purkinje cell in the cerebellar cortex
done by Santiago Ramón y Cajal, demonstrating
the ability of Golgi's staining method to reveal

fine detail

The term neuron was coined by the German anatomist Heinrich
Wilhelm Waldeyer. The neuron's place as the primary functional unit
of the nervous system was first recognized in the early 20th century
through the work of the Spanish anatomist Santiago Ramón y Cajal.[19]

Ramón y Cajal proposed that neurons were discrete cells that
communicated with each other via specialized junctions, or spaces,
between cells.[19] This became known as the neuron doctrine, one of
the central tenets of modern neuroscience.[19] To observe the structure
of individual neurons, Ramón y Cajal improved a silver staining
process known as Golgi's method, which had been developed by his
rival, Camillo Golgi.[19] Cajal's improvement, which involved a
technique he called "double impregnation", is still in use. The silver
impregnation stains are an extremely useful method for
neuroanatomical investigations because, for reasons unknown, it stains
a very small percentage of cells in a tissue, so one is able to see the
complete micro structure of individual neurons without much overlap
from other cells in the densely packed brain.[20]

The neuron doctrine

The neuron doctrine is the now fundamental idea that neurons are the
basic structural and functional units of the nervous system. The theory
was put forward by Santiago Ramón y Cajal in the late 19th century. It
held that neurons are discrete cells (not connected in a meshwork),
acting as metabolically distinct units.
Later discoveries yielded a few refinements to the simplest form of the
doctrine. For example, glial cells, which are not considered neurons,
play an essential role in information processing.[21] Also, electrical
synapses are more common than previously thought,[22] meaning that
there are direct, cytoplasmic connections between neurons. In fact,
there are examples of neurons forming even tighter coupling: the squid

giant axon arises from the fusion of multiple axons.[23]

Ramón y Cajal also postulated the Law of Dynamic Polarization, which states that a neuron receives signals at its
dendrites and cell body and transmits them, as action potentials, along the axon in one direction: away from the cell
body.[24] The Law of Dynamic Polarization has important exceptions; dendrites can serve as synaptic output sites of
neurons[25] and axons can receive synaptic inputs.[26]

Neurons in the brain
The number of neurons in the brain varies dramatically from species to species.[27] One estimate puts the human 
brain at about 100 billion (1011) neurons and 100 trillion (1014) synapses.[27] A lower 2012 estimate is 86 billion 
neurons, of which 16.3 billion are in the cerebral cortex, and 69 billion in the cerebellum.[28] By contrast, the 
nematode worm Caenorhabditis elegans has just 302 neurons, making it an ideal experimental subject as scientists 
have been able to map all of the organism's neurons. The fruit fly Drosophila melanogaster, a common subject in 
biological experiments, has around 100,000 neurons and exhibits many complex behaviors. Many properties of
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neurons, from the type of neurotransmitters used to ion channel composition, are maintained across species, allowing
scientists to study processes occurring in more complex organisms in much simpler experimental systems.

Neurological disorders
Charcot–Marie–Tooth disease (CMT), also known as hereditary motor and sensory neuropathy (HMSN),
hereditary sensorimotor neuropathy and peroneal muscular atrophy, is a heterogeneous inherited disorder of nerves
(neuropathy) that is characterized by loss of muscle tissue and touch sensation, predominantly in the feet and legs but
also in the hands and arms in the advanced stages of disease. Presently incurable, this disease is one of the most
common inherited neurological disorders, with 37 in 100,000 affected.
Alzheimer's disease (AD), also known simply as Alzheimer's, is a neurodegenerative disease characterized by
progressive cognitive deterioration together with declining activities of daily living and neuropsychiatric symptoms
or behavioral changes. The most striking early symptom is loss of short-term memory (amnesia), which usually
manifests as minor forgetfulness that becomes steadily more pronounced with illness progression, with relative
preservation of older memories. As the disorder progresses, cognitive (intellectual) impairment extends to the
domains of language (aphasia), skilled movements (apraxia), and recognition (agnosia), and functions such as
decision-making and planning become impaired.
Parkinson's disease (PD), also known as Parkinson disease, is a degenerative disorder of the central nervous system
that often impairs the sufferer's motor skills and speech. Parkinson's disease belongs to a group of conditions called
movement disorders. It is characterized by muscle rigidity, tremor, a slowing of physical movement (bradykinesia),
and in extreme cases, a loss of physical movement (akinesia). The primary symptoms are the results of decreased
stimulation of the motor cortex by the basal ganglia, normally caused by the insufficient formation and action of
dopamine, which is produced in the dopaminergic neurons of the brain. Secondary symptoms may include high level
cognitive dysfunction and subtle language problems. PD is both chronic and progressive.
Myasthenia gravis is a neuromuscular disease leading to fluctuating muscle weakness and fatigability during simple
activities. Weakness is typically caused by circulating antibodies that block acetylcholine receptors at the
post-synaptic neuromuscular junction, inhibiting the stimulative effect of the neurotransmitter acetylcholine.
Myasthenia is treated with immunosuppressants, cholinesterase inhibitors and, in selected cases, thymectomy.

Demyelination
Demyelination is the act of demyelinating, or the loss of the myelin sheath insulating the nerves. When myelin
degrades, conduction of signals along the nerve can be impaired or lost, and the nerve eventually withers. This leads
to certain neurodegenerative disorders like multiple sclerosis and chronic inflammatory demyelinating
polyneuropathy.

Axonal degeneration
Although most injury responses include a calcium influx signaling to promote resealing of severed parts, axonal
injuries initially lead to acute axonal degeneration (AAD), which is rapid separation of the proximal and distal ends
within 30 minutes of injury. Degeneration follows with swelling of the axolemma, and eventually leads to bead like
formation. Granular disintegration of the axonal cytoskeleton and inner organelles occurs after axolemma
degradation. Early changes include accumulation of mitochondria in the paranodal regions at the site of injury.
Endoplasmic reticulum degrades and mitochondria swell up and eventually disintegrate. The disintegration is
dependent on Ubiquitin and Calpain proteases (caused by influx of calcium ion), suggesting that axonal degeneration
is an active process. Thus the axon undergoes complete fragmentation. The process takes about roughly 24 hrs in the
PNS, and longer in the CNS. The signaling pathways leading to axolemma degeneration are currently unknown.
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Nerve regeneration
It has been demonstrated that neurogenesis can sometimes occur in the adult vertebrate brain, a finding that led to
controversy in 1999.[29] However, more recent studies of the age of human neurons suggest that this process occurs
only for a minority of cells, and the overwhelming majority of neurons comprising the neocortex were formed before
birth and persist without replacement.[3]

It is often possible for peripheral axons to regrow if they are severed. A report in Nature suggested that researchers
had found a way to transform human skin cells into working nerve cells using a process called transdifferentiation in
which "cells are forced to adopt new identities."[30]
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• Immunohistochemistry Image Gallery: Neuron (http:/ / www. immunoportal. com/ modules.
php?name=gallery2& g2_view=keyalbum. KeywordAlbum& g2_keyword=Neuron)

Fractal

Figure 1a. The Mandelbrot set illustrates self-similarity. As you zoom in on the image at finer and finer scales, the same pattern re-appears so that it
is virtually impossible to know at which level you are looking.

Figure 1b. Mandelbrot zoomed 6x

Figure 1c. Mandelbrot zoomed 100x

Figure 1d. Even 2000 times magnification of the Mandelbrot set uncovers fine detail resembling the full set.

A fractal is a mathematical set that has a fractal dimension that usually exceeds its topological dimension[1] and may
fall between the integers.[2] Fractals are typically self-similar patterns, where self-similar means they are "the same
from near as from far".[3] Fractals may be exactly the same at every scale, or, as illustrated in Figure 1, they may be
nearly the same at different scales.[2][4][5][6] The definition of fractal goes beyond self-similarity per se to exclude
trivial self-similarity and include the idea of a detailed pattern repeating itself.[2]:166; 18[4][7]

As mathematical equations, fractals are usually nowhere differentiable.[2][6][8] An infinite fractal curve can be
perceived of as winding through space differently from an ordinary line, still being a 1-dimensional line yet having a
fractal dimension indicating it also resembles a surface.[1]:48[2]:15

The mathematical roots of the idea of fractals have been traced through a formal path of published works, starting in 
the 17th century with notions of recursion, then moving through increasingly rigorous mathematical treatment of the 
concept to the study of continuous but not differentiable functions in the 19th century, and on to the coining of the 
word fractal in the 20th century with a subsequent burgeoning of interest in fractals and computer-based modelling
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in the 21st century.[9][10] The term "fractal" was first used by mathematician Benoît Mandelbrot in 1975. Mandelbrot
based it on the Latin frāctus meaning "broken" or "fractured", and used it to extend the concept of theoretical
fractional dimensions to geometric patterns in nature.[2]:405[7]

There is some disagreement amongst authorities about how the concept of a fractal should be formally defined. The
general consensus is that theoretical fractals are infinitely self-similar, iterated, and detailed mathematical constructs
having fractal dimensions, of which many examples have been formulated and studied in great depth.[2][4][5] Fractals
are not limited to geometric patterns, but can also describe processes in time.[3][6][11] Fractal patterns with various
degrees of self-similarity have been rendered or studied in images, structures and sounds[12] and found in
nature,[13][14][15][16][17] technology,[18][19][20][21] art,[22][23][24] and law.[25]

Introduction
The word "fractal" often has different connotations for laypeople than mathematicians, where the layperson is more
likely to be familiar with fractal art than a mathematical conception. The mathematical concept is difficult to
formally define even for mathematicians, but key features can be understood with little mathematical background.
The feature of "self-similarity", for instance, is easily understood by analogy to zooming in with a lens or other
device that zooms in on digital images to uncover finer, previously invisible, new structure. If this is done on
fractals, however, no new detail appears; nothing changes and the same pattern repeats over and over, or for some
fractals, nearly the same pattern reappears over and over. Self-similarity itself is not necessarily counter-intuitive
(e.g., people have pondered self-similarity informally such as in the infinite regress in parallel mirrors or the
homunculus, the little man inside the head of the little man inside the head...). The difference for fractals is that the
pattern reproduced must be detailed.[2]:166; 18[4][7]

This idea of being detailed relates to another feature that can be understood without mathematical background:
Having a fractional or fractal dimension greater than its topological dimension, for instance, refers to how a fractal
scales compared to how geometric shapes are usually perceived. A regular line, for instance, is conventionally
understood to be 1-dimensional; if such a curve is divided into pieces each 1/3 the length of the original, there are
always 3 equal pieces. In contrast, consider the curve in Figure 2. It is also 1-dimensional for the same reason as the
ordinary line, but it has, in addition, a fractal dimension greater than 1 because of how its detail can be measured.
The fractal curve divided into parts 1/3 the length of the original line becomes 4 pieces rearranged to repeat the
original detail, and this unusual relationship is the basis of its fractal dimension.
This also leads to understanding a third feature, that fractals as mathematical equations are "nowhere differentiable".
In a concrete sense, this means fractals cannot be measured in traditional ways.[2][6][8] To elaborate, in trying to find
the length of a wavy non-fractal curve, one could find straight segments of some measuring tool small enough to lay
end to end over the waves, where the pieces could get small enough to be considered to conform to the curve in the
normal manner of measuring with a tape measure. But in measuring a wavy fractal curve such as the one in Figure
2, one would never find a small enough straight segment to conform to the curve, because the wavy pattern would
always re-appear, albeit at a smaller size, essentially pulling a little more of the tape measure into the total length
measured each time one attempted to fit it tighter and tighter to the curve. This is perhaps counter-intuitive, but it is
how fractals behave.[2]

http://en.wikipedia.org/w/index.php?title=Beno%C3%AEt_Mandelbrot
http://en.wikipedia.org/w/index.php?title=Latin
http://en.wiktionary.org/wiki/fractus#Latin
http://en.wikipedia.org/w/index.php?title=Fractal_dimension
http://en.wikipedia.org/w/index.php?title=Patterns_in_nature
http://en.wikipedia.org/w/index.php?title=Iteration
http://en.wikipedia.org/w/index.php?title=List_of_fractals_by_Hausdorff_dimension
http://en.wikipedia.org/w/index.php?title=Fractal_art
http://en.wikipedia.org/w/index.php?title=Infinite_regress
http://en.wikipedia.org/w/index.php?title=Homunculus
http://en.wikipedia.org/w/index.php?title=Idea
http://en.wikipedia.org/w/index.php?title=Being
http://en.wikipedia.org/w/index.php?title=Feature
http://en.wikipedia.org/w/index.php?title=Fractal_dimension
http://en.wikipedia.org/w/index.php?title=Shapes
http://en.wikipedia.org/w/index.php?title=Reason
http://en.wikipedia.org/w/index.php?title=Fractal_dimension
http://en.wikipedia.org/w/index.php?title=Differentiable
http://en.wikipedia.org/w/index.php?title=Rectifiable_curve


Fractal 162

History

Figure 2. Koch snowflake, a fractal that begins with an
equilateral triangle and then replaces the middle third
of every line segment with a pair of line segments that

form an equilateral "bump"

The history of fractals traces a path from chiefly theoretical studies
to modern applications in computer graphics, with several notable
people contributing canonical fractal forms along the way.[9][10]

According to Pickover, the mathematics behind fractals began to
take shape in the 17th century when the mathematician and
philosopher Gottfried Leibniz pondered recursive self-similarity
(although he made the mistake of thinking that only the straight
line was self-similar in this sense).[26] In his writings, Leibniz used
the term "fractional exponents", but lamented that "Geometry" did
not yet know of them.[2]:405 Indeed, according to various historical
accounts, after that point few mathematicians tackled the issues
and the work of those who did remained obscured largely because
of resistance to such unfamiliar emerging concepts, which were
sometimes referred to as mathematical "monsters".[8][9][10] Thus, it
was not until two centuries had passed that in 1872 Karl
Weierstrass presented the first definition of a function with a graph
that would today be considered fractal, having the non-intuitive
property of being everywhere continuous but nowhere
differentiable.[9]:7[10] Not long after that, in 1883, Georg Cantor, who attended lectures by Weierstrass,[10] published
examples of subsets of the real line known as Cantor sets, which had unusual properties and are now recognized as
fractals.[9]:11-24 Also in the last part of that century, Felix Klein and Henri Poincaré introduced a category of fractal
that has come to be called "self-inverse" fractals.[2]:166

Figure 3. A Julia set, a fractal related to the Mandelbrot
set

One of the next milestones came in 1904, when Helge von Koch,
extending ideas of Poincaré and dissatisfied with Weierstrass's
abstract and analytic definition, gave a more geometric definition
including hand drawn images of a similar function, which is now
called the Koch curve (see Figure 2)[9]:25.[10] Another milestone
came a decade later in 1915, when Wacław Sierpiński constructed
his famous triangle then, one year later, his carpet. By 1918, two
French mathematicians, Pierre Fatou and Gaston Julia, though
working independently, arrived essentially simultaneously at
results describing what are now seen as fractal behaviour
associated with mapping complex numbers and iterative functions
and leading to further ideas about attractors and repellors (i.e.,
points that attract or repel other points), which have become very
important in the study of fractals (see Figure 3 and Figure 4).[6][9][10] Very shortly after that work was submitted, by
March 1918, Felix Hausdorff expanded the definition of "dimension", significantly for the evolution of the definition
of fractals, to allow for sets to have noninteger dimensions.[10] The idea of self-similar curves was taken further by
Paul Pierre Lévy, who, in his 1938 paper Plane or Space Curves and Surfaces Consisting of Parts Similar to the
Whole described a new fractal curve, the Lévy C curve.[27]
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Figure 4. A strange attractor that exhibits multifractal
scaling

uniform mass center triangle fractal

Different researchers have postulated that without the aid of
modern computer graphics, early investigators were limited to
what they could depict in manual drawings, so lacked the
means to visualize the beauty and appreciate some of the
implications of many of the patterns they had discovered (the
Julia set, for instance, could only be visualized through a few
iterations as very simple drawings hardly resembling the image
in Figure 3).[2]:179[8][10] That changed, however, in the 1960s,
when Benoît Mandelbrot started writing about self-similarity in
papers such as How Long Is the Coast of Britain? Statistical
Self-Similarity and Fractional Dimension,[28] which built on
earlier work by Lewis Fry Richardson. In 1975[7] Mandelbrot
solidified hundreds of years of thought and mathematical
development in coining the word "fractal" and illustrated his
mathematical definition with striking computer-constructed
visualizations. These images, such as of his canonical
Mandelbrot set pictured in Figure 1, captured the popular
imagination; many of them were based on recursion, leading to
the popular meaning of the term "fractal".[29] Currently, fractal
studies are essentially exclusively computer-based.[8][9][26]

Characteristics

One often cited description that Mandelbrot published to
describe geometric fractals is "a rough or fragmented geometric
shape that can be split into parts, each of which is (at least
approximately) a reduced-size copy of the whole";[2] this is
generally helpful but limited. Authorities disagree on the exact
definition of fractal, but most usually elaborate on the basic
ideas of self-similarity and an unusual relationship with the
space a fractal is embedded in.[2][3][4] [6][30] One point agreed on is that fractal patterns are characterized by fractal
dimensions, but whereas these numbers quantify complexity (i.e., changing detail with changing scale), they neither
uniquely describe nor specify details of how to construct particular fractal patterns.[31] In 1975 when Mandelbrot
coined the word "fractal", he did so to denote an object whose Hausdorff–Besicovitch dimension is greater than its
topological dimension.[7] It has been noted that this dimensional requirement is not met by fractal space-filling
curves such as the Hilbert curve.[32]

According to Falconer, rather than being strictly defined, fractals should, in addition to being nowhere differentiable
and able to have a fractal dimension, be generally characterized by a gestalt of the following features;[4]

•• Self-similarity, which may be manifested as:
• Exact self-similarity: identical at all scales; e.g. Koch snowflake
• Quasi self-similarity: approximates the same pattern at different scales; may contain small copies of the

entire fractal in distorted and degenerate forms; e.g., the Mandelbrot set's satellites are approximations of
the entire set, but not exact copies, as shown in Figure 1

• Statistical self-similarity: repeats a pattern stochastically so numerical or statistical measures are 
preserved across scales; e.g., randomly generated fractals; the well-known example of the coastline of 
Britain, for which one would not expect to find a segment scaled and repeated as neatly as the repeated unit

http://en.wikipedia.org/w/index.php?title=Strange_attractor
http://en.wikipedia.org/w/index.php?title=Multifractal
http://en.wikipedia.org/w/index.php?title=File%3AKarperien_Strange_Attractor_200.gif
http://en.wikipedia.org/w/index.php?title=File%3AUniform_Triangle_Mass_Center_grade_5_fractal.gif
http://en.wikipedia.org/w/index.php?title=Beno%C3%AEt_Mandelbrot
http://en.wikipedia.org/w/index.php?title=How_Long_Is_the_Coast_of_Britain%3F_Statistical_Self-Similarity_and_Fractional_Dimension
http://en.wikipedia.org/w/index.php?title=How_Long_Is_the_Coast_of_Britain%3F_Statistical_Self-Similarity_and_Fractional_Dimension
http://en.wikipedia.org/w/index.php?title=Lewis_Fry_Richardson
http://en.wikipedia.org/w/index.php?title=Mandelbrot_set
http://en.wikipedia.org/w/index.php?title=Shape
http://en.wikipedia.org/w/index.php?title=Shape
http://en.wikipedia.org/w/index.php?title=Fractal_dimension
http://en.wikipedia.org/w/index.php?title=Fractal_dimension
http://en.wikipedia.org/w/index.php?title=Complexity
http://en.wikipedia.org/w/index.php?title=Hausdorff%E2%80%93Besicovitch_dimension
http://en.wikipedia.org/w/index.php?title=Lebesgue_covering_dimension
http://en.wikipedia.org/w/index.php?title=Space-filling_curve
http://en.wikipedia.org/w/index.php?title=Space-filling_curve
http://en.wikipedia.org/w/index.php?title=Hilbert_curve
http://en.wikipedia.org/w/index.php?title=Fractal_dimension
http://en.wiktionary.org/wiki/gestalt
http://en.wikipedia.org/w/index.php?title=Mandelbrot_set
http://en.wikipedia.org/w/index.php?title=Stochastic
http://en.wikipedia.org/w/index.php?title=How_Long_Is_the_Coast_of_Britain%3F_Statistical_Self-Similarity_and_Fractional_Dimension
http://en.wikipedia.org/w/index.php?title=How_Long_Is_the_Coast_of_Britain%3F_Statistical_Self-Similarity_and_Fractional_Dimension


Fractal 164

that defines, for example, the Koch snowflake[6]

• Qualitative self-similarity: as in a time series[11]

• Multifractal scaling: characterized by more than one fractal dimension or scaling rule

• Fine or detailed structure at arbitrarily small scales. A consequence of this structure is fractals may have
emergent properties[33] (related to the next criterion in this list).

• Irregularity locally and globally that is not easily described in traditional Euclidean geometric language. For
images of fractal patterns, this has been expressed by phrases such as "smoothly piling up surfaces" and "swirls
upon swirls".[1]

• Simple and "perhaps recursive" definitions see Common techniques for generating fractals

As a group, these criteria form guidelines for excluding certain cases, such as those that may be self-similar without
having other typically fractal features. A straight line, for instance, is self-similar but not fractal because it lacks
detail, is easily described in Euclidean language, has the same Hausdorff dimension as topological dimension, and is
fully defined without a need for recursion.[2][6]

Common techniques for generating fractals

Figure 5. Self-similar branching pattern modeled in
silico using L-systems principles[17]

Images of fractals can be created by fractal generating programs.
• Iterated function systems – use fixed geometric replacement

rules; may be stochastic or deterministic;[34] e.g., Koch
snowflake, Cantor set, Haferman carpet,[35] Sierpinski
carpet, Sierpinski gasket, Peano curve, Harter-Heighway
dragon curve, T-Square, Menger sponge

• Strange attractors – use iterations of a map or solutions of a
system of initial-value differential equations that exhibit
chaos (e.g., see multifractal image)

• L-systems - use string rewriting; may resemble branching
patterns, such as in plants, biological cells (e.g., neurons and
immune system cells[17]), blood vessels, pulmonary
structure,[36] etc. (e.g., see Figure 5) or turtle graphics
patterns such as space-filling curves and tilings

• Escape-time fractals – use a formula or recurrence relation at each point in a space (such as the complex
plane); usually quasi-self-similar; also known as "orbit" fractals; e.g., the Mandelbrot set, Julia set, Burning
Ship fractal, Nova fractal and Lyapunov fractal. The 2d vector fields that are generated by one or two iterations
of escape-time formulae also give rise to a fractal form when points (or pixel data) are passed through this field
repeatedly.

• Random fractals – use stochastic rules; e.g., Lévy flight, percolation clusters, self avoiding walks, fractal
landscapes, trajectories of Brownian motion and the Brownian tree (i.e., dendritic fractals generated by
modeling diffusion-limited aggregation or reaction-limited aggregation clusters).[6]
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A fractal generated by a finite
subdivision rule for an alternating link.

• Finite subdivision rules use a recursive topological algorithm for
refining tilings[37] and they are similar to the process of cell division.[38]

The iterative processes used in creating the Cantor set and the
Sierpinski carpet are examples of finite subdivision rules, as is
barycentric subdivision.

Simulated fractals

A fractal flame

Fractal patterns have been modeled extensively, albeit within a
range of scales rather than infinitely, owing to the practical limits
of physical time and space. Models may simulate theoretical
fractals or natural phenomena with fractal features. The outputs of
the modelling process may be highly artistic renderings, outputs
for investigation, or benchmarks for fractal analysis. Some specific
applications of fractals to technology are listed elsewhere. Images
and other outputs of modelling are normally referred to as being
"fractals" even if they do not have strictly fractal characteristics,
such as when it is possible to zoom into a region of the fractal
image that does not exhibit any fractal properties. Also, these may
include calculation or display artifacts which are not
characteristics of true fractals.

Modeled fractals may be sounds,[12] digital images, electrochemical patterns, circadian rhythms,[39] etc. Fractal
patterns have been reconstructed in physical 3-dimensional space[20]:10 and virtually, often called "in silico"
modeling.[36] Models of fractals are generally created using fractal-generating software that implements techniques
such as those outlined above.[6][11][20] As one illustration, trees, ferns, cells of the nervous system,[17] blood and lung
vasculature,[36] and other branching patterns in nature can be modeled on a computer by using recursive algorithms
and L-systems techniques.[17] The recursive nature of some patterns is obvious in certain examples—a branch from a
tree or a frond from a fern is a miniature replica of the whole: not identical, but similar in nature. Similarly, random
fractals have been used to describe/create many highly irregular real-world objects. A limitation of modeling fractals
is that resemblance of a fractal model to a natural phenomenon does not prove that the phenomenon being modeled
is formed by a process similar to the modeling algorithm.
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Natural phenomena with fractal features
Approximate fractals found in nature display self-similarity over extended, but finite, scale ranges. The connection
between fractals and leaves, for instance, is currently being used to determine how much carbon is contained in
trees.[40]

Examples of phenomena known or anticipated to have fractal features are listed below:

•• clouds •• animal coloration patterns • crystals[41]

•• river networks •• Romanesco broccoli • blood vessels and pulmonary vessels[36]

• fault lines • heart rates[13] • ocean waves[42]

• mountain ranges • heartbeat[14] •• DNA

• craters • earthquakes[21][43] • various vegetables (cauliflower & broccoli)

•• lightning bolts • snow flakes[44] • Psychological subjective perception[45]

•• coastlines
•• Mountain Goat horns

Frost crystals formed naturally on cold glass illustrate fractal process development in a
purely physical system

A fractal is formed when pulling apart two glue-covered
acrylic sheets
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High voltage breakdown within a 4″ block of acrylic creates a fractal
Lichtenberg figure

Romanesco broccoli, showing self-similar form approximating
a natural fractal

In creative works

A fractal that models the surface of a mountain
(animation)

Fractal patterns have been found in the paintings of American
artist Jackson Pollock. While Pollock's paintings appear to be
composed of chaotic dripping and splattering, computer analysis
has found fractal patterns in his work.[24]

Decalcomania, a technique used by artists such as Max Ernst, can
produce fractal-like patterns.[46] It involves pressing paint between
two surfaces and pulling them apart.

Cyberneticist Ron Eglash has suggested that fractal geometry and
mathematics are prevalent in African art, games, divination, trade,
and architecture. Circular houses appear in circles of circles, rectangular houses in rectangles of rectangles, and so
on. Such scaling patterns can also be found in African textiles, sculpture, and even cornrow hairstyles.[23][47]

In a 1996 interview with Michael Silverblatt, David Foster Wallace admitted that the structure of the first draft of
Infinite Jest he gave to his editor Michael Pietsch was inspired by fractals, specifically the Sierpinski triangle (aka
Sierpinski gasket) but that the edited novel is "more like a lopsided Sierpinsky Gasket".[22]
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In law
If a rule or principle of law is conceptualized as defining a two-dimensional "area" of conduct, conduct within which
should be legal and conduct outside of which should be illegal, it has been observed that the border of that area must
be a fractal, because of the infinite and recursive potential exceptions and extensions necessary to account
appropriately for all variations in fact pattern that may arise.[25]

Applications in technology

• fractal antennas[48] •• Computer and video game design • medicine[20]

• Fractal transistor[49] •• computer graphics • neuroscience[15][16]

•• fractal heat exchangers • organic environments • diagnostic imaging[19]

•• digital imaging •• procedural generation • pathology[50][51]

• urban growth[52][53] • Fractography and fracture mechanics • geology[54]

• Classification of histopathology slides •• Small angle scattering theory of fractally rough systems • geography[55]

• Fractal landscape or Coastline complexity • T-shirts and other fashion • archaeology[56][57]

• Enzyme/enzymology (Michaelis-Menten kinetics) • Generation of patterns for camouflage, such as MARPAT • soil mechanics[18]

•• Generation of new music •• Digital sundial • seismology[21]

• Signal and image compression •• Technical analysis of price series • search and rescue[58]

•• Creation of digital photographic enlargements •• Fractals in networks • technical analysis[59]

•• Fractal in soil mechanics
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Fibonacci number

A tiling with squares whose side lengths are
successive Fibonacci numbers

An approximation of the golden spiral created by
drawing circular arcs connecting the opposite

corners of squares in the Fibonacci tiling; this one
uses squares of sizes 1, 1, 2, 3, 5, 8, 13, 21, and

34.

In mathematics, the Fibonacci numbers or Fibonacci series or
Fibonacci sequence are the numbers in the following integer
sequence:[1][2]

(sequence
A000045 in OEIS)

By definition, the first two numbers in the Fibonacci sequence are 0
and 1, and each subsequent number is the sum of the previous two.
In mathematical terms, the sequence Fn of Fibonacci numbers is
defined by the recurrence relation

with seed values[3]

The Fibonacci sequence is named after Leonardo of Pisa, who was
known as Fibonacci. Fibonacci's 1202 book Liber Abaci introduced the
sequence to Western European mathematics,[4] although the sequence
had been described earlier in Indian mathematics.[5][6][7] By modern
convention, the sequence begins either with F0 = 0 or with F1 = 1. The
Liber Abaci began the sequence with F1 = 1, without an initial 0.

Fibonacci numbers are closely related to Lucas numbers in that they
are a complementary pair of Lucas sequences. They are intimately
connected with the golden ratio; for example, the closest rational
approximations to the ratio are 2/1, 3/2, 5/3, 8/5, ... . Applications include computer algorithms such as the Fibonacci
search technique and the Fibonacci heap data structure, and graphs called Fibonacci cubes used for interconnecting
parallel and distributed systems. They also appear in biological settings,[8] such as branching in trees, phyllotaxis
(the arrangement of leaves on a stem), the fruit sprouts of a pineapple,[9] the flowering of artichoke, an uncurling fern
and the arrangement of a pine cone.[10]
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Origins

A page of Fibonacci's Liber Abaci from the
Biblioteca Nazionale di Firenze showing (in box

on right) the Fibonacci sequence with the position
in the sequence labeled in Roman numerals and

the value in Hindu-Arabic numerals.

The Fibonacci sequence appears in Indian mathematics, in connection
with Sanskrit prosody.[6][11] In the Sanskrit oral tradition, there was
much emphasis on how long (L) syllables mix with the short (S), and
counting the different patterns of L and S within a given fixed length
results in the Fibonacci numbers; the number of patterns that are m
short syllables long is the Fibonacci number Fm + 1.[7]

Susantha Goonatilake writes that the development of the Fibonacci
sequence "is attributed in part to Pingala (200 BC), later being
associated with Virahanka (c. 700 AD), Gopāla (c. 1135), and
Hemachandra (c. 1150)".[5] Parmanand Singh cites Pingala's cryptic
formula misrau cha ("the two are mixed") and cites scholars who
interpret it in context as saying that the cases for m beats (Fm+1) is
obtained by adding a [S] to Fm cases and [L] to the Fm−1 cases. He
dates Pingala before 450 BCE.[12]

However, the clearest exposition of the series arises in the work of
Virahanka (c. 700 AD), whose own work is lost, but is available in a
quotation by Gopala (c. 1135):

Variations of two earlier meters [is the variation]... For example,
for [a meter of length] four, variations of meters of two [and]
three being mixed, five happens. [works out examples 8, 13,
21]... In this way, the process should be followed in all
mātrā-vṛttas [prosodic combinations].[13]

The series is also discussed by Gopala (before 1135 AD) and by the Jain scholar Hemachandra (c. 1150).
In the West, the Fibonacci sequence first appears in the book Liber Abaci (1202) by Leonardo of Pisa, known as
Fibonacci.[4] Fibonacci considers the growth of an idealized (biologically unrealistic) rabbit population, assuming
that: a newly born pair of rabbits, one male, one female, are put in a field; rabbits are able to mate at the age of one
month so that at the end of its second month a female can produce another pair of rabbits; rabbits never die and a
mating pair always produces one new pair (one male, one female) every month from the second month on. The
puzzle that Fibonacci posed was: how many pairs will there be in one year?

•• At the end of the first month, they mate, but there is still only 1 pair.
•• At the end of the second month the female produces a new pair, so now there are 2 pairs of rabbits in the field.
•• At the end of the third month, the original female produces a second pair, making 3 pairs in all in the field.
•• At the end of the fourth month, the original female has produced yet another new pair, the female born two

months ago produces her first pair also, making 5 pairs.
At the end of the nth month, the number of pairs of rabbits is equal to the number of new pairs (which is the number
of pairs in month n − 2) plus the number of pairs alive last month (n − 1). This is the nth Fibonacci number.[14]

The name "Fibonacci sequence" was first used by the 19th-century number theorist Édouard Lucas.[15]
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List of Fibonacci numbers
The first 21 Fibonacci numbers Fn for n = 0, 1, 2, ..., 20 are:[16]

F0 F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17 F18 F19 F20

0 1 1 2 3 5 8 13 21 34 55 89 144 233 377 610 987 1597 2584 4181 6765

The sequence can also be extended to negative index n using the re-arranged recurrence relation

which yields the sequence of "negafibonacci" numbers[17] satisfying

Thus the bidirectional sequence is

F−8 F−7 F−6 F−5 F−4 F−3 F−2 F−1 F0 F1 F2 F3 F4 F5 F6 F7 F8

−21 13 −8 5 −3 2 −1 1 0 1 1 2 3 5 8 13 21

Occurrences in mathematics

The Fibonacci numbers are the sums of the "shallow" diagonals (shown in red) of Pascal's
triangle.

The Fibonacci numbers occur in the
sums of "shallow" diagonals in Pascal's
triangle (see Binomial coefficient).[18]

The Fibonacci numbers can be found
in different ways in the sequence of
binary strings.

• The number of binary strings of
length n without consecutive 1s is
the Fibonacci number Fn+2. For
example, out of the 16 binary
strings of length 4, there are F6 = 8 without consecutive 1s – they are 0000, 0100, 0010, 0001, 0101, 1000, 1010
and 1001. By symmetry, the number of strings of length n without consecutive 0s is also Fn+2.

• The number of binary strings of length n without an odd number of consecutive 1s is the Fibonacci number Fn+1.
For example, out of the 16 binary strings of length 4, there are F5 = 5 without an odd number of consecutive 1s –
they are 0000, 0011, 0110, 1100, 1111.

• The number of binary strings of length n without an even number of consecutive 0s or 1s is 2Fn. For example, out
of the 16 binary strings of length 4, there are 2F4 = 6 without an even number of consecutive 0s or 1s – they are
0001, 1000, 1110, 0111, 0101, 1010.
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Relation to the golden ratio

Closed-form expression
Like every sequence defined by a linear recurrence with constant coefficients, the Fibonacci numbers have a
closed-form solution. It has become known as Binet's formula, even though it was already known by Abraham de
Moivre:[19]

where

is the golden ratio (sequence A001622 in OEIS), and

[20]

To see this,[21] note that φ and ψ are both solutions of the equations

so the powers of φ and ψ satisfy the Fibonacci recursion. In other words

and

It follows that for any values a and b, the sequence defined by

satisfies the same recurrence

If a and b are chosen so that U0 = 0 and U1 = 1 then the resulting sequence Un must be the Fibonacci sequence. This
is the same as requiring a and b satisfy the system of equations:

which has solution

producing the required formula.

Computation by rounding
Since

for all n ≥ 0, the number Fn is the closest integer to

Therefore it can be found by rounding, or in terms of the floor function:

http://en.wikipedia.org/w/index.php?title=Recurrence_relation%23Linear_homogeneous_recurrence_relations_with_constant_coefficients
http://en.wikipedia.org/w/index.php?title=Closed_form_expression
http://en.wikipedia.org/w/index.php?title=Jacques_Philippe_Marie_Binet
http://en.wikipedia.org/w/index.php?title=Abraham_de_Moivre
http://en.wikipedia.org/w/index.php?title=Abraham_de_Moivre
http://oeis.org/A001622
http://en.wikipedia.org/w/index.php?title=On-Line_Encyclopedia_of_Integer_Sequences
http://en.wikipedia.org/w/index.php?title=Rounding%23Exact_computation_with_rounded_arithmetic
http://en.wikipedia.org/w/index.php?title=Floor_function


Fibonacci number 176

Or the nearest integer function:

Similarly, if we already know that the number F > 1 is a Fibonacci number, we can determine its index within the
sequence by

Limit of consecutive quotients
Johannes Kepler observed that the ratio of consecutive Fibonacci numbers converges. He wrote that "as 5 is to 8 so is
8 to 13, practically, and as 8 is to 13, so is 13 to 21 almost", and concluded that the limit approaches the golden ratio

.[22][23]

This convergence does not depend on the starting values chosen, excluding 0, 0. For example, the initial values 19
and 31 generate the sequence 19, 31, 50, 81, 131, 212, 343, 555 ... etc. The ratio of consecutive terms in this
sequence shows the same convergence towards the golden ratio.
In fact this holds for any sequence which satisfies the Fibonacci recurrence other than a sequence of 0's. This can be
derived from Binet's formula.
Another consequence is that the limit of the ratio of two Fibonacci numbers offset by a particular finite deviation in
index corresponds to the golden ratio raised by that deviation. Or, in other words:

Decomposition of powers of the golden ratio
Since the golden ratio satisfies the equation

this expression can be used to decompose higher powers as a linear function of lower powers, which in turn can
be decomposed all the way down to a linear combination of and 1. The resulting recurrence relationships yield
Fibonacci numbers as the linear coefficients:

This equation can be proved by induction on .
This expression is also true for if the Fibonacci sequence is extended to negative integers using the
Fibonacci rule 
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Matrix form
A 2-dimensional system of linear difference equations that describes the Fibonacci sequence is

The eigenvalues of the matrix A are and , and the elements of the eigenvectors of A,
and , are in the ratios and Using these facts, and the properties of eigenvalues, we can derive a

direct formula for the nth element in the Fibonacci series as an analytic function of n:

The matrix has a determinant of −1, and thus it is a 2×2 unimodular matrix. This property can be understood in terms
of the continued fraction representation for the golden ratio:

The Fibonacci numbers occur as the ratio of successive convergents of the continued fraction for , and the matrix
formed from successive convergents of any continued fraction has a determinant of +1 or −1.
The matrix representation gives the following closed expression for the Fibonacci numbers:

Taking the determinant of both sides of this equation yields Cassini's identity

Additionally, since for any square matrix A, the following identities can be derived:

In particular, with ,

These last two identities provide a way to compute Fibonacci numbers recursively in O(log n) arithmetic operations
and in time O(M(n) log n), where M(n) is the time for the multplication of two numbers of n digits. This matches the
time for computing the nth Fibonacci number from the closed-form matrix formula, but with fewer redundant steps if
one avoids to recompute an already computed Fibonacci number (recursion with memorization).[24]
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Recognizing Fibonacci numbers
The question may arise whether a positive integer z is a Fibonacci number. Since is the closest integer to

, the most straightforward, brute-force test is the identity

which is true if and only if z is a Fibonacci number. In this formula, can be computed rapidly using any of the
previously discussed closed-form expressions.
One implication of the above expression is this: if it is known that a number z is a Fibonacci number, we may
determine an n such that F(n) = z by the following:

Alternatively, a positive integer z is a Fibonacci number if and only if one of or is a perfect
square.[25]

A slightly more sophisticated test uses the fact that the convergents of the continued fraction representation of are
ratios of successive Fibonacci numbers. That is, the inequality

(with coprime positive integers p, q) is true if and only if p and q are successive Fibonacci numbers. From this one
derives the criterion that z is a Fibonacci number if and only if the closed interval

contains a positive integer.[26] For , it is easy to show that this interval contains at most one integer, and in
the event that z is a Fibonacci number, the contained integer is equal to the next successive Fibonacci number after z.
Somewhat remarkably, this result still holds for the case , but it must be stated carefully since appears
twice in the Fibonacci sequence, and thus has two distinct successors.

Combinatorial identities
Most identities involving Fibonacci numbers can be proven using combinatorial arguments using the fact that Fn can
be interpreted as the number of sequences of 1s and 2s that sum to n − 1. This can be taken as the definition of Fn,
with the convention that F0 = 0, meaning no sum will add up to −1, and that F1 = 1, meaning the empty sum will
"add up" to 0. Here the order of the summand matters. For example, 1 + 2 and 2 + 1 are considered two different
sums.
For example, the recurrence relation

or in words, the nth Fibonacci number is the sum of the previous two Fibonacci numbers, may be shown by dividing
the F (n) sums of 1s and 2s that add to n − 1 into two non-overlapping groups. One group contains those sums whose
first term is 1 and the other those sums whose first term is 2. In the first group the remaining terms add to n − 2, so it
has F (n − 1) sums, and in the second group the remaining terms add to n − 3, so there are F (n − 2) sums. So there
are a total of F (n − 1) + F (n − 2) sums altogether, showing this is equal to F (n).
Similarly, it may be shown that the sum of the first Fibonacci numbers up to the nth is equal to the n + 2nd Fibonacci
number minus 1.[27] In symbols:
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This is done by dividing the sums adding to n+1 in a different way, this time by the location of the first 2.
Specifically, the first group consists of those sums that start with 2, the second group those that start 1+2, the third
1+1+2, and so on, until the last group which consists of the single sum where only 1's are used. The number of sums
in the first group is F(n), F(n − 1) in the second group, and so on, with 1 sum in the last group. So the total number
of sums is F(n) + F(n − 1) + ... + F(1)+1 and therefore this quantity is equal to F(n + 2)
A similar argument, grouping the sums by the position of the first 1 rather than the first 2, gives two more identities:

and

In words, the sum of the first Fibonacci numbers with odd index up to F2n − 1 is the (2n)th Fibonacci number, and the
sum of the first Fibonacci numbers with even index up to F2n is the (2n+1)th Fibonacci number minus 1.[28]

A different trick may be used to prove

or in words, the sum of the squares of the first Fibonacci numbers up to Fn is the product of the nth and (n + 1)th
Fibonacci numbers. In this case note that Fibonacci rectangle of size Fn by F (n + 1) can be decomposed into squares
of size Fn, Fn − 1, and so on to F1 = 1, from which the identity follows by comparing areas.

Other identities
There are numerous other identities which can be derived using various methods. Some of the most noteworthy
are:[29]

(Catalan's identity)
(Cassini's identity)

(d'Ocagne's identity)

where Ln is the n'th Lucas Number. The last is an identity for doubling n; other identities of this type are

by Cassini's identity.

These can be found experimentally using lattice reduction, and are useful in setting up the special number field sieve
to factorize a Fibonacci number.
More generally,[29]

Putting k = 2 in this formula, one gets again the formulas of the end of above section Matrix form.
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Power series
The generating function of the Fibonacci sequence is the power series

This series is convergent for and its sum has a simple closed-form:[30]

This can be proven by using the Fibonacci recurrence to expand each coefficient in the infinite sum:

Solving the equation for results in the above closed form.
If x is the inverse of an integer, the closed form of the series becomes

In particular,

for all integers .

Some math puzzle-books present as curious the particular value .[31]

Reciprocal sums
Infinite sums over reciprocal Fibonacci numbers can sometimes be evaluated in terms of theta functions. For
example, we can write the sum of every odd-indexed reciprocal Fibonacci number as

and the sum of squared reciprocal Fibonacci numbers as

If we add 1 to each Fibonacci number in the first sum, there is also the closed form
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and there is a nice nested sum of squared Fibonacci numbers giving the reciprocal of the golden ratio,

Results such as these make it plausible that a closed formula for the plain sum of reciprocal Fibonacci numbers could
be found, but none is yet known. Despite that, the reciprocal Fibonacci constant

has been proved irrational by Richard André-Jeannin.
Millin series gives a remarkable identity:[32]

which follows from the closed form for its partial sums as N tends to infinity:

Primes and divisibility

Divisibility properties
Every 3rd number of the sequence is even and more generally, every kth number of the sequence is a multiple of Fk.
Thus the Fibonacci sequence is an example of a divisibility sequence. In fact, the Fibonacci sequence satisfies the
stronger divisibility property

Fibonacci primes
A Fibonacci prime is a Fibonacci number that is prime. The first few are:

2, 3, 5, 13, 89, 233, 1597, 28657, 514229, … (sequence A005478 in OEIS).
Fibonacci primes with thousands of digits have been found, but it is not known whether there are infinitely many.[33]

Fkn is divisible by Fn, so, apart from F4 = 3, any Fibonacci prime must have a prime index. As there are arbitrarily
long runs of composite numbers, there are therefore also arbitrarily long runs of composite Fibonacci numbers.
With the exceptions of 1, 8 and 144 (F1 = F2, F6 and F12) every Fibonacci number has a prime factor that is not a
factor of any smaller Fibonacci number (Carmichael's theorem).[34]

The only nontrivial square Fibonacci number is 144.[35] Attila Pethő proved in 2001 that there is only a finite number
of perfect power Fibonacci numbers.[36] In 2006, Y. Bugeaud, M. Mignotte, and S. Siksek proved that 8 and 144 are
the only such non-trivial perfect powers.[37]

No Fibonacci number greater than F6 = 8 is one greater or one less than a prime number.[38]

Any three consecutive Fibonacci numbers, taken two at a time, are relatively prime: that is,
gcd(Fn, Fn+1) = gcd(Fn, Fn+2) = 1.

More generally,
gcd(Fn, Fm) = Fgcd(n, m).

[39][40]
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Prime divisors of Fibonacci numbers

The divisibility of Fibonacci numbers by a prime p is related to the Legendre symbol which is evaluated as
follows:

If p is a prime number then [41][42]

For example,

It is not known whether there exists a prime p such that . Such primes (if there are any)

would be called Wall–Sun–Sun primes.
Also, if p ≠ 5 is an odd prime number then:[42]

Examples of all the cases:

For odd n, all odd prime divisors of Fn are ≡ 1 (mod 4), implying that all odd divisors of Fn (as the products of odd
prime divisors) are ≡ 1 (mod 4).[43]

For example,
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All known factors of Fibonacci numbers F(i) for all i < 50000 are collected at the relevant repositories.[44][45]

Periodicity modulo n
It may be seen that if the members of the Fibonacci sequence are taken mod n, the resulting sequence must be
periodic with period at most n2-1. The lengths of the periods for various n form the so-called Pisano periods
(sequence A001175 in OEIS). Determining the Pisano periods in general is an open problem, although for any
particular n it can be solved as an instance of cycle detection.

Right triangles
Starting with 5, every second Fibonacci number is the length of the hypotenuse of a right triangle with integer sides,
or in other words, the largest number in a Pythagorean triple. The length of the longer leg of this triangle is equal to
the sum of the three sides of the preceding triangle in this series of triangles, and the shorter leg is equal to the
difference between the preceding bypassed Fibonacci number and the shorter leg of the preceding triangle.
The first triangle in this series has sides of length 5, 4, and 3. Skipping 8, the next triangle has sides of length 13, 12
(5 + 4 + 3), and 5 (8 − 3). Skipping 21, the next triangle has sides of length 34, 30 (13 + 12 + 5), and 16 (21 − 5).
This series continues indefinitely. The triangle sides a, b, c can be calculated directly:

These formulas satisfy for all n, but they only represent triangle sides when n > 2.
Any four consecutive Fibonacci numbers Fn, Fn+1, Fn+2 and Fn+3 can also be used to generate a Pythagorean triple in
a different way[46]:

Example 1: let the Fibonacci numbers be 1, 2, 3 and 5. Then:

Magnitude
Since is asymptotic to , the number of digits in is asymptotic to . As a
consequence, for every integer there are either 4 or 5 Fibonacci numbers with d decimal digits.
More generally, in the base b representation, the number of digits in is asymptotic to .

Applications
The Fibonacci numbers are important in the computational run-time analysis of Euclid's algorithm to determine the
greatest common divisor of two integers: the worst case input for this algorithm is a pair of consecutive Fibonacci
numbers.[47]

Yuri Matiyasevich was able to show that the Fibonacci numbers can be defined by a Diophantine equation, which
led to his original solution of Hilbert's tenth problem.
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The Fibonacci numbers are also an example of a complete sequence. This means that every positive integer can be
written as a sum of Fibonacci numbers, where any one number is used once at most. Specifically, every positive
integer can be written in a unique way as the sum of one or more distinct Fibonacci numbers in such a way that the
sum does not include any two consecutive Fibonacci numbers. This is known as Zeckendorf's theorem, and a sum of
Fibonacci numbers that satisfies these conditions is called a Zeckendorf representation. The Zeckendorf
representation of a number can be used to derive its Fibonacci coding.
Fibonacci numbers are used by some pseudorandom number generators.
Fibonacci numbers are used in a polyphase version of the merge sort algorithm in which an unsorted list is divided
into two lists whose lengths correspond to sequential Fibonacci numbers – by dividing the list so that the two parts
have lengths in the approximate proportion φ. A tape-drive implementation of the polyphase merge sort was
described in The Art of Computer Programming.
Fibonacci numbers arise in the analysis of the Fibonacci heap data structure.
The Fibonacci cube is an undirected graph with a Fibonacci number of nodes that has been proposed as a network
topology for parallel computing.
A one-dimensional optimization method, called the Fibonacci search technique, uses Fibonacci numbers.[48]

The Fibonacci number series is used for optional lossy compression in the IFF 8SVX audio file format used on
Amiga computers. The number series compands the original audio wave similar to logarithmic methods such as
µ-law.[49][50]

Since the conversion factor 1.609344 for miles to kilometers is close to the golden ratio (denoted φ), the
decomposition of distance in miles into a sum of Fibonacci numbers becomes nearly the kilometer sum when the
Fibonacci numbers are replaced by their successors. This method amounts to a radix 2 number register in golden
ratio base φ being shifted. To convert from kilometers to miles, shift the register down the Fibonacci sequence
instead.[51]

In nature

Yellow Chamomile head showing the
arrangement in 21 (blue) and 13 (aqua) spirals.

Such arrangements involving consecutive
Fibonacci numbers appear in a wide variety of

plants.

Fibonacci sequences appear in biological settings,[8] in two consecutive
Fibonacci numbers, such as branching in trees, arrangement of leaves
on a stem, the fruitlets of a pineapple,[9] the flowering of artichoke, an
uncurling fern and the arrangement of a pine cone.[10] In addition,
numerous poorly substantiated claims of Fibonacci numbers or golden
sections in nature are found in popular sources, e.g., relating to the
breeding of rabbits, the seeds on a sunflower, the spirals of shells, and
the curve of waves.[52] The Fibonacci numbers are also found in the
family tree of honeybees.[53]

Przemysław Prusinkiewicz advanced the idea that real instances can in
part be understood as the expression of certain algebraic constraints on
free groups, specifically as certain Lindenmayer grammars.[54]
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Illustration of Vogel's model for n=1 ... 500

A model for the pattern of florets in the head of a sunflower was
proposed by H. Vogel in 1979.[55] This has the form

where n is the index number of the floret and c is a constant scaling
factor; the florets thus lie on Fermat's spiral. The divergence angle,
approximately 137.51°, is the golden angle, dividing the circle in the
golden ratio. Because this ratio is irrational, no floret has a neighbor at
exactly the same angle from the center, so the florets pack efficiently.
Because the rational approximations to the golden ratio are of the form
F(j):F(j + 1), the nearest neighbors of floret number n are those at
n ± F(j) for some index j which depends on r, the distance from the
center. It is often said that sunflowers and similar arrangements have

55 spirals in one direction and 89 in the other (or some other pair of adjacent Fibonacci numbers), but this is true
only of one range of radii, typically the outermost and thus most conspicuous.[56]

The bee ancestry code
Fibonacci numbers also appear in the description of the reproduction of a population of idealized honeybees,
according to the following rules:
• If an egg is laid by an unmated female, it hatches a male or drone bee.
•• If, however, an egg was fertilized by a male, it hatches a female.
Thus, a male bee will always have one parent, and a female bee will have two.
If one traces the ancestry of any male bee (1 bee), he has 1 parent (1 bee), 2 grandparents, 3 great-grandparents, 5
great-great-grandparents, and so on. This sequence of numbers of parents is the Fibonacci sequence. The number of
ancestors at each level, Fn, is the number of female ancestors, which is Fn−1, plus the number of male ancestors,
which is Fn−2.[57] This is under the unrealistic assumption that the ancestors at each level are otherwise unrelated.

Generalizations
The Fibonacci sequence has been generalized in many ways. These include:
• Generalizing the index to negative integers to produce the Negafibonacci numbers.
• Generalizing the index to real numbers using a modification of Binet's formula.[29]

• Starting with other integers. Lucas numbers have L1 = 1, L2 = 3, and Ln = Ln−1 + Ln−2. Primefree sequences use
the Fibonacci recursion with other starting points in order to generate sequences in which all numbers are
composite.

• Letting a number be a linear function (other than the sum) of the 2 preceding numbers. The Pell numbers have Pn
= 2Pn – 1 + Pn – 2.

• Not adding the immediately preceding numbers. The Padovan sequence and Perrin numbers have P(n) = P(n – 2)
+ P(n – 3).

• Generating the next number by adding 3 numbers (tribonacci numbers), 4 numbers (tetranacci numbers), or more.
The resulting sequences are known as n-Step Fibonacci numbers.[58]

• Adding other objects than integers, for example functions or strings—one essential example is Fibonacci
polynomials.
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Golden ratio

Line segments in the golden ratio

A golden rectangle with longer side a and shorter
side b, when placed adjacent to a square with

sides of length a, will produce a similar golden
rectangle with longer side a + b and shorter side

a. This illustrates the relationship

.

The golden ratio ( ) is also called the golden section (Latin: sectio
aurea) or golden mean.[1][2][3] Other names include extreme and
mean ratio,[4] medial section, divine proportion, divine section
(Latin: sectio divina), golden proportion, golden cut,[5] golden
number, and mean of Phidias.[6][7][8]

In mathematics and the arts, two quantities are in the golden ratio if the
ratio of the sum of the quantities to the larger quantity is equal to the
ratio of the larger quantity to the smaller one. The figure on the right
illustrates the geometric relationship. Expressed algebraically:

where the Greek letter phi ( ) represents the golden ratio. Its value
is:

[9]

Many 20th century artists and architects have proportioned their works
to approximate the golden ratio—especially in the form of the golden
rectangle, in which the ratio of the longer side to the shorter is the
golden ratio—believing this proportion to be aesthetically pleasing (see
Applications and observations below). Mathematicians since Euclid
have studied the properties of the golden ratio, including its appearance
in the dimensions of a regular pentagon and in a golden rectangle,
which can be cut into a square and a smaller rectangle with the same
aspect ratio. The golden ratio has also been used to analyze the
proportions of natural objects as well as man-made systems such as
financial markets, in some cases based on dubious fits to data.[10]
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Calculation

•• List of numbers
•• Irrational and suspected irrational numbers
•• γ
•• ζ(3)
• √2
• √3
• √5
•• φ
•• ρ
• δS
•• e

•• π
•• δ

Binary 1.1001111000110111011...

Decimal 1.6180339887498948482...

Hexadecimal 1.9E3779B97F4A7C15F39...

Continued fraction

Algebraic form

Infinite series

Two quantities a and b are said to be in the golden ratio φ if:

One method for finding the value of φ is to start with the left fraction. Through simplifying the fraction and
substituting in b/a = 1/φ,

it is shown that

Multiplying by φ gives

which can be rearranged to

Using the quadratic formula, the only positive solution is
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History

Mathematician Mark Barr proposed using the first
letter in the name of Greek sculptor Phidias, phi, to
symbolize the golden ratio. Usually, the lowercase

form (φ) is used. Sometimes, the uppercase form (Φ) is
used for the reciprocal of the golden ratio, 1/φ.[11]

The golden ratio has fascinated Western intellectuals of diverse
interests for at least 2,400 years. According to Mario Livio:

Some of the greatest mathematical minds of all ages, from
Pythagoras and Euclid in ancient Greece, through the
medieval Italian mathematician Leonardo of Pisa and the
Renaissance astronomer Johannes Kepler, to present-day
scientific figures such as Oxford physicist Roger Penrose,
have spent endless hours over this simple ratio and its
properties. But the fascination with the Golden Ratio is not
confined just to mathematicians. Biologists, artists,
musicians, historians, architects, psychologists, and even
mystics have pondered and debated the basis of its ubiquity
and appeal. In fact, it is probably fair to say that the Golden
Ratio has inspired thinkers of all disciplines like no other
number in the history of mathematics.[12]

Ancient Greek mathematicians first studied what we now call the golden ratio because of its frequent appearance in
geometry. The division of a line into "extreme and mean ratio" (the golden section) is important in the geometry of
regular pentagrams and pentagons. The Greeks usually attributed discovery of this concept to Pythagoras or his
followers. The regular pentagram, which has a regular pentagon inscribed within it, was the Pythagoreans' symbol.

Euclid's Elements (Greek: Στοιχεῖα) provides the first known written definition of what is now called the golden
ratio: "A straight line is said to have been cut in extreme and mean ratio when, as the whole line is to the greater
segment, so is the greater to the less."[4] Euclid explains a construction for cutting (sectioning) a line "in extreme and
mean ratio", i.e. the golden ratio.[13] Throughout the Elements, several propositions (theorems in modern
terminology) and their proofs employ the golden ratio.[14] Some of these propositions show that the golden ratio is an
irrational number.
The name "extreme and mean ratio" was the principal term used from the 3rd century BC[4] until about the 18th
century.
The modern history of the golden ratio starts with Luca Pacioli's De divina proportione of 1509, which captured the
imagination of artists, architects, scientists, and mystics with the properties, mathematical and otherwise, of the
golden ratio.
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Michael Maestlin, first to publish a decimal
approximation of the golden ratio, in 1597.

The first known approximation of the (inverse) golden ratio by a
decimal fraction, stated as "about 0.6180340," was written in 1597 by
Michael Maestlin of the University of Tübingen in a letter to his
former student Johannes Kepler.[15]

Since the twentieth century, the golden ratio has been represented by
the Greek letter Φ or φ (phi, after Phidias, a sculptor who is said to
have employed it) or less commonly by τ (tau, the first letter of the
ancient Greek root τομή—meaning cut).[1][16]

Timeline

Timeline according to Priya Hemenway.[17]

• Phidias (490–430 BC) made the Parthenon statues that seem to
embody the golden ratio.

• Plato (427–347 BC), in his Timaeus, describes five possible regular
solids (the Platonic solids: the tetrahedron, cube, octahedron,
dodecahedron, and icosahedron), some of which are related to the
golden ratio.[18]

• Euclid (c. 325–c. 265 BC), in his Elements, gave the first recorded
definition of the golden ratio, which he called, as translated into
English, "extreme and mean ratio" (Greek: ἄκρος καὶ μέσος
λόγος).[4]

• Fibonacci (1170–1250) mentioned the numerical series now named after him in his Liber Abaci; the ratio of
sequential elements of the Fibonacci sequence approaches the golden ratio asymptotically.

• Luca Pacioli (1445–1517) defines the golden ratio as the "divine proportion" in his Divina Proportione.
• Michael Maestlin (1550–1631) publishes the first known approximation of the (inverse) golden ratio as a decimal

fraction.
• Johannes Kepler (1571–1630) proves that the golden ratio is the limit of the ratio of consecutive Fibonacci

numbers,[19] and describes the golden ratio as a "precious jewel": "Geometry has two great treasures: one is the
Theorem of Pythagoras, and the other the division of a line into extreme and mean ratio; the first we may compare
to a measure of gold, the second we may name a precious jewel." These two treasures are combined in the Kepler
triangle.

• Charles Bonnet (1720–1793) points out that in the spiral phyllotaxis of plants going clockwise and
counter-clockwise were frequently two successive Fibonacci series.

• Martin Ohm (1792–1872) is believed to be the first to use the term goldener Schnitt (golden section) to describe
this ratio, in 1835.[20]

• Édouard Lucas (1842–1891) gives the numerical sequence now known as the Fibonacci sequence its present
name.

• Mark Barr (20th century) suggests the Greek letter phi (φ), the initial letter of Greek sculptor Phidias's name, as a
symbol for the golden ratio.[21]

• Roger Penrose (b.1931) discovered a symmetrical pattern that uses the golden ratio in the field of aperiodic
tilings, which led to new discoveries about quasicrystals.
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Applications and observations

Aesthetics
De Divina Proportione, a three-volume work by Luca Pacioli, was published in 1509. Pacioli, a Franciscan friar, was
known mostly as a mathematician, but he was also trained and keenly interested in art. De Divina Proportione
explored the mathematics of the golden ratio. Though it is often said that Pacioli advocated the golden ratio's
application to yield pleasing, harmonious proportions, Livio points out that the interpretation has been traced to an
error in 1799, and that Pacioli actually advocated the Vitruvian system of rational proportions.[1] Pacioli also saw
Catholic religious significance in the ratio, which led to his work's title. Containing illustrations of regular solids by
Leonardo da Vinci, Pacioli's longtime friend and collaborator, De Divina Proportione was a major influence on
generations of artists and architects alike.

Architecture

Many of the proportions of the Parthenon are alleged to exhibit the
golden ratio.

The Parthenon's façade as well as elements of its façade
and elsewhere are said by some to be circumscribed by
golden rectangles.[22] Other scholars deny that the
Greeks had any aesthetic association with golden ratio.
For example, Midhat J. Gazalé says, "It was not until
Euclid, however, that the golden ratio's mathematical
properties were studied. In the Elements (308 BC) the
Greek mathematician merely regarded that number as
an interesting irrational number, in connection with the
middle and extreme ratios. Its occurrence in regular
pentagons and decagons was duly observed, as well as
in the dodecahedron (a regular polyhedron whose
twelve faces are regular pentagons). It is indeed
exemplary that the great Euclid, contrary to generations of mystics who followed, would soberly treat that number
for what it is, without attaching to it other than its factual properties."[23] And Keith Devlin says, "Certainly, the oft
repeated assertion that the Parthenon in Athens is based on the golden ratio is not supported by actual measurements.
In fact, the entire story about the Greeks and golden ratio seems to be without foundation. The one thing we know
for sure is that Euclid, in his famous textbook Elements, written around 300 BC, showed how to calculate its
value."[24] Near-contemporary sources like Vitruvius exclusively discuss proportions that can be expressed in whole
numbers, i.e. commensurate as opposed to irrational proportions.

A 2004 geometrical analysis of earlier research into the Great Mosque of Kairouan reveals a consistent application of
the golden ratio throughout the design, according to Boussora and Mazouz.[25] They found ratios close to the golden
ratio in the overall proportion of the plan and in the dimensioning of the prayer space, the court, and the minaret. The
authors note, however, that the areas where ratios close to the golden ratio were found are not part of the original
construction, and theorize that these elements were added in a reconstruction.
The Swiss architect Le Corbusier, famous for his contributions to the modern international style, centered his design
philosophy on systems of harmony and proportion. Le Corbusier's faith in the mathematical order of the universe
was closely bound to the golden ratio and the Fibonacci series, which he described as "rhythms apparent to the eye
and clear in their relations with one another. And these rhythms are at the very root of human activities. They
resound in man by an organic inevitability, the same fine inevitability which causes the tracing out of the Golden
Section by children, old men, savages and the learned."[26]
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Le Corbusier explicitly used the golden ratio in his Modulor system for the scale of architectural proportion. He saw
this system as a continuation of the long tradition of Vitruvius, Leonardo da Vinci's "Vitruvian Man", the work of
Leon Battista Alberti, and others who used the proportions of the human body to improve the appearance and
function of architecture. In addition to the golden ratio, Le Corbusier based the system on human measurements,
Fibonacci numbers, and the double unit. He took suggestion of the golden ratio in human proportions to an extreme:
he sectioned his model human body's height at the navel with the two sections in golden ratio, then subdivided those
sections in golden ratio at the knees and throat; he used these golden ratio proportions in the Modulor system. Le
Corbusier's 1927 Villa Stein in Garches exemplified the Modulor system's application. The villa's rectangular ground
plan, elevation, and inner structure closely approximate golden rectangles.[27]

Another Swiss architect, Mario Botta, bases many of his designs on geometric figures. Several private houses he
designed in Switzerland are composed of squares and circles, cubes and cylinders. In a house he designed in Origlio,
the golden ratio is the proportion between the central section and the side sections of the house.[28]

In a recent book, author Jason Elliot speculated that the golden ratio was used by the designers of the Naqsh-e Jahan
Square and the adjacent Lotfollah mosque.[29]

Painting

The drawing of a man's body in a pentagram
suggests relationships to the golden ratio.[30]

The 16th-century philosopher Heinrich Agrippa drew a man over a
pentagram inside a circle, implying a relationship to the golden
ratio.[30]

Leonardo da Vinci's illustrations of polyhedra in De divina proportione
(On the Divine Proportion) and his views that some bodily proportions
exhibit the golden ratio have led some scholars to speculate that he
incorporated the golden ratio in his paintings.[31] But the suggestion
that his Mona Lisa, for example, employs golden ratio proportions, is
not supported by anything in Leonardo's own writings.[32]

Salvador Dalí, influenced by the works of Matila Ghyka,[33] explicitly
used the golden ratio in his masterpiece, The Sacrament of the Last
Supper. The dimensions of the canvas are a golden rectangle. A huge
dodecahedron, in perspective so that edges appear in golden ratio to
one another, is suspended above and behind Jesus and dominates the composition.[1][34]

Mondrian has been said to have used the golden section extensively in his geometrical paintings,[35] though other
experts (including critic Yve-Alain Bois) have disputed this claim.[1]

A statistical study on 565 works of art of different great painters, performed in 1999, found that these artists had not
used the golden ratio in the size of their canvases. The study concluded that the average ratio of the two sides of the
paintings studied is 1.34, with averages for individual artists ranging from 1.04 (Goya) to 1.46 (Bellini).[36] On the
other hand, Pablo Tosto listed over 350 works by well-known artists, including more than 100 which have canvasses
with golden rectangle and root-5 proportions, and others with proportions like root-2, 3, 4, and 6.[37]
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Book design

Depiction of the proportions in a medieval
manuscript. According to Jan Tschichold: "Page
proportion 2:3. Margin proportions 1:1:2:3. Text

area proportioned in the Golden Section."[38]

According to Jan Tschichold,[39]

There was a time when deviations from the truly beautiful
page proportions 2:3, 1:√3, and the Golden Section were
rare. Many books produced between 1550 and 1770 show
these proportions exactly, to within half a millimeter.

Industrial design

Some sources claim that the golden ratio is commonly used in
everyday design, for example in the shapes of postcards, playing cards,
posters, wide-screen televisions, photographs, and light switch
plates.[40][41][42][43]

Music

Ernő Lendvaï analyzes Béla Bartók's works as being based on two opposing systems, that of the golden ratio and the
acoustic scale,[44] though other music scholars reject that analysis.[1] In Bartok's Music for Strings, Percussion and
Celesta the xylophone progression occurs at the intervals 1:2:3:5:8:5:3:2:1.[45] French composer Erik Satie used the
golden ratio in several of his pieces, including Sonneries de la Rose+Croix. The golden ratio is also apparent in the
organization of the sections in the music of Debussy's Reflets dans l'eau (Reflections in Water), from Images (1st
series, 1905), in which "the sequence of keys is marked out by the intervals 34, 21, 13 and 8, and the main climax
sits at the phi position."[45]

The musicologist Roy Howat has observed that the formal boundaries of La Mer correspond exactly to the golden
section.[46] Trezise finds the intrinsic evidence "remarkable," but cautions that no written or reported evidence
suggests that Debussy consciously sought such proportions.[47]

Pearl Drums positions the air vents on its Masters Premium models based on the golden ratio. The company claims
that this arrangement improves bass response and has applied for a patent on this innovation.[48]

Though Heinz Bohlen proposed the non-octave-repeating 833 cents scale based on combination tones, the tuning
features relations based on the golden ratio. As a musical interval the ratio 1.618... is 833.090... cents (Play).[49]
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Nature

A detail of an Aeonium tabuliforme in
Trädgårdsföreningen, Göteborg

Adolf Zeising, whose main interests were mathematics and philosophy,
found the golden ratio expressed in the arrangement of branches along
the stems of plants and of veins in leaves. He extended his research to
the skeletons of animals and the branchings of their veins and nerves,
to the proportions of chemical compounds and the geometry of
crystals, even to the use of proportion in artistic endeavors. In these
phenomena he saw the golden ratio operating as a universal law.[50] In
connection with his scheme for golden-ratio-based human body
proportions, Zeising wrote in 1854 of a universal law "in which is
contained the ground-principle of all formative striving for beauty and
completeness in the realms of both nature and art, and which
permeates, as a paramount spiritual ideal, all structures, forms and
proportions, whether cosmic or individual, organic or inorganic,
acoustic or optical; which finds its fullest realization, however, in the
human form."[51]

In 2010, the journal Science reported that the golden ratio is present at
the atomic scale in the magnetic resonance of spins in cobalt niobate
crystals.[52]

Several researchers have proposed connections between the golden ratio and human genome DNA.[53][54][55]

However, some have argued that many of the apparent manifestations of the golden mean in nature, especially in
regard to animal dimensions, are in fact fictitious.[56]

Optimization
The golden ratio is key to the golden section search.

Perceptual studies
Studies by psychologists, starting with Fechner, have been devised to test the idea that the golden ratio plays a role in
human perception of beauty. While Fechner found a preference for rectangle ratios centered on the golden ratio, later
attempts to carefully test such a hypothesis have been, at best, inconclusive.[1][57]

Mathematics

Golden ratio conjugate
The negative root of the quadratic equation for φ (the "conjugate root") is

The absolute value of this quantity (≈ 0.618) corresponds to the length ratio taken in reverse order (shorter segment
length over longer segment length, b/a), and is sometimes referred to as the golden ratio conjugate.[11] It is denoted
here by the capital Phi (Φ):

Alternatively, Φ can be expressed as
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This illustrates the unique property of the golden ratio among positive numbers, that

or its inverse:

This means 0.61803...:1 = 1:1.61803....

Short proofs of irrationality

Contradiction from an expression in lowest terms

If φ were rational, then it would be the ratio of
sides of a rectangle with integer sides. But it is
also a ratio of sides, which are also integers, of

the smaller rectangle obtained by deleting a
square. The sequence of decreasing integer side
lengths formed by deleting squares cannot be

continued indefinitely, so φ cannot be rational.

Recall that:
the whole is the longer part plus the shorter part;
the whole is to the longer part as the longer part is to the shorter
part.

If we call the whole n and the longer part m, then the second statement
above becomes

n is to m as m is to n − m,
or, algebraically

To say that φ is rational means that φ is a fraction n/m where n and m
are integers. We may take n/m to be in lowest terms and n and m to be
positive. But if n/m is in lowest terms, then the identity labeled (*)
above says m/(n − m) is in still lower terms. That is a contradiction that follows from the assumption that φ is
rational.
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Derivation from irrationality of √5

Another short proof—perhaps more commonly known—of the irrationality of the golden ratio makes use of the
closure of rational numbers under addition and multiplication. If is rational, then is

also rational, which is a contradiction if it is already known that the square root of a non-square natural number is
irrational.

Alternative forms

Approximations to the reciprocal golden ratio by
finite continued fractions, or ratios of Fibonacci

numbers

The formula φ = 1 + 1/φ can be expanded recursively to obtain a
continued fraction for the golden ratio:[58]

and its reciprocal:

The convergents of these continued fractions (1/1, 2/1, 3/2, 5/3, 8/5,
13/8, ..., or 1/1, 1/2, 2/3, 3/5, 5/8, 8/13, ...) are ratios of successive
Fibonacci numbers.

The equation φ2 = 1 + φ likewise produces the continued square root, or infinite surd, form:

An infinite series can be derived to express phi:[59]

Also:

These correspond to the fact that the length of the diagonal of a regular pentagon is φ times the length of its side, and
similar relations in a pentagram.
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Geometry

Approximate and true golden spirals. The green spiral is made from quarter-circles
tangent to the interior of each square, while the red spiral is a Golden Spiral, a special

type of logarithmic spiral. Overlapping portions appear yellow. The length of the side of
one square divided by that of the next smaller square is the golden ratio.

The number φ turns up frequently in
geometry, particularly in figures with
pentagonal symmetry. The length of a
regular pentagon's diagonal is φ times
its side. The vertices of a regular
icosahedron are those of three mutually
orthogonal golden rectangles.

There is no known general algorithm
to arrange a given number of nodes
evenly on a sphere, for any of several
definitions of even distribution (see,
for example, Thomson problem).
However, a useful approximation
results from dividing the sphere into
parallel bands of equal area and
placing one node in each band at
longitudes spaced by a golden section
of the circle, i.e. 360°/φ ≅ 222.5°. This
method was used to arrange the 1500 mirrors of the student-participatory satellite Starshine-3.[60]

Dividing a line segment

Dividing a line segment according to the golden ratio

The following algorithm produces a geometric
construction that divides a line segment into two line
segments where the ratio of the longer to the shorter
line segment is the golden ratio:

1. Having a line segment AB, construct a
perpendicular BC at point B, with BC half the length
of AB. Draw the hypotenuse AC.

2.2. Draw a circle with center C and radius BC. This
circle intersects the hypotenuse AC at point D.

3.3. Draw a circle with center A and radius AD. This
circle intersects the original line segment AB at
point S. Point S divides the original segment AB
into line segments AS and SB with lengths in the golden ratio.
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Golden triangle, pentagon and pentagram

Golden triangle

Golden triangle

The golden triangle can be characterized as an isosceles triangle ABC
with the property that bisecting the angle C produces a new triangle
CXB which is a similar triangle to the original.

If angle BCX = α, then XCA = α because of the bisection, and CAB =
α because of the similar triangles; ABC = 2α from the original
isosceles symmetry, and BXC = 2α by similarity. The angles in a
triangle add up to 180°, so 5α = 180, giving α = 36°. So the angles of
the golden triangle are thus 36°-72°-72°. The angles of the remaining
obtuse isosceles triangle AXC (sometimes called the golden gnomon) are 36°-36°-108°.
Suppose XB has length 1, and we call BC length φ. Because of the isosceles triangles XC=XA and BC=XC, so these
are also length φ. Length AC = AB, therefore equals φ + 1. But triangle ABC is similar to triangle CXB, so
AC/BC = BC/BX, and so AC also equals φ2. Thus φ2 = φ + 1, confirming that φ is indeed the golden ratio.
Similarly, the ratio of the area of the larger triangle AXC to the smaller CXB is equal to φ, while the inverse ratio
is φ − 1.

Pentagon

In a regular pentagon the ratio between a side and a diagonal is (i.e. 1/φ), while intersecting diagonals section
each other in the golden ratio.[8]

Odom's construction

\tfrac{|AB|}{|BC|}=\tfrac{|AC|}{|AB|}=\phi

George Odom has given a remarkably simple construction for
φ involving an equilateral triangle: if an equilateral triangle is
inscribed in a circle and the line segment joining the midpoints
of two sides is produced to intersect the circle in either of two
points, then these three points are in golden proportion. This
result is a straightforward consequence of the intersecting
chords theorem and can be used to construct a regular
pentagon, a construction that attracted the attention of the
noted Canadian geometer H. S. M. Coxeter who published it in
Odom's name as a diagram in the American Mathematical
Monthly accompanied by the single word "Behold!" [61]
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Pentagram

A pentagram colored to distinguish its line
segments of different lengths. The four lengths

are in golden ratio to one another.

The golden ratio plays an important role in the geometry of
pentagrams. Each intersection of edges sections other edges in the
golden ratio. Also, the ratio of the length of the shorter segment to the
segment bounded by the two intersecting edges (a side of the pentagon
in the pentagram's center) is φ, as the four-color illustration shows.

The pentagram includes ten isosceles triangles: five acute and five
obtuse isosceles triangles. In all of them, the ratio of the longer side to
the shorter side is φ. The acute triangles are golden triangles. The
obtuse isosceles triangles are golden gnomons.

Ptolemy's theorem

The golden ratio in a regular pentagon can be
computed using Ptolemy's theorem.

The golden ratio properties of a regular pentagon can be confirmed by
applying Ptolemy's theorem to the quadrilateral formed by removing
one of its vertices. If the quadrilateral's long edge and diagonals are b,
and short edges are a, then Ptolemy's theorem gives b2 = a2 + ab which
yields

Scalenity of triangles

Consider a triangle with sides of lengths a, b, and c in decreasing
order. Define the "scalenity" of the triangle to be the smaller of the two
ratios a/b and b/c. The scalenity is always less than φ and can be made
as close as desired to φ.[62]

Triangle whose sides form a geometric progression

If the side lengths of a triangle form a geometric progression and are in the ratio 1 : r : r2, where r is the common
ratio, then r must lie in the range φ−1 < r < φ, which is a consequence of the triangle inequality (the sum of any two
sides of a triangle must be strictly bigger than the length of the third side). If r = φ then the shorter two sides are 1
and φ but their sum is φ2, thus r < φ. A similar calculation shows that r > φ−1. A triangle whose sides are in the
ratio 1 : √φ : φ is a right triangle (because 1 + φ = φ2) known as a Kepler triangle.[63]
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Golden triangle, rhombus, and rhombic triacontahedron

One of the rhombic triacontahedron's rhombi

All of the faces of the rhombic triacontahedron
are golden rhombi

A golden rhombus is a rhombus whose diagonals are in the golden
ratio. The rhombic triacontahedron is a convex polytope that has a very
special property: all of its faces are golden rhombi. In the rhombic
triacontahedron the dihedral angle between any two adjacent rhombi is
144°, which is twice the isosceles angle of a golden triangle and four
times its most acute angle.

Relationship to Fibonacci sequence

The mathematics of the golden ratio and of the Fibonacci sequence are
intimately interconnected. The Fibonacci sequence is:

0, 1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, 144, 233, 377, 610, 987, ....
The closed-form expression (known as Binet's formula, even though it
was already known by Abraham de Moivre) for the Fibonacci
sequence involves the golden ratio:

A Fibonacci spiral which approximates the golden spiral, using
Fibonacci sequence square sizes up to 34.

The golden ratio is the limit of the ratios of successive
terms of the Fibonacci sequence (or any Fibonacci-like
sequence), as originally shown by Kepler:[19]

Therefore, if a Fibonacci number is divided by its
immediate predecessor in the sequence, the quotient
approximates φ; e.g., 987/610 ≈ 1.6180327868852.
These approximations are alternately lower and higher
than φ, and converge on φ as the Fibonacci numbers
increase, and:

More generally:

where above, the ratios of consecutive terms of the Fibonacci sequence, is a case when .
Furthermore, the successive powers of φ obey the Fibonacci recurrence:
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This identity allows any polynomial in φ to be reduced to a linear expression. For example:

However, this is no special property of φ, because polynomials in any solution x to a quadratic equation can be
reduced in an analogous manner, by applying:

for given coefficients a, b such that x satisfies the equation. Even more generally, any rational function (with rational
coefficients) of the root of an irreducible nth-degree polynomial over the rationals can be reduced to a polynomial of
degree n ‒ 1. Phrased in terms of field theory, if α is a root of an irreducible nth-degree polynomial, then has
degree n over , with basis .

Symmetries

The golden ratio and inverse golden ratio have a set of symmetries that preserve and
interrelate them. They are both preserved by the fractional linear transformations  –
this fact corresponds to the identity and the definition quadratic equation. Further, they are interchanged by the three
maps  – they are reciprocals, symmetric about , and (projectively) symmetric about
2.
More deeply, these maps form a subgroup of the modular group isomorphic to the symmetric group on
3 letters, corresponding to the stabilizer of the set of 3 standard points on the projective line, and
the symmetries correspond to the quotient map  – the subgroup consisting of the 3-cycles and
the identity fixes the two numbers, while the 2-cycles interchange these, thus realizing the map.

Other properties
The golden ratio has the simplest expression (and slowest convergence) as a continued fraction expansion of any
irrational number (see Alternate forms above). It is, for that reason, one of the worst cases of Lagrange's
approximation theorem and it is an extremal case of the Hurwitz inequality for Diophantine approximations. This
may be why angles close to the golden ratio often show up in phyllotaxis (the growth of plants).[64]

The defining quadratic polynomial and the conjugate relationship lead to decimal values that have their fractional
part in common with φ:

The sequence of powers of φ contains these values 0.618..., 1.0, 1.618..., 2.618...; more generally, any power of φ is
equal to the sum of the two immediately preceding powers:

As a result, one can easily decompose any power of φ into a multiple of φ and a constant. The multiple and the
constant are always adjacent Fibonacci numbers. This leads to another property of the positive powers of φ:

If , then:
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When the golden ratio is used as the base of a numeral system (see Golden ratio base, sometimes dubbed phinary or
φ-nary), every integer has a terminating representation, despite φ being irrational, but every fraction has a
non-terminating representation.

The golden ratio is a fundamental unit of the algebraic number field and is a Pisot–Vijayaraghavan

number.[65] In the field we have , where is the -th Lucas number.

The golden ratio also appears in hyperbolic geometry, as the maximum distance from a point on one side of an ideal
triangle to the closer of the other two sides: this distance, the side length of the equilateral triangle formed by the
points of tangency of a circle inscribed within the ideal triangle, is 4 ln φ.[66]

Decimal expansion
The golden ratio's decimal expansion can be calculated directly from the expression

with √5 ≈ 2.2360679774997896964. The square root of 5 can be calculated with the Babylonian method, starting
with an initial estimate such as xφ = 2 and iterating

for n = 1, 2, 3, ..., until the difference between xn and xn−1 becomes zero, to the desired number of digits.
The Babylonian algorithm for √5 is equivalent to Newton's method for solving the equation x2 − 5 = 0. In its more
general form, Newton's method can be applied directly to any algebraic equation, including the equation x2 − x − 1 =
0 that defines the golden ratio. This gives an iteration that converges to the golden ratio itself,

for an appropriate initial estimate xφ such as xφ = 1. A slightly faster method is to rewrite the equation as x − 1 − 1/x
= 0, in which case the Newton iteration becomes

These iterations all converge quadratically; that is, each step roughly doubles the number of correct digits. The
golden ratio is therefore relatively easy to compute with arbitrary precision. The time needed to compute n digits of
the golden ratio is proportional to the time needed to divide two n-digit numbers. This is considerably faster than
known algorithms for the transcendental numbers π and e.
An easily programmed alternative using only integer arithmetic is to calculate two large consecutive Fibonacci
numbers and divide them. The ratio of Fibonacci numbers F 25001 and F 25000, each over 5000 digits, yields over
10,000 significant digits of the golden ratio.
The golden ratio φ has been calculated to an accuracy of several millions of decimal digits (sequence A001622 in
OEIS). Alexis Irlande performed computations and verification of the first 17,000,000,000 digits.[67]
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Pyramids

A regular square pyramid is determined by its medial right triangle,
whose edges are the pyramid's apothem (a), semi-base (b), and height

(h); the face inclination angle is also marked. Mathematical
proportions b:h:a of and and

are of particular interest in relation to

Egyptian pyramids.

Both Egyptian pyramids and those mathematical
regular square pyramids that resemble them can be
analyzed with respect to the golden ratio and other
ratios.

Mathematical pyramids and triangles

A pyramid in which the apothem (slant height along the
bisector of a face) is equal to φ times the semi-base
(half the base width) is sometimes called a golden
pyramid. The isosceles triangle that is the face of such
a pyramid can be constructed from the two halves of a
diagonally split golden rectangle (of size semi-base by
apothem), joining the medium-length edges to make the
apothem. The height of this pyramid is times the
semi-base (that is, the slope of the face is ); the
square of the height is equal to the area of a face, φ
times the square of the semi-base.

The medial right triangle of this "golden" pyramid (see diagram), with sides is interesting in its own
right, demonstrating via the Pythagorean theorem the relationship or . This

"Kepler triangle"[68] is the only right triangle proportion with edge lengths in geometric progression,[63] just as the
3–4–5 triangle is the only right triangle proportion with edge lengths in arithmetic progression. The angle with
tangent corresponds to the angle that the side of the pyramid makes with respect to the ground, 51.827...
degrees (51° 49' 38").[69]

A nearly similar pyramid shape, but with rational proportions, is described in the Rhind Mathematical Papyrus (the
source of a large part of modern knowledge of ancient Egyptian mathematics), based on the 3:4:5 triangle;[70] the
face slope corresponding to the angle with tangent 4/3 is 53.13 degrees (53 degrees and 8 minutes).[71] The slant
height or apothem is 5/3 or 1.666... times the semi-base. The Rhind papyrus has another pyramid problem as well,
again with rational slope (expressed as run over rise). Egyptian mathematics did not include the notion of irrational
numbers,[72] and the rational inverse slope (run/rise, multiplied by a factor of 7 to convert to their conventional units
of palms per cubit) was used in the building of pyramids.[70]

Another mathematical pyramid with proportions almost identical to the "golden" one is the one with perimeter equal
to 2π times the height, or h:b = 4:π. This triangle has a face angle of 51.854° (51°51'), very close to the 51.827° of
the Kepler triangle. This pyramid relationship corresponds to the coincidental relationship .
Egyptian pyramids very close in proportion to these mathematical pyramids are known.[71]
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Egyptian pyramids
In the mid-nineteenth century, Röber studied various Egyptian pyramids including Khafre, Menkaure and some of
the Giza, Sakkara, and Abusir groups, and was interpreted as saying that half the base of the side of the pyramid is
the middle mean of the side, forming what other authors identified as the Kepler triangle; many other mathematical
theories of the shape of the pyramids have also been explored.[63]

One Egyptian pyramid is remarkably close to a "golden pyramid"—the Great Pyramid of Giza (also known as the
Pyramid of Cheops or Khufu). Its slope of 51° 52' is extremely close to the "golden" pyramid inclination of 51° 50'
and the π-based pyramid inclination of 51° 51'; other pyramids at Giza (Chephren, 52° 20', and Mycerinus, 50°
47')[70] are also quite close. Whether the relationship to the golden ratio in these pyramids is by design or by accident
remains open to speculation.[73] Several other Egyptian pyramids are very close to the rational 3:4:5 shape.[71]

Adding fuel to controversy over the architectural authorship of the Great Pyramid, Eric Temple Bell, mathematician
and historian, claimed in 1950 that Egyptian mathematics would not have supported the ability to calculate the slant
height of the pyramids, or the ratio to the height, except in the case of the 3:4:5 pyramid, since the 3:4:5 triangle was
the only right triangle known to the Egyptians and they did not know the Pythagorean theorem, nor any way to
reason about irrationals such as π or φ.[74]

Michael Rice[75] asserts that principal authorities on the history of Egyptian architecture have argued that the
Egyptians were well acquainted with the golden ratio and that it is part of mathematics of the Pyramids, citing
Giedon (1957).[76] Historians of science have always debated whether the Egyptians had any such knowledge or not,
contending rather that its appearance in an Egyptian building is the result of chance.[77]

In 1859, the pyramidologist John Taylor claimed that, in the Great Pyramid of Giza, the golden ratio is represented
by the ratio of the length of the face (the slope height), inclined at an angle θ to the ground, to half the length of the
side of the square base, equivalent to the secant of the angle θ.[78] The above two lengths were about 186.4 and 115.2
meters respectively. The ratio of these lengths is the golden ratio, accurate to more digits than either of the original
measurements. Similarly, Howard Vyse, according to Matila Ghyka,[79] reported the great pyramid height 148.2 m,
and half-base 116.4 m, yielding 1.6189 for the ratio of slant height to half-base, again more accurate than the data
variability.

Disputed observations
Examples of disputed observations of the golden ratio include the following:
• Historian John Man states that the pages of the Gutenberg Bible were "based on the golden section shape".

However, according to Man's own measurements, the ratio of height to width was 1.45.[80]

• Some specific proportions in the bodies of many animals (including humans[81][82]) and parts of the shells of
mollusks[3] and cephalopods are often claimed to be in the golden ratio. There is a large variation in the real
measures of these elements in specific individuals, however, and the proportion in question is often significantly
different from the golden ratio.[81] The ratio of successive phalangeal bones of the digits and the metacarpal bone
has been said to approximate the golden ratio.[82] The nautilus shell, the construction of which proceeds in a
logarithmic spiral, is often cited, usually with the idea that any logarithmic spiral is related to the golden ratio, but
sometimes with the claim that each new chamber is proportioned by the golden ratio relative to the previous
one;[83] however, measurements of nautilus shells do not support this claim.[84]

• The proportions of different plant components (numbers of leaves to branches, diameters of geometrical figures
inside flowers) are often claimed to show the golden ratio proportion in several species.[85] In practice, there are
significant variations between individuals, seasonal variations, and age variations in these species. While the
golden ratio may be found in some proportions in some individuals at particular times in their life cycles, there is
no consistent ratio in their proportions.

http://en.wikipedia.org/w/index.php?title=Kepler_triangle
http://en.wikipedia.org/w/index.php?title=Great_Pyramid_of_Giza
http://en.wikipedia.org/w/index.php?title=Eric_Temple_Bell
http://en.wikipedia.org/w/index.php?title=Egyptian_architecture
http://en.wikipedia.org/w/index.php?title=Pyramidology
http://en.wikipedia.org/w/index.php?title=John_Taylor_%281781%E2%80%931864%29
http://en.wikipedia.org/w/index.php?title=Great_Pyramid_of_Giza
http://en.wikipedia.org/w/index.php?title=%CE%98
http://en.wikipedia.org/w/index.php?title=Cosecant
http://en.wikipedia.org/w/index.php?title=Richard_William_Howard_Vyse
http://en.wikipedia.org/w/index.php?title=Gutenberg_Bible
http://en.wikipedia.org/w/index.php?title=Nautilus
http://en.wikipedia.org/w/index.php?title=Logarithmic_spiral


Golden ratio 206

• In investing, some practitioners of technical analysis use the golden ratio to indicate support of a price level, or
resistance to price increases, of a stock or commodity; after significant price changes up or down, new support
and resistance levels are supposedly found at or near prices related to the starting price via the golden ratio.[86]

The use of the golden ratio in investing is also related to more complicated patterns described by Fibonacci
numbers (e.g. Elliott wave principle and Fibonacci retracement). However, other market analysts have published
analyses suggesting that these percentages and patterns are not supported by the data.[87]
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Introduction to quantum mechanics

From above and from left to
right:Max Planck, Albert

Einstein,Niels Bohr, Louis
de Broglie,Max Born, Paul
Dirac,Werner Heisenberg,

Wolfgang Pauli,Erwin
Schrödinger, Richard

Feynman.

Quantum mechanics is an area of physics dealing with phenomena where the action is
on the order of the Planck constant. The Planck constant is a very tiny amount and thus
this is typically on the distance and momentum scale of atoms. Action is a general
physical concept related to dynamics and is most easily recognized in the form of
angular momentum. That most tangible way of expressing the essence of quantum
mechanics is that we live in a universe of quantized angular momentum and the Planck
constant is the quantum. A tangible result of the quantization of angular momentum is
the existence of discrete electron orbitals, each with a principal quantum number and
each orbital with an associated angular momentum that is a integer multiple of the
Planck constant. Quantum mechanics has many implications on the microscopic scale,
some of which are obscure and even counterintuitive.

Classical physics explains matter and energy at the macroscopic level of the scale
familiar to human experience, including the behavior of astronomical bodies. It remains
the key to measurement for much of modern science and technology but at the end of
the 19th Century scientists discovered phenomena in both the large (macro) and the
small (micro) worlds that classical physics could not explain. Coming to terms with
these limitations led to the development of quantum mechanics, a major revolution in
physics. This article describes how physicists discovered the limitations of classical
physics and developed the main concepts of the quantum theory that replaced them in
the early decades of the 20th century.[1] These concepts are described in roughly the
order they were first discovered; for a more complete history of the subject, see History
of quantum mechanics.[2]

Some aspects of quantum mechanics can seem counter-intuitive or even paradoxical,
because they describe behavior quite different than that seen at larger length scales,
where classical physics is an excellent approximation. In the words of Richard
Feynman, quantum mechanics deals with "nature as She is — absurd."[3]

Many types of energy, such as photons (discrete units of light), behave in some respects
like particles and in other respects like waves. Radiators of photons (such as neon
lights) have emission spectra that are discontinuous, in that only certain frequencies of
light are present. Quantum mechanics predicts the energies, the colours, and the spectral intensities of all forms of
electromagnetic radiation.

Quantum mechanics ordains that the more closely one pins down one measure (such as the position of a particle), the
less precise another measurement pertaining to the same particle (such as its momentum) must become. This is
called the uncertainty principle, also known as the Heisenberg principle after the person who first proposed it.
Put another way, measuring position first and then measuring momentum does not have the same outcome as
measuring momentum first and then measuring position; the act of measuring the first property necessarily
introduces additional energy into the micro-system being studied, thereby perturbing that system.
Even more disconcerting, pairs of particles can be created as "entangled twins." As is described in more detail in the
article on Quantum entanglement, entangled particles seem to exhibit what Einstein called "spooky action at a
distance," matches between states that classical physics would insist must be random even when distance and the
speed of light ensure that no physical causation could account for these correlations.[4]
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The first quantum theory: Max Planck and black body radiation

Hot metalwork from a blacksmith. The yellow-orange glow is the visible part of the
thermal radiation emitted due to the high temperature. Everything else in the picture is

glowing with thermal radiation as well, but less brightly and at longer wavelengths than
the human eye can detect. A far-infrared camera can observe this radiation.

Thermal radiation is electromagnetic
radiation emitted from the surface of
an object due to the object's
temperature. If an object is heated
sufficiently, it starts to emit light at the
red end of the spectrum — it is red hot.
Heating it further causes the colour to
change from red to yellow to blue to
white, as light at shorter wavelengths
(higher frequencies) begins to be
emitted. It turns out that a perfect
emitter is also a perfect absorber.
When it is cold, such an object looks
perfectly black, because it absorbs all
the light that falls on it and emits none.
Consequently, an ideal thermal emitter
is known as a black body, and the
radiation it emits is called black body
radiation.

In the late 19th century, thermal radiation had been fairly well-characterized experimentally. How the wavelength at
which the radiation is strongest changes with temperature is given by Wien's displacement law, and the overall
power emitted per unit area is given by the Stefan–Boltzmann law. However, classical physics was unable to explain
the relationship between temperatures and predominant frequencies of radiation. In fact, at short wavelengths,
classical physics predicted that energy will be emitted by a hot body at an infinite rate. This result, which is clearly
wrong, is known as the ultraviolet catastrophe. Physicists were searching for a single theory that explained why they
got the experimental results that they did.

Correct values (green) contrasted against the
classical values (Rayleigh-Jeans law, red and

Wien approximation, blue).

The first model that was able to explain the full spectrum of thermal
radiation was put forward by Max Planck in 1900.[5] He modeled the
thermal radiation as being in equilibrium, using a set of harmonic
oscillators. To reproduce the experimental results he had to assume that
each oscillator produced an integer number of units of energy at its
single characteristic frequency, rather than being able to emit any
arbitrary amount of energy. In other words, the energy of each
oscillator was "quantized."[6] The quantum of energy for each
oscillator, according to Planck, was proportional to the frequency of
the oscillator; the constant of proportionality is now known as the
Planck constant. The Planck constant, usually written as h, has the
value 6.63 × 10−34 J s, and so the energy E of an oscillator of
frequency f is given by

[7]

Planck's law was the first quantum theory in physics, and Planck won the Nobel Prize in 1918 "in recognition of the
services he rendered to the advancement of Physics by his discovery of energy quanta."[8] At the time, however,
Planck's view was that quantization was purely a mathematical trick, rather than (as we now know) a fundamental
change in our understanding of the world.[9]
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Photons: the quantisation of light

Einstein's portrait by Harm
Kamerlingh Onnes at the University

of Leiden in 1920

In 1905, Albert Einstein took an extra step. He suggested that quantisation was
not just a mathematical trick: the energy in a beam of light occurs in individual
packets, which are now called photons.[10] The energy of a single photon is given
by its frequency multiplied by Planck's constant:

For centuries, scientists had debated between two possible theories of light: was
it a wave or did it instead comprise a stream of tiny particles? By the 19th
century, the debate was generally considered to have been settled in favour of the
wave theory, as it was able to explain observed effects such as refraction,
diffraction and polarization. James Clerk Maxwell had shown that electricity,
magnetism and light are all manifestations of the same phenomenon: the
electromagnetic field. Maxwell's equations, which are the complete set of laws of
classical electromagnetism, describe light as waves: a combination of oscillating
electric and magnetic fields. Because of the preponderance of evidence in favour
of the wave theory, Einstein's ideas were met initially with great skepticism. Eventually, however, the photon model
became favoured; one of the most significant pieces of evidence in its favour was its ability to explain several
puzzling properties of the photoelectric effect, described in the following section. Nonetheless, the wave analogy
remained indispensable for helping to understand other characteristics of light, such as diffraction.

The photoelectric effect

Light (red arrows, left) is shone upon a metal. If
the light is of sufficient frequency (i.e. sufficient

energy), electrons are ejected (blue arrows, right).

In 1887 Heinrich Hertz observed that light can eject electrons from
metal.[11] In 1902 Philipp Lenard discovered that the maximum
possible energy of an ejected electron is related to the frequency of the
light, not to its intensity; if the frequency is too low, no electrons are
ejected regardless of the intensity. The lowest frequency of light that
causes electrons to be emitted, called the threshold frequency, is
different for every metal. This observation is at odds with classical
electromagnetism, which predicts that the electron's energy should be
proportional to the intensity of the radiation.[12]:24

Einstein explained the effect by postulating that a beam of light is a
stream of particles (photons), and that if the beam is of frequency f
then each photon has an energy equal to hf.[11] An electron is likely to
be struck only by a single photon, which imparts at most an energy hf to the electron.[11] Therefore, the intensity of
the beam has no effect;[13] only its frequency determines the maximum energy that can be imparted to the
electron.[11]

To explain the threshold effect, Einstein argued that it takes a certain amount of energy, called the work function,
denoted by φ, to remove an electron from the metal.[11] This amount of energy is different for each metal. If the
energy of the photon is less than the work function then it does not carry sufficient energy to remove the electron
from the metal. The threshold frequency, f0, is the frequency of a photon whose energy is equal to the work function:

If f is greater than f0, the energy hf is enough to remove an electron. The ejected electron has a kinetic energy EK
which is, at most, equal to the photon's energy minus the energy needed to dislodge the electron from the metal:
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Einstein's description of light as being composed of particles extended Planck's notion of quantised energy: a single
photon of a given frequency f delivers an invariant amount of energy hf. In other words, individual photons can
deliver more or less energy, but only depending on their frequencies. However, although the photon is a particle it
was still being described as having the wave-like property of frequency. Once again, the particle account of light was
being "compromised".[14][15]

The relationship between the frequency of electromagnetic radiation and the energy of each individual photon is why
ultraviolet light can cause sunburn, but visible or infrared light cannot. A photon of ultraviolet light will deliver a
high amount of energy—enough to contribute to cellular damage such as occurs in a sunburn. A photon of infrared
light will deliver a lower amount of energy—only enough to warm one's skin. So an infrared lamp can warm a large
surface, perhaps large enough to keep people comfortable in a cold room, but it cannot give anyone a sunburn.
If each individual photon had identical energy, it would not be correct to talk of a "high energy" photon. Light of
high frequency could carry more energy only because of flooding a surface with more photons arriving per second.
Light of low frequency could carry more energy only for the same reason. If it were true that all photons carry the
same energy, then if you doubled the rate of photon delivery, you would double the number of energy units arriving
each second. Einstein rejected that wave-dependent classical approach in favour of a particle-based analysis where
the energy of the particle must be absolute and varies with frequency in discrete steps (i.e. is quantised). All photons
of the same frequency have identical energy, and all photons of different frequencies have proportionally different
energies.
In nature, single photons are rarely encountered. The sun emits photons continuously at all electromagnetic
frequencies, so they appear to propagate as a continuous wave, not as discrete units. The emission sources available
to Hertz and Lennard in the 19th century shared that characteristic. A sun that radiates red light, or a piece of iron in
a forge that glows red, may both be said to contain a great deal of energy. It might be surmised that adding
continuously to the total energy of some radiating body would make it radiate red light, orange light, yellow light,
green light, blue light, violet light, and so on in that order. But that is not so, as larger suns and larger pieces of iron
in a forge would glow with colours more toward the violet end of the spectrum. To change the color of such a
radiating body it is necessary to change its temperature. An increase in temperature changes the quanta of energy
available to excite individual atoms to higher levels, enabling them to emit photons of higher frequencies.
The total energy emitted per unit of time by a sun (or by a piece of iron in a forge) depends on both the number of
photons emitted per unit of time, as well as the amount of energy carried by each of the photons involved. In other
words, the characteristic frequency of a radiating body is dependent on its temperature. When physicists were
looking only at beams of light containing huge numbers of individual and virtually indistinguishable photons, it was
difficult to understand the importance of the energy levels of individual photons. So when physicists first discovered
devices exhibiting the photoelectric effect, they initially expected that a higher intensity of light would produce a
higher voltage from the photoelectric device. Conversely, they discovered that strong beams of light toward the red
end of the spectrum might produce no electrical potential at all, and that weak beams of light toward the violet end of
the spectrum would produce higher and higher voltages. Einstein's idea that individual units of light may contain
different amounts of energy, depending on their frequency, made it possible to explain such experimental results that
had hitherto seemed quite counter-intuitive.
Although the energy imparted by photons is invariant at any given frequency, the initial energy state of the electrons
in a photoelectric device prior to absorption of light is not necessarily uniform. Anomalous results may occur in the
case of individual electrons. For instance, an electron that was already excited above the equilibrium level of the
photoelectric device might be ejected when it absorbed uncharacteristically low frequency illumination. Statistically,
however, the characteristic behavior of a photoelectric device will reflect the behavior of the vast majority of its
electrons, which will be at their equilibrium level. This point is helpful in comprehending the distinction between the
study of individual particles in quantum dynamics and the study of massed particles in classical physics.
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The quantisation of matter: the Bohr model of the atom
By the dawn of the 20th century, it was known that atoms comprise a diffuse cloud of negatively-charged electrons
surrounding a small, dense, positively-charged nucleus. This understanding suggested a model in which the electrons
circle around the nucleus like planets orbiting a sun.[16] However, it was also known that the atom in this model
would be unstable: according to classical theory orbiting electrons are undergoing centripetal acceleration, and
should therefore give off electromagnetic radiation, the loss of energy also causing them to spiral toward the nucleus,
colliding with it in a fraction of a second.
A second, related, puzzle was the emission spectrum of atoms. When a gas is heated, it gives off light only at
discrete frequencies. For example, the visible light given off by hydrogen consists of four different colours, as shown
in the picture below. By contrast, white light consists of a continuous emission across the whole range of visible
frequencies.

Emission spectrum of hydrogen. When excited, hydrogen gas gives off light in four distinct colours (spectral lines) in the visible spectrum, as well as
a number of lines in the infra-red and ultra-violet.

In 1885 the Swiss mathematician Johann Balmer discovered that each wavelength λ (lambda) in the visible spectrum
of hydrogen is related to some integer n by the equation

where B is a constant which Balmer determined to be equal to 364.56 nm. Thus Balmer's constant was the basis of a
system of discrete, i.e. quantised, integers.
In 1888 Johannes Rydberg generalized and greatly increased the explanatory utility of Balmer's formula. He
predicted that λ is related to two integers n and m according to what is now known as the Rydberg formula:[17]

where R is the Rydberg constant, equal to 0.0110 nm−1, and n must be greater than m.
Rydberg's formula accounts for the four visible wavelengths of hydrogen by setting m = 2 and n = 3, 4, 5, 6. It also
predicts additional wavelengths in the emission spectrum: for m = 1 and for n > 1, the emission spectrum should
contain certain ultraviolet wavelengths, and for m = 3 and n > 3, it should also contain certain infrared wavelengths.
Experimental observation of these wavelengths came two decades later: in 1908 Louis Paschen found some of the
predicted infrared wavelengths, and in 1914 Theodore Lyman found some of the predicted ultraviolet
wavelengths.[17]
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Bohr's model

The Bohr model of the atom, showing an electron
quantum jumping to ground state n = 1.

In 1913 Niels Bohr proposed a new model of the atom that included
quantized electron orbits.[18] In Bohr's model, electrons could inhabit
only certain orbits around the atomic nucleus. When an atom emitted
(or absorbed) energy, the electron did not move in a continuous
trajectory from one orbit around the nucleus to another, as might be
expected classically. Instead, the electron would jump instantaneously
from one orbit to another, giving off the emitted light in the form of a
photon.[19] The possible energies of photons given off by each element
were determined by the differences in energy between the orbits, and
so the emission spectrum for each element would contain a number of
lines.[20]

Bohr theorised that the angular momentum, L, of an electron is
quantised:

where n is an integer and h is the Planck constant. Starting from this assumption, Coulomb's law and the equations of
circular motion show that an electron with n units of angular momentum will orbit a proton at a distance r given by

,

where ke is the Coulomb constant, m is the mass of an electron, and e is the charge on an electron. For simplicity this
is written as

where a0, called the Bohr radius, is equal to 0.0529 nm. The Bohr radius is the radius of the smallest allowed orbit.
The energy of the electron[21] can also be calculated, and is given by

.

Thus Bohr's assumption that angular momentum is quantised means that an electron can only inhabit certain orbits
around the nucleus, and that it can have only certain energies. A consequence of these constraints is that the electron
will not crash into the nucleus: it cannot continuously emit energy, and it cannot come closer to the nucleus than a0
(the Bohr radius).
An electron loses energy by jumping instantaneously from its original orbit to a lower orbit; the extra energy is
emitted in the form of a photon. Conversely, an electron that absorbs a photon gains energy, hence it jumps to an
orbit that is farther from the nucleus.
Each photon from glowing atomic hydrogen is due to an electron moving from a higher orbit, with radius rn, to a
lower orbit, rm. The energy Eγ of this photon is the difference in the energies En and Em of the electron:

Since Planck's equation shows that the photon's energy is related to its wavelength by Eγ = hc/λ, the wavelengths of
light that can be emitted are given by

This equation has the same form as the Rydberg formula, and predicts that the constant R should be given by
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Therefore the Bohr model of the atom can predict the emission spectrum of hydrogen in terms of fundamental
constants.[22] However, it was not able to make accurate predictions for multi-electron atoms, or to explain why
some spectral lines are brighter than others.

Wave-particle duality
In 1924, Louis de Broglie proposed the idea that just as light has both wave-like and particle-like properties, matter
also has wave-like properties.[23]

The wavelength, λ , associated with a particle is related to its momentum, p through the Planck constant h :[24][25]

The relationship, called the de Broglie hypothesis, holds for all types of matter. Thus all matter exhibits properties of
both particles and waves.
Three years later, the wave-like nature of electrons was demonstrated by showing that a beam of electrons could
exhibit diffraction, just like a beam of light. At the University of Aberdeen, George Thomson passed a beam of
electrons through a thin metal film and observed the predicted diffraction patterns. At Bell Labs, Davisson and
Germer guided their beam through a crystalline grid. Similar wave-like phenomena were later shown for atoms and
even small molecules. De Broglie was awarded the Nobel Prize for Physics in 1929 for his hypothesis; Thomson and
Davisson shared the Nobel Prize for Physics in 1937 for their experimental work.
The concept of wave-particle duality says that neither the classical concept of "particle" nor of "wave" can fully
describe the behavior of quantum-scale objects, either photons or matter. Indeed, astrophysicist A.S. Eddington
proposed in 1927 that "We can scarcely describe such an entity as a wave or as a particle; perhaps as a compromise
we had better call it a 'wavicle' ".[26] (This term was later popularised by mathematician Banesh Hoffmann.)[27]:172

Wave-particle duality is an example of the principle of complementarity in quantum physics. An elegant example of
wave-particle duality, the double slit experiment, is discussed in the section below.
De Broglie's treatment of quantum events served as a jumping off point for Schrödinger when he set about to
construct a wave equation to describe quantum theoretical events.

The double-slit experiment

Light from one slit interferes with light from the
other, producing an interference pattern (the 3

fringes shown at the right).

In the double-slit experiment as originally performed by Thomas
Young and Augustin Fresnel in 1827, a beam of light is directed
through two narrow, closely spaced slits, producing an interference
pattern of light and dark bands on a screen. If one of the slits is covered
up, one might naively expect that the intensity of the fringes due to
interference would be halved everywhere. In fact, a much simpler
pattern is seen, a simple diffraction pattern. Closing one slit results in a
much simpler pattern diametrically opposite the open slit. Exactly the
same behaviour can be demonstrated in water waves, and so the
double-slit experiment was seen as a demonstration of the wave nature
of light.
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The diffraction pattern produced when light is
shone through one slit (top) and the interference

pattern produced by two slits (bottom). The
interference pattern from two slits is much more

complex, demonstrating the wave-like
propagation of light.

The double-slit experiment has also been performed using electrons,
atoms, and even molecules, and the same type of interference pattern is
seen. Thus it has been demonstrated that all matter possesses both
particle and wave characteristics.
Even if the source intensity is turned down so that only one particle
(e.g. photon or electron) is passing through the apparatus at a time, the
same interference pattern develops over time. The quantum particle
acts as a wave when passing through the double slits, but as a particle
when it is detected. This is a typical feature of quantum
complementarity: a quantum particle will act as a wave when we do an
experiment to measure its wave-like properties, and like a particle
when we do an experiment to measure its particle-like properties.
Where on the detector screen any individual particle shows up will be
the result of an entirely random process.

Application to the Bohr model
De Broglie expanded the Bohr model of the atom by showing that an electron in orbit around a nucleus could be
thought of as having wave-like properties. In particular, an electron will be observed only in situations that permit a
standing wave around a nucleus. An example of a standing wave is a violin string, which is fixed at both ends and
can be made to vibrate. The waves created by a stringed instrument appear to oscillate in place, moving from crest to
trough in an up-and-down motion. The wavelength of a standing wave is related to the length of the vibrating object
and the boundary conditions. For example, because the violin string is fixed at both ends, it can carry standing waves
of wavelengths 2l/n, where l is the length and n is a positive integer. De Broglie suggested that the allowed electron
orbits were those for which the circumference of the orbit would be an integer number of wavelengths.

Development of modern quantum mechanics

Erwin Schrödinger, about 1933, age
46

In 1925, building on de Broglie's hypothesis, Erwin Schrödinger developed the
equation that describes the behaviour of a quantum mechanical wave. The
equation, called the Schrödinger equation after its creator, is central to quantum
mechanics, defines the permitted stationary states of a quantum system, and
describes how the quantum state of a physical system changes in time.[28] In the
paper that introduced Schrödinger's cat, he says that the psi-function featured in
his equation provides the "means for predicting probability of measurement
results," and that it therefore provides "future expectation[s] , somewhat as laid
down in a catalog."[29]

Schrödinger was able to calculate the energy levels of hydrogen by treating a
hydrogen atom's electron as a classical wave, moving in a well of electrical
potential created by the proton. This calculation accurately reproduced the
energy levels of the Bohr model.

At a somewhat earlier time, Werner Heisenberg was trying to find an explanation
for the intensities of the different lines in the hydrogen emission spectrum. By means of a series of mathematical
analogies, Heisenberg wrote out the quantum mechanical analogue for the classical computation of intensities.
Shortly afterwards, Heisenberg's colleague Max Born realised that Heisenberg's method of calculating the
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probabilities for transitions between the different energy levels could best be expressed by using the mathematical
concept of matrices.[30]

In May 1926, Schrödinger proved that Heisenberg's matrix mechanics and his own wave mechanics made the same
predictions about the properties and behaviour of the electron; mathematically, the two theories were identical. Yet
the two men disagreed on the interpretation of their mutual theory. For instance, Heisenberg saw no problem in the
theoretical prediction of instantaneous transitions of electrons between orbits in an atom, but Schrödinger hoped that
a theory based on continuous wave-like properties could avoid what he called (in the words of Wilhelm Wien[31])
"this nonsense about quantum jumps."

Copenhagen interpretation
Bohr, Heisenberg and others tried to explain what these experimental results and mathematical models really mean.
Their description, known as the Copenhagen interpretation of quantum mechanics, aimed to describe the nature of
reality that was being probed by the measurements and described by the mathematical formulations of quantum
mechanics.
The main principles of the Copenhagen interpretation are:

1. A system is completely described by a wave function, . (Heisenberg)
2. How changes over time is given by the Schrödinger equation.
3. The description of nature is essentially probabilistic. The probability of an event — for example, where on the

screen a particle will show up in the two slit experiment — is related to the square of the amplitude of its wave
function. (Born rule, due to Max Born, which gives a physical meaning to the wavefunction in the Copenhagen
interpretation: the probability amplitude)

4. It is not possible to know the values of all of the properties of the system at the same time; those properties that
are not known with precision must be described by probabilities. (Heisenberg's uncertainty principle)

5. Matter, like energy, exhibits a wave-particle duality. An experiment can demonstrate the particle-like properties
of matter, or its wave-like properties; but not both at the same time. (Complementarity principle due to Bohr)

6.6. Measuring devices are essentially classical devices, and measure classical properties such as position and
momentum.

7. The quantum mechanical description of large systems should closely approximate the classical description.
(Correspondence principle of Bohr and Heisenberg)

Various consequences of these principles are discussed in more detail in the following subsections.
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Uncertainty principle

Werner Heisenberg at the age of 26.
Heisenberg won the Nobel Prize in
Physics in 1932 for the work that he

did at around this time.[32]

Suppose that we want to measure the position and speed of an object — for
example a car going through a radar speed trap. Naively, we assume that the car
has a definite position and speed at a particular moment in time, and how
accurately we can measure these values depends on the quality of our measuring
equipment — if we improve the precision of our measuring equipment, we will
get a result that is closer to the true value. In particular, we would assume that
how precisely we measure the speed of the car does not affect the measurement
of its position, and vice versa.

In 1927, Heisenberg proved that these assumptions are not correct.[33] Quantum
mechanics shows that certain pairs of physical properties, like position and
speed, cannot both be known to arbitrary precision: the more precisely one
property is known, the less precisely the other can be known. This statement is
known as the uncertainty principle. The uncertainty principle isn't a statement
about the accuracy of our measuring equipment, but about the nature of the
system itself — our naive assumption that the car had a definite position and
speed was incorrect. On a scale of cars and people, these uncertainties are too
small to notice, but when dealing with atoms and electrons they become
critical.[34]

Heisenberg gave, as an illustration, the measurement of the position and momentum of an electron using a photon of
light. In measuring the electron's position, the higher the frequency of the photon the more accurate is the
measurement of the position of the impact, but the greater is the disturbance of the electron, which absorbs a random
amount of energy, rendering the measurement obtained of its momentum increasingly uncertain (momentum is
velocity multiplied by mass), for one is necessarily measuring its post-impact disturbed momentum, from the
collision products, not its original momentum. With a photon of lower frequency the disturbance - hence uncertainty
- in the momentum is less, but so is the accuracy of the measurement of the position of the impact.[35]

The uncertainty principle shows mathematically that the product of the uncertainty in the position and momentum of
a particle (momentum is velocity multiplied by mass) could never be less than a certain value, and that this value is
related to Planck's constant.

Wave function collapse
Wave function collapse is a forced term for whatever happened when it becomes appropriate to replace the
description of an uncertain state of a system by a description of the system in a definite state. Explanations for the
nature of the process of becoming certain are controversial. At any time before a photon "shows up" on a detection
screen it can only be described by a set of probabilities for where it might show up. When it does show up, for
instance in the CCD of an electronic camera, the time and the space where it interacted with the device are known
within very tight limits. However, the photon has disappeared, and the wave function has disappeared with it. In its
place some physical change in the detection screen has appeared, e.g., an exposed spot in a sheet of photographic
film, or a change in electric potential in some cell of a CCD.
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Eigenstates and eigenvalues
For a more detailed introduction to this subject, see: Introduction to eigenstates

Because of the uncertainty principle, statements about both the position and momentum of particles can only assign a
probability that the position or momentum will have some numerical value. Therefore it is necessary to formulate
clearly the difference between the state of something that is indeterminate, such as an electron in a probability cloud,
and the state of something having a definite value. When an object can definitely be "pinned-down" in some respect,
it is said to possess an eigenstate.

The Pauli exclusion principle
In 1924, Wolfgang Pauli proposed a new quantum degree of freedom (or quantum number), with two possible
values, to resolve inconsistencies between observed molecular spectra and the predictions of quantum mechanics. In
particular, the spectrum of atomic hydrogen had a doublet, or pair of lines differing by a small amount, where only
one line was expected. Pauli formulated his exclusion principle, stating that "There cannot exist an atom in such a
quantum state that two electrons within [it] have the same set of quantum numbers."[36]

A year later, Uhlenbeck and Goudsmit identified Pauli's new degree of freedom with a property called spin. The
idea, originating with Ralph Kronig, was that electrons behave as if they rotate, or "spin", about an axis. Spin would
account for the missing magnetic moment, and allow two electrons in the same orbital to occupy distinct quantum
states if they "spun" in opposite directions, thus satisfying the exclusion principle. The quantum number represented
the sense (positive or negative) of spin.

Application to the hydrogen atom
Bohr's model of the atom was essentially two-dimensional — an electron orbiting in a plane around its nuclear
"sun." However, the uncertainty principle states that an electron cannot be viewed as having an exact location at any
given time. In the modern theory the orbit has been replaced by an atomic orbital, a "cloud" of possible locations. It
is often depicted as a three-dimensional region within which there is a 95 percent probability of finding the
electron.[37]

Schrödinger was able to calculate the energy levels of hydrogen by treating a hydrogen atom's electron as a wave,
represented by the "wave function" Ψ, in a electric potential well, V, created by the proton. The solutions to
Schrödinger's equation are distributions of probabilities for electron positions and locations. Orbitals have a range of
different shapes in three dimensions. The energies of the different orbitals can be calculated, and they accurately
reproduce the energy levels of the Bohr model.
Within Schrödinger's picture, each electron has four properties:
1.1. An "orbital" designation, indicating whether the particle wave is one that is closer to the nucleus with less energy

or one that is farther from the nucleus with more energy;
2.2. The "shape" of the orbital, spherical or otherwise;
3. The "inclination" of the orbital, determining the magnetic moment of the orbital around the z-axis.
4.4. The "spin" of the electron.
The collective name for these properties is the quantum state of the electron. The quantum state can be described by
giving a number to each of these properties; these are known as the electron's quantum numbers. The quantum state
of the electron is described by its wavefunction. The Pauli exclusion principle demands that no two electrons within
an atom may have the same values of all four numbers.
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The shapes of the first five atomic orbitals: 1s, 2s, 2px,2py, and 2pz. The colours show the
phase of the wavefunction.

The first property describing the orbital
is the principal quantum number, n,
which is the same as in Bohr's model.
n denotes the energy level of each
orbital. The possible values for n are
integers:

The next quantum number, the
azimuthal quantum number, denoted l, describes the shape of the orbital. The shape is a consequence of the angular
momentum of the orbital. The angular momentum represents the resistance of a spinning object to speeding up or
slowing down under the influence of external force. The azimuthal quantum number represents the orbital angular
momentum of an electron around its nucleus. The possible values for l are integers from 0 to n − 1:

The shape of each orbital has its own letter as well. The first shape is denoted by the letter s (a mnemonic being
"sphere"). The next shape is denoted by the letter p and has the form of a dumbbell. The other orbitals have more
complicated shapes (see atomic orbital), and are denoted by the letters d, f, and g.
The third quantum number, the magnetic quantum number, describes the magnetic moment of the electron, and is
denoted by ml (or simply m). The possible values for ml are integers from −l to l:

The magnetic quantum number measures the component of the angular momentum in a particular direction. The
choice of direction is arbitrary, conventionally the z-direction is chosen.
The fourth quantum number, the spin quantum number (pertaining to the "orientation" of the electron's spin) is
denoted ms, with values +1⁄2 or −1⁄2.
The chemist Linus Pauling wrote, by way of example:

In the case of a helium atom with two electrons in the 1s orbital, the Pauli Exclusion Principle requires that the
two electrons differ in the value of one quantum number. Their values of n, l, and ml are the same; moreover,
they have the same spin, s = 1⁄2. Accordingly they must differ in the value of ms, which can have the value of
+1⁄2 for one electron and −1⁄2 for the other."[36]

It is the underlying structure and symmetry of atomic orbitals, and the way that electrons fill them, that determines
the organisation of the periodic table and the structure and strength of chemical bonds between atoms.
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Dirac wave equation

Paul Dirac (1902 - 1984)

In 1928, Paul Dirac extended the Pauli equation, which described spinning
electrons, to account for special relativity. The result was a theory that dealt
properly with events, such as the speed at which an electron orbits the nucleus,
occurring at a substantial fraction of the speed of light. By using the simplest
electromagnetic interaction, Dirac was able to predict the value of the magnetic
moment associated with the electron's spin, and found the experimentally
observed value, which was too large to be that of a spinning charged sphere
governed by classical physics. He was able to solve for the spectral lines of the
hydrogen atom, and to reproduce from physical first principles Sommerfeld's
successful formula for the fine structure of the hydrogen spectrum.

Dirac's equations sometimes yielded a negative value for energy, for which he
proposed a novel solution: he posited the existence of an antielectron and of a
dynamical vacuum. This led to the many-particle quantum field theory.

Quantum entanglement

Superposition of two quantum characteristics, and two resolution possibilities.

The Pauli exclusion principle says that
two electrons in one system cannot be
in the same state. Nature leaves open
the possibility, however, that two
electrons can have both states
"superimposed" over each of them.
Recall that the wave functions that
emerge simultaneously from the
double slits arrive at the detection

screen in a state of superposition. Nothing is certain until the superimposed waveforms "collapse," At that instant an
electron shows up somewhere in accordance with the probabilities that are the squares of the amplitudes of the two
superimposed waveforms. The situation there is already very abstract. A concrete way of thinking about entangled
photons, photons in which two contrary states are superimposed on each of them in the same event, is as follows:
Imagine that the superposition of a state that can be mentally labeled as blue and another state that can be mentally
labeled as red will then appear (in imagination, of course) as a purple state. Two photons are produced as the result
of the same atomic event. Perhaps they are produced by the excitation of a crystal that characteristically absorbs a
photon of a certain frequency and emits two photons of half the original frequency. So the two photons come out
"purple." If the experimenter now performs some experiment that will determine whether one of the photons is either
blue or red, then that experiment changes the photon involved from one having a superposition of "blue" and "red"
characteristics to a photon that has only one of those characteristics. The problem that Einstein had with such an
imagined situation was that if one of these photons had been kept bouncing between mirrors in a laboratory on earth,
and the other one had traveled halfway to the nearest star, when its twin was made to reveal itself as either blue or
red, that meant that the distant photon now had to lose its "purple" status too. So whenever it might be investigated
after its twin had been measured, it would necessarily show up in the opposite state to whatever its twin had
revealed.
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In trying to show that quantum mechanics was not a complete theory, Einstein started with the theory's prediction
that two or more particles that have interacted in the past can appear strongly correlated when their various
properties are later measured. He sought to explain this seeming interaction in a classical way, through their common
past, and preferably not by some "spooky action at a distance." The argument is worked out in a famous paper,
Einstein, Podolsky, and Rosen (1935; abbreviated EPR), setting out what is now called the EPR paradox. Assuming
what is now usually called local realism, EPR attempted to show from quantum theory that a particle has both
position and momentum simultaneously, while according to the Copenhagen interpretation, only one of those two
properties actually exists and only at the moment that it is being measured. EPR concluded that quantum theory is
incomplete in that it refuses to consider physical properties which objectively exist in nature. (Einstein, Podolsky, &
Rosen 1935 is currently Einstein's most cited publication in physics journals.) In the same year, Erwin Schrödinger
used the word "entanglement" and declared: "I would not call that one but rather the characteristic trait of quantum
mechanics." [38] The question of whether entanglement is a real condition is still in dispute.[39] The Bell inequalities
are the most powerful challenge to Einstein's claims.

Quantum field theory

This sculpture in Bristol, England —
a series of clustering cones —

presents the idea of small worlds that
Paul Dirac studied to reach his

discovery of anti-matter.

The idea of quantum field theory began in the late 1920s with British physicist
Paul Dirac, when he attempted to quantise the electromagnetic field — a
procedure for constructing a quantum theory starting from a classical theory.

A field in physics is "a region or space in which a given effect (such as
magnetism) exists."[40] Other effects that manifest themselves as fields are
gravitation and static electricity.[41] In 2008, physicist Richard Hammond wrote
that

Sometimes we distinguish between quantum mechanics (QM) and
quantum field theory (QFT). QM refers to a system in which the
number of particles is fixed, and the fields (such as the
electromechanical field) are continuous classical entities. QFT . . .
goes a step further and allows for the creation and annihilation of
particles . . . .

He added, however, that quantum mechanics is often used to refer to "the entire
notion of quantum view."[42]:108

In 1931, Dirac proposed the existence of particles that later became known as
anti-matter.[43] Dirac shared the Nobel Prize in physics for 1933 with
Schrödinger, "for the discovery of new productive forms of atomic theory."[44]

Quantum electrodynamics

Quantum electrodynamics (QED) is the name of the quantum theory of the
electromagnetic force. Understanding QED begins with understanding
electromagnetism. Electromagnetism can be called "electrodynamics" because it is a dynamic interaction between
electrical and magnetic forces. Electromagnetism begins with the electric charge.

Electric charges are the sources of, and create, electric fields. An electric field is a field which exerts a force on any
particles that carry electric charges, at any point in space. This includes the electron, proton, and even quarks, among
others. As a force is exerted, electric charges move, a current flows and a magnetic field is produced. The magnetic
field, in turn causes electric current (moving electrons). The interacting electric and magnetic field is called an
electromagnetic field.
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The physical description of interacting charged particles, electrical currents, electrical fields, and magnetic fields is
called electromagnetism.
In 1928 Paul Dirac produced a relativistic quantum theory of electromagnetism. This was the progenitor to modern
quantum electrodynamics, in that it had essential ingredients of the modern theory. However, the problem of
unsolvable infinities developed in this relativistic quantum theory. Years later, renormalization solved this problem.
Initially viewed as a suspect, provisional procedure by some of its originators, renormalization eventually was
embraced as an important and self-consistent tool in QED and other fields of physics. Also, in the late 1940s
Feynman's diagrams depicted all possible interactions pertaining to a given event. The diagrams showed that the
electromagnetic force is the interactions of photons between interacting particles.
An example of a prediction of quantum electrodynamics which has been verified experimentally is the Lamb shift.
This refers to an effect whereby the quantum nature of the electromagnetic field causes the energy levels in an atom
or ion to deviate slightly from what they would otherwise be. As a result, spectral lines may shift or split.
In the 1960s physicists realized that QED broke down at extremely high energies. From this inconsistency the
Standard Model of particle physics was discovered, which remedied the higher energy breakdown in theory. The
Standard Model unifies the electromagnetic and weak interactions into one theory. This is called the electroweak
theory.

Interpretations
The physical measurements, equations, and predictions pertinent to quantum mechanics are all consistent and hold a
very high level of confirmation. However, the question of what these abstract models say about the underlying nature
of the real world has received competing answers.

Applications
Applications of quantum mechanics include the laser, the transistor, the electron microscope, and magnetic
resonance imaging. A special class of quantum mechanical applications is related to macroscopic quantum
phenomena such as superfluid helium and superconductors. The study of semiconductors led to the invention of the
diode and the transistor, which are indispensable for modern electronics.
In even the simple light switch, quantum tunnelling is absolutely vital, as otherwise the electrons in the electric
current could not penetrate the potential barrier made up of a layer of oxide. Flash memory chips found in USB
drives also use quantum tunnelling, to erase their memory cells.[45]
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of mutual influence the systems separate again, then they can no longer be described as before, viz., by endowing each of them with a
representative of its own. I would not call that one but rather the characteristic trait of quantum mechanics."
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Press. ISBN 978-0-8135-3077-2.

• Van Vleck, J. H.,1928, "The Correspondence Principle in the Statistical Interpretation of Quantum Mechanics,"
Proc. Nat. Acad. Sci. 14: 179.

• Wheeler, John Archibald; Feynman, Richard P. (1949). "Classical Electrodynamics in Terms of Direct
Interparticle Action". Reviews of Modern Physics 21 (3): 425–433. Bibcode 1949RvMP...21..425W.
doi:10.1103/RevModPhys.21.425.

• Wieman, Carl; Perkins, Katherine (2005). "Transforming Physics Education". Physics Today.
•• Westmoreland; Benjamin Schumacher (1998). "Quantum Entanglement and the Nonexistence of Superluminal

Signals". arXiv:quant-ph/9801014 [quant-ph].
• Bronner, Patrick; Strunz, Andreas; Silberhorn, Christine; Meyn, Jan-Peter (2009). "Demonstrating quantum

random with single photons". European Journal of Physics 30 (5): 1189–1200. Bibcode 2009EJPh...30.1189B.
doi:10.1088/0143-0807/30/5/026.

Further reading
The following titles, all by working physicists, attempt to communicate quantum theory to lay people, using a
minimum of technical apparatus.
• Malin, Shimon (2012). Nature Loves to Hide: Quantum Physics and the Nature of Reality, a Western Perspective

(Revised ed.). World Scientific. ISBN 978-981-4324-57-1.
• Jim Al-Khalili (2003) Quantum: A Guide for the Perplexed. Weidenfield & Nicholson.
• Richard Feynman (1985) QED: The Strange Theory of Light and Matter. Princeton University Press. ISBN

0-691-08388-6
• Ford, Kenneth (2005) The Quantum World. Harvard Univ. Press. Includes elementary particle physics.
• Ghirardi, GianCarlo (2004) Sneaking a Look at God's Cards, Gerald Malsbary, trans. Princeton Univ. Press. The

most technical of the works cited here. Passages using algebra, trigonometry, and bra-ket notation can be passed
over on a first reading.

• Tony Hey and Walters, Patrick (2003) The New Quantum Universe. Cambridge Univ. Press. Includes much about
the technologies quantum theory has made possible.

• Vladimir G. Ivancevic, Tijana T. Ivancevic (2008) Quantum leap: from Dirac and Feynman, across the universe,
to human body and mind. World Scientific Publishing Company. Provides an intuitive introduction in
non-mathematical terms and an introduction in comparatively basic mathematical terms.

• N. David Mermin (1990) “Spooky actions at a distance: mysteries of the QT” in his Boojums all the way through.
Cambridge Univ. Press: 110–176. The author is a rare physicist who tries to communicate to philosophers and
humanists.

• Roland Omnes (1999) Understanding Quantum Mechanics. Princeton Univ. Press.
• Victor Stenger (2000) Timeless Reality: Symmetry, Simplicity, and Multiple Universes. Buffalo NY: Prometheus

Books. Chpts. 5–8.
• Martinus Veltman (2003) Facts and Mysteries in Elementary Particle Physics. World Scientific Publishing

Company.
• Brian Cox and Jeff Forshaw (2011) The Quantum Universe. Allen Lane.
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External links
• Takada, Kenjiro, Emeritus professor at Kyushu University, " Microscopic World – Introduction to Quantum

Mechanics. (http:/ / www. kutl. kyushu-u. ac. jp/ seminar/ MicroWorld1_E/ MicroWorld_1_E. html)"
• Quantum Theory. (http:/ / www. encyclopedia. com/ doc/ 1E1-quantumt. html)
• Quantum Mechanics. (http:/ / www. aip. org/ history/ heisenberg/ p07. htm)
• The spooky quantum (http:/ / www. imamu. edu. sa/ Scientific_selections/ abstracts/ Physics/ THE SPOOKY

QUANTUM. pdf)
• Everything you wanted to know about the quantum world. (http:/ / www. newscientist. com/ channel/

fundamentals/ quantum-world) From the New Scientist.
• This Quantum World. (http:/ / thisquantumworld. com/ )
• The Quantum Exchange (http:/ / www. compadre. org/ quantum) (tutorials and open source learning software).
• Atoms and the Periodic Table (http:/ / www. chem1. com/ acad/ webtext/ atoms/ )
• Theoretical Physics wiki (http:/ / theoreticalphysics. wetpaint. com)
• " Uncertainty Principle, (http:/ / www. thebigview. com/ spacetime/ index. html)" a recording of Werner

Heisenberg's voice.
• Single and double slit interference (http:/ / intro. phys. psu. edu/ class/ 251Labs/ 10_Interference_& _Diffraction/

Single_and_Double-Slit_Interference. pdf)
• Time-Evolution of a Wavepacket in a Square Well (http:/ / demonstrations. wolfram. com/

TimeEvolutionOfAWavepacketInASquareWell/ ) An animated demonstration of a wave packet dispersion over
time.

• Experiments with single photons (http:/ / www. didaktik. physik. uni-erlangen. de/ quantumlab/ english/ ) An
introduction into quantum physics with interactive experiments

• Hitachi video recording of double-slit experiment done with electrons (http:/ / www. youtube. com/
watch?v=oxknfn97vFE) - You can see the interference pattern build up over time.
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Quantum Zeno effect
The quantum Zeno effect is a name coined by George Sudarshan and Baidyanath Misra of the University of Texas
in 1977 in their analysis of the situation in which an unstable particle, if observed continuously, will never decay.[1]

One can "freeze" the evolution of the system by measuring it frequently enough in its (known) initial state. The
meaning of the term has since expanded, leading to a more technical definition in which time evolution can be
suppressed not only by measurement: the quantum Zeno effect is the suppression of unitary time evolution caused by
quantum decoherence in quantum systems provided by a variety of sources: measurement, interactions with the
environment, stochastic fields, and so on.[2] As an outgrowth of study of the quantum Zeno effect, it has become
clear that applying a series of sufficiently strong and fast pulses with appropriate symmetry can also decouple a
system from its decohering environment.[3]

The name comes from Zeno's arrow paradox which states that, since an arrow in flight is not seen to move during
any single instant, it cannot possibly be moving at all.[4]

An earlier theoretical exploration of this effect of measurement was published in 1974 by Degasperis et al. [5] and
Alan Turing described it in 1954:[6]

It is easy to show using standard theory that if a system starts in an eigenstate of some observable, and
measurements are made of that observable N times a second, then, even if the state is not a stationary one, the
probability that the system will be in the same state after, say, one second, tends to one as N tends to infinity;
that is, that continual observations will prevent motion …

— Alan Turing as quoted by A. Hodges in Alan Turing: Life and Legacy of a Great Thinker p. 54
resulting in the earlier name Turing paradox. The idea is contained in the early work by John von Neumann,
sometimes called the reduction postulate.[7]

According to the reduction postulate, each measurement causes the wavefunction to "collapse" to a pure eigenstate
of the measurement basis. In the context of this effect, an "observation" can simply be the absorption of a particle,
without an observer in any conventional sense. However, there is controversy over the interpretation of the effect,
sometimes referred to as the "measurement problem" in traversing the interface between microscopic and
macroscopic.[8][9]

Closely related (and sometimes not distinguished from the quantum Zeno effect) is the watchdog effect, in which
the time evolution of a system is affected by its continuous coupling to the environment.[10][11]

Description
Unstable quantum systems are predicted to exhibit a short time deviation from the exponential decay law.[12][13] This
universal phenomenon has led to the prediction that frequent measurements during this nonexponential period could
inhibit decay of the system, one form of the quantum Zeno effect. Subsequently, it was predicted that an
enhancement of decay due to frequent measurements could be observed under somewhat more general conditions,
leading to the so-called anti-Zeno effect.[14]

In quantum mechanics, the interaction mentioned is called "measurement" because its result can be interpreted in
terms of classical mechanics. Frequent measurement prohibits the transition. It can be a transition of a particle from
one half-space to another (which could be used for atomic mirror in an atomic nanoscope[15]) as in the time of arrival
problem [16] ,[17] a transition of a photon in a waveguide from one mode to another, and it can be a transition of an
atom from one quantum state to another. It can be a transition from the subspace without decoherent loss of a q-bit to
a state with a q-bit lost in a quantum computer.[18][19] In this sense, for the q-bit correction, it is sufficient to
determine whether the decoherence has already occurred or not. All these can be considered as applications of the
Zeno effect.[20] By its nature, the effect appears only in systems with distinguishable quantum states, and hence is
inapplicable to classical phenomena and macroscopic bodies.
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Various realizations and general definition
The treatment of the Zeno effect as a paradox is not limited to the processes of quantum decay. In general, the term
Zeno effect is applied to various transitions, and sometimes these transitions may be very different from a mere
"decay" (whether exponential or non-exponential).
One realization refers to the observation of an object (Zeno's arrow, or any quantum particle) as it leaves some
region of space. In the 20th century, the trapping (confinement) of a particle in some region by its observation
outside the region was considered as nonsensical, indicating some non-completeness of quantum mechanics.[21]

Even as late as 2001, confinement by absorption was considered as a paradox.[22] Later, similar effects of the
suppression of Raman scattering was considered an expected effect,[23][24][25] not a paradox at all. The absorption of
a photon at some wavelength, the release of a photon (for example one that has escaped from some mode of a fiber),
or even the relaxation of a particle as it enters some region, are all processes that can be interpreted as measurement.
Such a measurement suppresses the transition, and is called the Zeno effect in the scientific literature.
In order to cover all of these phenomena (including the original effect of suppression of quantum decay), the Zeno
effect can be defined as a class of phenomena in which some transition is suppressed by an interaction — one that
allows the interpretation of the resulting state in the terms transition did not yet happen and transition has already
occurred, or The proposition that the evolution of a quantum system is halted if the state of the system is
continuously measured by a macroscopic device to check whether the system is still in its initial state.[26]

Periodic measurement of a quantum system
Consider a system in a state A, which is the eigenstate of some measurement operator. Say the system under free
time evolution will decay with a certain probability into state B. If measurements are made periodically, with some
finite interval between each one, at each measurement, the wave function collapses to an eigenstate of the
measurement operator. Between the measurements, the system evolves away from this eigenstate into a
superposition state of the states A and B. When the superposition state is measured, it will again collapse, either back
into state A as in the first measurement, or away into state B. However, its probability of collapsing into state B, after
a very short amount of time t, is proportional to t², since probabilities are proportional to squared amplitudes, and
amplitudes behave linearly. Thus, in the limit of a large number of short intervals, with a measurement at the end of
every interval, the probability of making the transition to B goes to zero.
According to decoherence theory, the collapse of the wave function is not a discrete, instantaneous event. A
"measurement" is equivalent to strongly coupling the quantum system to the noisy thermal environment for a brief
period of time, and continuous strong coupling is equivalent to frequent "measurement". The time it takes for the
wave function to "collapse" is related to the decoherence time of the system when coupled to the environment. The
stronger the coupling is, and the shorter the decoherence time, the faster it will collapse. So in the decoherence
picture, a perfect implementation of the quantum Zeno effect corresponds to the limit where a quantum system is
continuously coupled to the environment, and where that coupling is infinitely strong, and where the "environment"
is an infinitely large source of thermal randomness.

Experiments and discussion
Experimentally, strong suppression of the evolution of a quantum system due to environmental coupling has been
observed in a number of microscopic systems.
In 1989, David J. Wineland and his group at NIST[27] observed the quantum Zeno effect for a two-level atomic 
system that is interrogated during its evolution. Approximately 5000 9Be+ ions were stored in a cylindrical Penning 
trap and laser cooled to below 250 mK. A resonant RF pulse was applied which, if applied alone, would cause the 
entire ground state population to migrate into an excited state. After the pulse was applied, the ions were monitored 
for photons emitted due to relaxation. The ion trap was then regularly "measured" by applying a sequence of
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ultraviolet pulses, during the RF pulse. As expected, the ultraviolet pulses suppressed the evolution of the system
into the excited state. The results were in good agreement with theoretical models. A recent review describes
subsequent work in this arena.[28]

In 2001, Mark G. Raizen and his group at the University of Texas at Austin, observed the quantum Zeno and
anti-Zeno effects for an unstable quantum system,[29] as originally proposed by Sudarshan and Misra.[1] Ultracold
sodium atoms were trapped in an accelerating optical lattice and the loss due to tunneling was measured. The
evolution was interrupted by reducing the acceleration, thereby stopping quantum tunneling. The group observed
suppression or enhancement of the decay rate, depending on the regime of measurement.
The Quantum Zeno Effect is used in commercial atomic magnetometers and naturally by birds' magnetic compass
sensory mechanism (magnetoreception).[30]

It is still an open question how closely one can approach the limit of an infinite number of interrogations due to the
Heisenberg uncertainty involved in shorter measurement times. In 2006, Streed et al. at MIT observed the
dependence of the Zeno effect on measurement pulse characteristics.[31]

The interpretation of experiments in terms of the "Zeno effect" helps describe the origin of a phenomenon.
Nevertheless, such an interpretation does not bring any principally new features not described with the Schrödinger
equation of the quantum system.[32][33]

Even more, the detailed description of experiments with the "Zeno effect", especially at the limit of high frequency
of measurements (high efficiency of suppression of transition, or high reflectivity of a ridged mirror) usually do not
behave as expected for an idealized measurement,[15] and require analysis of the mechanism of the interaction.[34]

It was shown that the Quantum Zeno effect persists in the many-worlds and relative states interpretations of quantum
mechanics.[35]

Significance to cognitive science
The quantum Zeno effect (with its own controversies related to the problem of measurement) is becoming a central
concept in the exploration of controversial theories of quantum mind consciousness within the discipline of cognitive
science. In his book Mindful Universe (2007), Henry Stapp claims that the mind holds the brain in a superposition of
states using the quantum Zeno effect. He advances that this phenomenon is the principal method by which the
conscious can effect change, a possible solution to the mind-body dichotomy. Stapp and co-workers do not claim
finality of their theory, but only:[36]

The new framework, unlike its classic-physics-based predecessor, is erected directly upon, and is compatible
with, the prevailing principles of physics.

Needless to say, such conjectures have their opponents, serving perhaps to create more furor, rather than less, for
example, see Bourget.[37] Recent work[38] criticizes Stapp's model in two aspects: (1) The mind in Stapp's model
does not have its own wavefunction or density matrix, but nevertheless can act upon the brain using projection
operators. Such usage is not compatible with standard quantum mechanics because one can attach any number of
ghostly minds to any point in space that act upon physical quantum systems with any projection operators. Therefore
Stapp's model does not build upon "the prevailing principles of physics", but negates them.[38] (2) Stapp's claim that
quantum Zeno effect is robust against environmental decoherence directly contradicts a basic theorem in quantum
information theory according to which acting with projection operators upon the density matrix of a quantum system
can never decrease the Von Neumann entropy of the system, but can only increase it.[38] Indeed, already in 1993 it
was shown by M. J. Gagen and colleagues[39] that the quantum Zeno effect is easily destroyed by noise and that a
two-level system becomes a "random telegraph", i.e. the evolution of the system is not suppressed as required for
quantum Zeno effect, instead the system jumps randomly between the two states.
A summary of the situation is provided by Davies:[40]
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There have been many claims that quantum mechanics plays a key role in the origin and/or operation of
biological organisms, beyond merely providing the basis for the shapes and sizes of biological molecules and
their chemical affinities.…The case for quantum biology remains one of “not proven.” There are many
suggestive experiments and lines of argument indicating that some biological functions operate close to, or
within, the quantum regime, but as yet no clear-cut example has been presented of non-trivial quantum effects
at work in a key biological process.

The significance of the Zeno effect in determining the rate of quantum decoherence in biological systems remains
unknown.

External links
• Zeno.qcl [41] A computer program written in QCL which demonstrates the Quantum Zeno effect
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Observer effect (physics)
In science, the term observer effect refers to changes that the act of observation will make on a phenomenon being
observed. This is often the result of instruments that, by necessity, alter the state of what they measure in some
manner. A commonplace example is checking the pressure in an automobile tire; this is difficult to do without letting
out some of the air, thus changing the pressure. This effect can be observed in many domains of physics.
The observer effect on a physical process can often be reduced to insignificance by using better instruments or
observation techniques. However in quantum mechanics, which deals with very small objects, it is not possible to
observe a system without changing the system, so the observer must be considered part of the system being
observed.

Particle physics
For an electron to become detectable, a photon must first interact with it, and this interaction will change the path of
that electron. It is also possible for other, less direct means of measurement to affect the electron.

Electronics
In electronics, ammeters and voltmeters are usually wired in series or parallel to the circuit, and so by their very
presence affect the current or the voltage they are measuring by way of presenting an additional real or complex load
to the circuit, thus changing the transfer function and behaviour of the circuit itself. Even a more passive device such
as a current clamp, which measures the wire current without coming into physical contact with the wire, affects the
current through the circuit being measured because the inductance is mutual.

Thermodynamics
In thermodynamics, a standard mercury-in-glass thermometer must absorb or give up some thermal energy to record
a temperature, and therefore changes the temperature of the body which it is measuring.

Quantum mechanics
The theoretical foundation of the concept of measurement in quantum mechanics is a contentious issue deeply
connected to the many interpretations of quantum mechanics. A key topic is that of wave function collapse, for
which some interpretations assert that measurement causes a discontinuous change into a non-quantum state, which
no longer evolves. The superposition principle (ψ = Σanψn) of quantum physics says that for a wave function ψ, a
measurement will give a state of the quantum system of one of the m possible eigenvalues fn, n=1,2...m, of the
operator which is part of the eigenfunctions ψn, n=1,2,...n. Once we have measured the system, we know its
current state and this stops it from being in one of its other states.[1] This means that the type of measurement that we
do on the system affects the end state of the system. An experimentally studied situation related to this is the
quantum Zeno effect, in which a quantum state that would decay if left alone but does not decay because of its
continuous observation. The dynamics of a quantum system under continuous observation is described by a quantum
stochastic master equation known as the Belavkin equation.[2] [3] [4]

A consequence of Bell's theorem is that measurement on one of two entangled particles can appear to have a
nonlocal effect on the opposite particle. Additional problems related to decoherence arise when the observer too is
modeled as a quantum system.
The uncertainty principle has been frequently confused with the observer effect, evidently even by its originator, 
Werner Heisenberg.[5] The uncertainty principle in its standard form actually describes how precisely we may 
measure the position and momentum of a particle at the same time — if we increase the precision in measuring one
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quantity, we are forced to lose precision in measuring the other.[6] An alternative version of the uncertainty
principle,[7] more in the spirit of an observer effect,[8] fully accounts for the disturbance the observer has on a system
and the error incurred, although this is not how the term "uncertainty principle" is most commonly used in practice.
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Uncertainty principle
In quantum mechanics, the uncertainty principle is any of a variety of mathematical inequalities asserting a
fundamental limit to the precision with which certain pairs of physical properties of a particle, such as position x and
momentum p, can be known simultaneously. The more precisely the position of some particle is determined, the less
precisely its momentum can be known, and vice versa.[1] The original heuristic argument that such a limit should
exist was given by Werner Heisenberg in 1927, after whom it is sometimes named the Heisenberg principle. A
more formal inequality relating the standard deviation of position σx and the standard deviation of momentum σp was
derived by Earle Hesse Kennard[2] later that year (and independently by Hermann Weyl[3] in 1928),

where ħ is the reduced Planck constant.
Historically, the uncertainty principle has been confused[4][5] with a somewhat similar effect in physics, called the
observer effect, which notes that measurements of certain systems cannot be made without affecting the systems.
Heisenberg offered such an observer effect at the quantum level (see below) as a physical "explanation" of quantum
uncertainty.[6] It has since become clear, however, that the uncertainty principle is inherent in the properties of all
wave-like systems, and that it arises in quantum mechanics simply due to the matter wave nature of all quantum
objects. Thus, the uncertainty principle actually states a fundamental property of quantum systems, and is not a
statement about the observational success of current technology.[7] It must be emphasized that measurement does not
mean only a process in which a physicist-observer takes part, but rather any interaction between classical and
quantum objects regardless of any observer.[8]

Since the uncertainty principle is such a basic result in quantum mechanics, typical experiments in quantum
mechanics routinely observe aspects of it. Certain experiments, however, may deliberately test a particular form of
the uncertainty principle as part of their main research program. These include, for example, tests of number-phase
uncertainty relations in superconducting[9] or quantum optics[10] systems. Applications are for developing extremely
low noise technology such as that required in gravitational-wave interferometers.[11]
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Introduction
The uncertainty principle can be interpreted in either the wave mechanics or matrix mechanics formalisms of
quantum mechanics. Although the principle is more visually intuitive in the wave mechanics formalism, it was first
derived and is more easily generalized in the matrix mechanics formalism. We will attempt to motivate the principle
in the two frameworks.
Mathematically, the uncertainty relation between position and momentum arises because the expressions of the
wavefunction in the two corresponding bases are Fourier transforms of one another (i.e., position and momentum are
conjugate variables). A similar tradeoff between the variances of Fourier conjugates arises wherever Fourier analysis
is needed, for example in sound waves. A pure tone is a sharp spike at a single frequency. Its Fourier transform gives
the shape of the sound wave in the time domain, which is a completely delocalized sine wave. In quantum
mechanics, the two key points are that the position of the particle takes the form of a matter wave, and momentum is
its Fourier conjugate, assured by the de Broglie relation , where is the wavenumber.
In the mathematical formulation of quantum mechanics, any pair of non-commuting self-adjoint operators
representing observables are subject to similar uncertainty limits. An eigenstate of an observable represents the state
of the wavefunction for a certain measurement value (the eigenvalue). For example, if a measurement of an
observable is taken then the system is in a particular eigenstate of that observable. The particular eigenstate of
the observable may not be an eigenstate of another observable . If this is so, then it does not have a single
associated measurement as the system is not in an eigenstate of the observable.[12]

Wave mechanics interpretation

Plane wave

Wave packet

According to the de Broglie hypothesis, every object in the universe is a wave, a situation which gives rise to this
phenomenon. The position of the particle is described by a wave function . The time-independent wave
function of a single-moded plane wave of wavenumber k0 or momentum p0 is

The Born rule states that this should be interpreted as a probability density function in the sense that the probability
of finding the particle between a and b is

.
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In the case of the single-moded plane wave, is a uniform distribution. In other words, the particle position
is extremely uncertain in the sense that it could be essentially anywhere along the wave packet. Consider a wave
function that is a sum of many waves, however, we may write this as

where An represents the relative contribution of the mode pn to the overall total. The figures to the right show how
with the addition of many plane waves, the wave packet can become more localized. We may take this a step further
to the continuum limit, where the wave function is an integral over all possible modes

with representing the amplitude of these modes and is called the wave function in momentum space. In
mathematical terms, we say that is the Fourier transform of and that x and p are conjugate variables.
Adding together all of these plane waves comes at a cost, namely the momentum has become less precise, having
become a mixture of waves of many different momenta.
One way to quantify the precision of the position and momentum is the standard deviation σ. Since is a
probability density function for position, we calculate its standard deviation.
We improved the precision of the position, i.e. reduced σx, by using many plane waves, thereby weakening the
precision of the momentum, i.e. increased σp. Another way of stating this is that σx and σp have an inverse
relationship or are at least bounded from below. This is the uncertainty principle, the exact limit of which, is the
Kennard bound. Click the show button below to see a semi-formal derivation of the Kennard inequality using wave
mechanics.
Proof of the Kennard inequality using wave mechanics
We are interested in the variances of position and momentum, defined as

Without loss of generality, we will assume that the means vanish, which just amounts to a shift of the origin of our
coordinates. (A more general proof that does not make this assumption is given below.) This gives us the simpler
form

The function can be interpreted as a vector in a function space. We can define an inner product
for a pair of functions u(x) and v(x) in this vector space:

where the asterisk denotes the complex conjugate.
With this inner product defined, we note that the variance for position can be written as

We can repeat this for momentum by interpreting the function as a vector, but we can also take
advantage of the fact that and are Fourier transforms of each other. We evaluate the inverse Fourier
transform through integration by parts:
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where the canceled term vanishes because the wave function vanishes at infinity. Often the term is called

the momentum operator in position space. Applying Parseval's theorem, we see that the variance for momentum can
be written as

The Cauchy–Schwarz inequality asserts that

The modulus squared of any complex number z can be expressed as

we let and and substitute these into the equation above to get

All that remains is to evaluate these inner products.

Plugging this into the above inequalities, we get
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or taking the square root

Note that the only physics involved in this proof was that and are wave functions for position and
momentum, which are Fourier transforms of each other. A similar result would hold for any pair of conjugate
variables.

Matrix mechanics interpretation
In matrix mechanics, observables such as position and momentum are represented by self-adjoint operators. When
considering pairs of observables, one of the most important quantities is the commutator. For a pair of operators 
and , we may define their commutator as

In the case of position and momentum, the commutator is the canonical commutation relation

The physical meaning of the non-commutativity can be understood by considering the effect of the commutator on
position and momentum eigenstates. Let be a right eigenstate of position with a constant eigenvalue x0. By
definition, this means that Applying the commutator to yields

where is simply the identity operator. Suppose for the sake of proof by contradiction that is also a right
eigenstate of momentum, with constant eigenvalue p0. If this were true, then we could write

On the other hand, the canonical commutation relation requires that

This implies that no quantum state can be simultaneously both a position and a momentum eigenstate. When a state
is measured, it is projected onto an eigenstate in the basis of the observable. For example, if a particle's position is
measured, then the state exists at least momentarily in a position eigenstate. This means that the state is not in a
momentum eigenstate, however, but rather exists as a sum of multiple momentum basis eigenstates. In other words
the momentum must be less precise. The precision may be quantified by the standard deviations, defined by

As with the wave mechanics interpretation above, we see a tradeoff between the precisions of the two, given by the
uncertainty principle.

Robertson–Schrödinger uncertainty relations
The most common general form of the uncertainty principle is the Robertson uncertainty relation.[13] For an
arbitrary Hermitian operator , we can associate a standard deviation

where the brackets indicate an expectation value. For a pair of operators and , we may define their
commutator as

In this notation, the Robertson uncertainty relation is given by
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The Robertson uncertainty relation immediately follows from a slightly stronger inequality, the Schrödinger
uncertainty relation,[14]

where we have introduced the anticommutator,

Proof of the Schrödinger uncertainty relation
The derivation shown here incorporates and builds off of those shown in Robertson,[13] Schrödinger[14] and standard
textbooks such as Griffiths.[15] For any Hermitian operator , based upon the definition of variance, we have

we let and thus

Similarly, for any other Hermitian operator in the same state

for 
The product of the two deviations can thus be expressed as

{{{}}}

(1)

{{{}}}

In order to relate the two vectors and , we use the Cauchy–Schwarz inequality[16] which is defined as

and thus Eq. (1) can be written as
{{{}}}

(2)

{{{}}} Since is in general a complex number, we use the fact that the modulus squared of any complex
number is defined as where is the complex conjugate of . The modulus squared can also be
expressed as

{{{}}}

(3)

{{{}}}

we let and and substitute these into the equation above to get
{{{}}}

(4)

{{{}}}
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The inner product is written out explicitly as

and using the fact that and are Hermitian operators, we find

.

Similarly it can be shown that Thus we have

and

.
We now substitute the above two equations above back into Eq. (4) and get

Substituting the above into Eq. (2) we get the Schrödinger uncertainty relation

.

This proof has a small issue related to the Hermiticity of A when the state is an eigenstate of B.[17] This issue can be
overcome by using a variational method for the proof.[18][19]

Since the Robertson and Schrödinger relations are for general operators, the relations can be applied to any two
observables to obtain specific uncertainty relations. A few of the most common relations found in the literature are
given below.

• For position and linear momentum, the canonical commutation relation implies the Kennard
inequality from above:

• For two orthogonal components of the total angular momentum operator of an object:

where i, j, k are distinct and Ji denotes angular momentum along the xi axis. This relation implies
that unless all three components vanish together, only a single component of a system's angular
momentum can be defined with arbitrary precision, normally the component parallel to an
external (magnetic or electric) field. Moreover, for , a choice

, in angular momentum multiplets, ψ = |j, m 〉, bounds the Casimir invariant

(angular momentum squared, ) from below and thus yields useful constraints

such as j (j + 1) ≥ m (m + 1), and hence j ≥ m, among others.
• In non-relativistic mechanics, time is privileged as an independent variable. Nevertheless, in 1945, L. I.

Mandelshtam and I. E. Tamm derived a non-relativistic time-energy uncertainty relation, as follows.[20] For a
quantum system in a non-stationary state and an observable represented by a self-adjoint operator , the
following formula holds:
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where is the standard deviation of the energy operator in the state , stands for the standard
deviation of . Although the second factor in the left-hand side has dimension of time, it is different from
the time parameter that enters Schrödinger equation. It is a lifetime of the state with respect to the
observable . In other words, this is the time after which the expectation value changes appreciably.

• For the number of electrons in a superconductor and the phase of its Ginzburg–Landau order parameter[21][22]

Examples

Quantum harmonic oscillator stationary states
Consider a one-dimensional quantum harmonic oscillator (QHO). It is possible to express the position and
momentum operators in terms of the creation and annihilation operators:

Using the rules for creation and annihilation operators on the eigenstates of the QHO,

we may show that the variances are

The product of these standard deviations is therefore

In particular, the Kennard bound[2] is saturated for the ground state , where the probability density is the
normal distribution.
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Quantum harmonic oscillator with Gaussian initial condition

In a quantum harmonic oscillator of characteristic angular frequency ω, place a state that is offset from the bottom of
the potential by some displacement x0 as

where Ω describes the width of the initial state but need not be the same as ω. Through integration over the
propagator, we can solve for the full time-dependent solution. After many cancelations, the probability densities
reduce to
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where we have used the notation to denote a normal distribution of mean μ and variance σ2. Copying the
variances above and applying trigonometric identities, we can write the product of the standard deviations as

From the relations

we can conclude

Coherent states
A coherent state is a right eigenstate of the annihilation operator,

,
which may be represented in terms of Fock states as

In the picture where the coherent state is a massive particle in a QHO, the position and momentum operators may be
expressed in terms of the annihilation operators in the same formulas above and used to calculate the variances,

Therefore every coherent state saturates the Kennard bound

with position and momentum each contributing an amount in a "balanced" way. Moreover every squeezed

coherent state also saturates the Kennard bound although the individual contributions of position and momentum
need not be balanced in general.
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Particle in a box
Consider a particle in a one-dimensional box of length . The eigenfunctions in position and momentum space are

and

where and we have used the de Broglie relation . The variances of and can be

calculated explicitly:

The product of the standard deviations is therefore

For all , the quantity is greater than 1, so the uncertainty principle is never violated.

For numerical concreteness, the smallest value occurs when , in which case

Constant momentum
Assume a particle initially has a momentum space wave function described by a normal distribution around some
constant momentum p0 according to

where we have introduced a reference scale , with describing the width of the

distribution−−cf. nondimensionalization. If the state is allowed to evolve in free space, then the time-dependent
momentum and position space wave functions are

Since and this can be interpreted as a particle moving along with constant

momentum at arbitrarily high precision. On the other hand, the standard deviation of the position is

such that the uncertainty product can only increase with time as
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Additional uncertainty relations

Mixed states
The Robertson–Schrödinger uncertainty relation may be generalized in a straightforward way to describe mixed
states.[23]

Phase space
In the phase space formulation of quantum mechanics, the Robertson–Schrödinger relation follows from a positivity
condition on a real star-square function. Given a Wigner function with star product ★ and a function f, the
following is generally true[24]:

Choosing , we arrive at

Since this positivity condition is true for all a, b, and c, it follows that all the eigenvalues of the matrix are positive.
The positive eigenvalues then imply a corresponding positivity condition on the determinant:

or, explicitly, after algebraic manipulation,

Systematic error
The inequalities above focus on the statistical imprecision of observables as quantified by the standard deviation.
Heisenberg's original version, however, was interested in systematic error, incurred by a disturbance of a quantum
system by the measuring apparatus, i.e., an observer effect. If we let represent the error (i.e., accuracy) of a
measurement of an observable and represent its disturbance by the measurement process, then the following
inequality holds:[5]

In fact, Heisenberg's uncertainty principle as originally described in the 1927 formulation mentions only the first
term. Applying the notation above to Heisenberg's position-momentum relation, Heisenberg's argument could be
rewritten as

(Heisenberg).
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Such a formulation is both mathematically incorrect and experimentally refuted.[25] It is also possible to derive a
similar uncertainty relation combining both the statistical and systematic error components.[26]

Entropic uncertainty principle
For many distributions, the standard deviation is not a particularly natural way of quantifying the structure. For
example, uncertainty relations in which one of the observables is an angle has little physical meaning for fluctuations
larger than one period.[19][27][28][29] Other examples include highly bimodal distributions, or unimodal distributions
with divergent variance.
A solution that overcomes these issues is an uncertainty based on entropic uncertainty instead of the product of
variances. While formulating the many-worlds interpretation of quantum mechanics in 1957, Hugh Everett III
conjectured a stronger extension of the uncertainty principle based on entropic certainty.[30] This conjecture, also
studied by Hirschman[31] and proven in 1975 by Beckner[32] and by Iwo Bialynicki-Birula and Jerzy Mycielski[33] is

where we have used the Shannon entropy (not the quantum von Neumann entropy)

for some arbitrary fixed length scale .
From the inverse logarithmic Sobolev inequalites[34]

(equivalently, from the fact that normal distributions maximize the entropy of all such with a given variance), it
readily follows that this entropic uncertainty principle is stronger than the one based on standard deviations, because

A few remarks on these inequalities. First, the choice of base e is a matter of popular convention in physics. The
logarithm can alternatively be in any base, provided that it be consistent on both sides of the inequality. Second, the
numerical value on the right hand side assumes the unitary convention of the Fourier transform, used throughout
physics and elsewhere in this article. Third, the normal distribution saturates the inequality, and it is the only
distribution with this property, because it is the maximum entropy probability distribution among those with fixed
variance (cf. here for proof).
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Entropic uncertainty of the normal distribution

We demonstrate this method on the ground state of the QHO, which as discussed above saturates the usual uncertainty based on standard deviations.
The length scale can be set to whatever is convenient, so we assign

The probability distribution is the normal distribution

with Shannon entropy

A completely analogous calculation proceeds for the momentum distribution.

The entropic uncertainty is therefore the limiting value
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Harmonic analysis
In the context of harmonic analysis, a branch of mathematics, the uncertainty principle implies that one cannot at the
same time localize the value of a function and its Fourier transform. To wit, the following inequality holds:

Other purely mathematical formulations of uncertainty exist between a function f and its Fourier transform.[35][36][37]

Signal processing
In the context of signal processing, particularly time–frequency analysis, uncertainty principles are referred to as the
Gabor limit, after Dennis Gabor, or sometimes the Heisenberg–Gabor limit. The basic result, which follows from
Benedicks's theorem, below, is that a function cannot be both time limited and band limited (a function and its
Fourier transform cannot both have bounded domain) – see bandlimited versus timelimited. Stated alternatively,
"one cannot simultaneously localize a signal (function) in both the time domain (f) and frequency domain (Fourier
transform)". When applied to filters, the result is that one cannot achieve high temporal resolution and frequency
resolution at the same time; a concrete example are the resolution issues of the short-time Fourier transform – if one
uses a wide window, one achieves good frequency resolution at the cost of temporal resolution, while a narrow
window has the opposite trade-off.
Alternative theorems give more precise quantitative results, and in time–frequency analysis, rather than interpreting
the (1-dimensional) time and frequency domains separately, one instead interprets the limit as a lower limit on the
support of a function in the (2-dimensional) time–frequency plane. In practice the Gabor limit limits the
simultaneous time–frequency resolution one can achieve without interference; it is possible to achieve higher
resolution, but at the cost of different components of the signal interfering with each other.

Benedicks's theorem
Amrein-Berthier[38] and Benedicks's theorem[39] intuitively says that the set of points where f is non-zero and the set
of points where is nonzero cannot both be small. Specifically, it is impossible for a function f in L2(R) and its
Fourier transform to both be supported on sets of finite Lebesgue measure. A more quantitative version is due to
Nazarov:[40][41]

One expects that the factor may be replaced by which is only known if either or is
convex.

Hardy's uncertainty principle

The mathematician G. H. Hardy formulated the following uncertainty principle:[42] it is not possible for f and to
both be "very rapidly decreasing." Specifically, if f is in L2(R), is such that

and

( an integer)
then, if while if then there is a polynomial of degree such that

This was later improved as follows: if is such that

http://en.wikipedia.org/w/index.php?title=Harmonic_analysis
http://en.wikipedia.org/w/index.php?title=Fourier_transform
http://en.wikipedia.org/w/index.php?title=Signal_processing
http://en.wikipedia.org/w/index.php?title=Time%E2%80%93frequency_analysis
http://en.wikipedia.org/w/index.php?title=Dennis_Gabor
http://en.wikipedia.org/w/index.php?title=Time_limited
http://en.wikipedia.org/w/index.php?title=Band_limited
http://en.wikipedia.org/w/index.php?title=Time_limited%23Bandlimited_versus_timelimited
http://en.wikipedia.org/w/index.php?title=Time_domain
http://en.wikipedia.org/w/index.php?title=Frequency_domain
http://en.wikipedia.org/w/index.php?title=Short-time_Fourier_transform%23Resolution_issues
http://en.wikipedia.org/w/index.php?title=Support_of_a_function
http://en.wikipedia.org/w/index.php?title=Lebesgue_measure
http://en.wikipedia.org/w/index.php?title=G._H._Hardy


Uncertainty principle 250

then

where is a polynomial of degree and is a real positive definite matrix.

This result was stated in Beurling's complete works without proof and proved in Hörmander[43] (the case
) and Bonami, Demange, and Jaming[44] for the general case. Note that Hörmander–Beurling's

version implies the case in Hardy's Theorem while the version by Bonami–Demange–Jaming covers the
full strength of Hardy's Theorem.
A full description of the case as well as the following extension to Schwarz class distributions appears in
Demange:[45]

Theorem. If a tempered distribution is such that

and

then

for some convenient polynomial and real positive definite matrix of type .

History
Werner Heisenberg formulated the Uncertainty Principle at Niels Bohr's institute in Copenhagen, while working on
the mathematical foundations of quantum mechanics.[46]

Werner Heisenberg and Niels Bohr

In 1925, following pioneering work with Hendrik Kramers, Heisenberg
developed matrix mechanics, which replaced the ad-hoc old quantum
theory with modern quantum mechanics. The central assumption was that
the classical concept of motion does not fit at the quantum level, and that
electrons in an atom do not travel on sharply defined orbits. Rather, the
motion is smeared out in a strange way: the Fourier transform of time only
involve those frequencies that could be seen in quantum jumps.

Heisenberg's paper did not admit any unobservable quantities like the
exact position of the electron in an orbit at any time; he only allowed the
theorist to talk about the Fourier components of the motion. Since the
Fourier components were not defined at the classical frequencies, they
could not be used to construct an exact trajectory, so that the formalism could not answer certain overly precise
questions about where the electron was or how fast it was going.

In March 1926, working in Bohr's institute, Heisenberg realized that the non-commutativity implies the uncertainty
principle. This implication provided a clear physical interpretation for the non-commutativity, and it laid the
foundation for what became known as the Copenhagen interpretation of quantum mechanics. Heisenberg showed
that the commutation relation implies an uncertainty, or in Bohr's language a complementarity.[47] Any two variables
that do not commute cannot be measured simultaneously—the more precisely one is known, the less precisely the
other can be known. Heisenberg wrote:

It can be expressed in its simplest form as follows: One can never know with perfect accuracy both of 
those two important factors which determine the movement of one of the smallest particles—its position 
and its velocity. It is impossible to determine accurately both the position and the direction and speed of
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a particle at the same instant.[48]

In his celebrated 1927 paper, "Über den anschaulichen Inhalt der quantentheoretischen Kinematik und Mechanik"
("On the Perceptual Content of Quantum Theoretical Kinematics and Mechanics"), Heisenberg established this
expression as the minimum amount of unavoidable momentum disturbance caused by any position measurement,[49]

but he did not give a precise definition for the uncertainties Δx and Δp. Instead, he gave some plausible estimates in
each case separately. In his Chicago lecture[50] he refined his principle:

Kennard[2] in 1927 first proved the modern inequality:

where ħ = h/2π, and σx, σp are the standard deviations of position and momentum. Heisenberg only proved relation
(2) for the special case of Gaussian states.[50]

Terminology and translation
Throughout the main body of his original 1927 paper, written in German, Heisenberg used the word,
"Unbestimmtheit" ("indeterminacy"), to describe the basic theoretical principle. Only in the endnote did he switch to
the word, "Unsicherheit" ("uncertainty"). When the English-language version of Heisenberg's textbook, The Physical
Principles of the Quantum Theory, was published in 1930, however, the translation "uncertainty" was used, and it
became the more commonly used term in the English language thereafter.[51]

Heisenberg's microscope

Heisenberg's gamma-ray microscope for locating an
electron (shown in blue). The incoming gamma ray

(shown in green) is scattered by the electron up into the
microscope's aperture angle θ. The scattered

gamma-ray is shown in red. Classical optics shows that
the electron position can be resolved only up to an

uncertainty Δx that depends on θ and the wavelength λ
of the incoming light.

The principle is quite counter-intuitive, so the early students of
quantum theory had to be reassured that naive measurements to
violate it, were bound always to be unworkable. One way in which
Heisenberg originally illustrated the intrinsic impossibility of
violating the uncertainty principle is by using an imaginary
microscope as a measuring device.[50]

He imagines an experimenter trying to measure the position and
momentum of an electron by shooting a photon at it.

Problem 1 – If the photon has a short wavelength, and
therefore, a large momentum, the position can be measured
accurately. But the photon scatters in a random direction,
transferring a large and uncertain amount of momentum to
the electron. If the photon has a long wavelength and low
momentum, the collision does not disturb the electron's
momentum very much, but the scattering will reveal its
position only vaguely.

Problem 2 – If a large aperture is used for the microscope,
the electron's location can be well resolved (see Rayleigh
criterion); but by the principle of conservation of
momentum, the transverse momentum of the incoming
photon and hence, the new momentum of the electron
resolves poorly. If a small aperture is used, the accuracy of
both resolutions is the other way around.
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The combination of these trade-offs imply that no matter what photon wavelength and aperture size are used, the
product of the uncertainty in measured position and measured momentum is greater than or equal to a lower limit,
which is (up to a small numerical factor) equal to Planck's constant.[52] Heisenberg did not care to formulate the
uncertainty principle as an exact limit (which is elaborated below), and preferred to use it instead, as a heuristic
quantitative statement, correct up to small numerical factors, which makes the radically new noncommutativity of
quantum mechanics inevitable.

Critical reactions
The Copenhagen interpretation of quantum mechanics and Heisenberg's Uncertainty Principle were, in fact, seen as
twin targets by detractors who believed in an underlying determinism and realism. According to the Copenhagen
interpretation of quantum mechanics, there is no fundamental reality that the quantum state describes, just a
prescription for calculating experimental results. There is no way to say what the state of a system fundamentally is,
only what the result of observations might be.
Albert Einstein believed that randomness is a reflection of our ignorance of some fundamental property of reality,
while Niels Bohr believed that the probability distributions are fundamental and irreducible, and depend on which
measurements we choose to perform. Einstein and Bohr debated the uncertainty principle for many years. Some
experiments within the first decade of the twenty-first century have cast doubt on how extensively the uncertainty
principle applies.[53]

Einstein's slit
The first of Einstein's thought experiments challenging the uncertainty principle went as follows:

Consider a particle passing through a slit of width d. The slit introduces an uncertainty in momentum of
approximately h/d because the particle passes through the wall. But let us determine the momentum of the
particle by measuring the recoil of the wall. In doing so, we find the momentum of the particle to arbitrary
accuracy by conservation of momentum.

Bohr's response was that the wall is quantum mechanical as well, and that to measure the recoil to accuracy the
momentum of the wall must be known to this accuracy before the particle passes through. This introduces an
uncertainty in the position of the wall and therefore the position of the slit equal to , and if the wall's
momentum is known precisely enough to measure the recoil, the slit's position is uncertain enough to disallow a
position measurement.
A similar analysis with particles diffracting through multiple slits is given by Richard Feynman.[54]

Einstein's box
Bohr was present when Einstein proposed the thought experiment which has become known as Einstein's box.
Einstein argued that "Heisenberg's uncertainty equation implied that the uncertainty in time was related to the
uncertainty in energy, the product of the two being related to Planck's constant."[55] Consider, he said, an ideal box,
lined with mirrors so that it can contain light indefinitely. The box could be weighed before a clockwork mechanism
opened an ideal shutter at a chosen instant to allow one single photon to escape. "We now know, explained Einstein,
precisely the time at which the photon left the box."[56] "Now, weigh the box again. The change of mass tells the
energy of the emitted light. In this manner, said Einstein, one could measure the energy emitted and the time it was
released with any desired precision, in contradiction to the uncertainty principle."[55]

Bohr spent a sleepless night considering this argument, and eventually realized that it was flawed. He pointed out 
that if the box were to be weighed, say by a spring and a pointer on a scale, "since the box must move vertically with 
a change in its weight, there will be uncertainty in its vertical velocity and therefore an uncertainty in its height 
above the table. ... Furthermore, the uncertainty about the elevation above the earth's surface will result in an
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uncertainty in the rate of the clock,"[57] because of Einstein's own theory of gravity's effect on time. "Through this
chain of uncertainties, Bohr showed that Einstein's light box experiment could not simultaneously measure exactly
both the energy of the photon and the time of its escape."[58]

EPR paradox for entangled particles
Bohr was compelled to modify his understanding of the uncertainty principle after another thought experiment by
Einstein. In 1935, Einstein, Podolsky and Rosen (see EPR paradox) published an analysis of widely separated
entangled particles. Measuring one particle, Einstein realized, would alter the probability distribution of the other,
yet here the other particle could not possibly be disturbed. This example led Bohr to revise his understanding of the
principle, concluding that the uncertainty was not caused by a direct interaction.[59]

But Einstein came to much more far-reaching conclusions from the same thought experiment. He believed the
"natural basic assumption" that a complete description of reality, would have to predict the results of experiments
from "locally changing deterministic quantities", and therefore, would have to include more information than the
maximum possible allowed by the uncertainty principle.
In 1964, John Bell showed that this assumption can be falsified, since it would imply a certain inequality between the
probabilities of different experiments. Experimental results confirm the predictions of quantum mechanics, ruling out
Einstein's basic assumption that led him to the suggestion of his hidden variables. Ironically this fact is one of the
best pieces of evidence supporting Karl Popper's philosophy of invalidation of a theory by falsification-experiments.
That is to say, here Einstein's "basic assumption" became falsified by experiments based on Bell's inequalities. For
the objections of Karl Popper against the Heisenberg inequality itself, see below.
While it is possible to assume that quantum mechanical predictions are due to nonlocal, hidden variables, and in fact
David Bohm invented such a formulation, this resolution is not satisfactory to the vast majority of physicists. The
question of whether a random outcome is predetermined by a nonlocal theory can be philosophical, and it can be
potentially intractable. If the hidden variables are not constrained, they could just be a list of random digits that are
used to produce the measurement outcomes. To make it sensible, the assumption of nonlocal hidden variables is
sometimes augmented by a second assumption—that the size of the observable universe puts a limit on the
computations that these variables can do. A nonlocal theory of this sort predicts that a quantum computer would
encounter fundamental obstacles when attempting to factor numbers of approximately 10,000 digits or more; a
potentially achievable task in quantum mechanics.[60]

Popper's criticism
Karl Popper approached the problem of indeterminacy as a logician and metaphysical realist.[61] He disagreed with
the application of the uncertainty relations to individual particles rather than to ensembles of identically prepared
particles, referring to them as "statistical scatter relations".[61][62] In this statistical interpretation, a particular
measurement may be made to arbitrary precision without invalidating the quantum theory. This directly contrasts
with the Copenhagen interpretation of quantum mechanics, which is non-deterministic but lacks local hidden
variables.
In 1934, Popper published Zur Kritik der Ungenauigkeitsrelationen (Critique of the Uncertainty Relations) in
Naturwissenschaften,[63] and in the same year Logik der Forschung (translated and updated by the author as The
Logic of Scientific Discovery in 1959), outlining his arguments for the statistical interpretation. In 1982, he further
developed his theory in Quantum theory and the schism in Physics, writing:

[Heisenberg's] formulae are, beyond all doubt, derivable statistical formulae of the quantum theory. But
they have been habitually misinterpreted by those quantum theorists who said that these formulae can be
interpreted as determining some upper limit to the precision of our measurements.[original emphasis][64]

Popper proposed an experiment to falsify the uncertainty relations, although he later withdrew his initial version after 
discussions with Weizsäcker, Heisenberg, and Einstein; this experiment may have influenced the formulation of the
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EPR experiment.[61][65]

Many-worlds uncertainty
The many-worlds interpretation originally outlined by Hugh Everett III in 1957 is partly meant to reconcile the
differences between the Einstein and Bohr's views by replacing Bohr's wave function collapse with an ensemble of
deterministic and independent universes whose distribution is governed by wave functions and the Schrödinger
equation. Thus, uncertainty in the many-worlds interpretation follows from each observer within any universe having
no knowledge of what goes on in the other universes.

Free will
Some scientists including Arthur Compton[66] and Martin Heisenberg[67] have suggested that the uncertainty
principle, or at least the general probabilistic nature of quantum mechanics, could be evidence for the two-stage
model of free will. The standard view, however, is that apart from the basic role of quantum mechanics as a
foundation for chemistry, nontrivial biological mechanisms requiring quantum mechanics are unlikely, due to the
rapid decoherence time of quantum systems at room temperature.[68]
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Quantum tunnelling
Quantum tunnelling (also spelled quantum tunneling in American English) refers to the quantum mechanical
phenomenon where a particle tunnels through a barrier that it classically could not surmount. This plays an essential
role in several physical phenomena, such as the nuclear fusion that occurs in main sequence stars like the sun,[1] and
has important applications to modern devices such as the tunnel diode.[2] The effect was predicted in the early 20th
century and its acceptance, as a general physical phenomenon, came mid-century.[3]

Tunnelling is often explained using the Heisenberg uncertainty principle and the wave–particle duality of matter.
Purely quantum mechanical concepts are central to the phenomenon, so quantum tunnelling is one of the novel
implications of quantum mechanics.

History
Quantum tunnelling was developed from the study of radioactivity,[3] which was discovered in 1896 by Henri
Becquerel.[4] Radioactivity was examined further by Marie and Pierre Curie, for which they earned the Nobel Prize
in Physics in 1903.[4] Ernest Rutherford and Egon Schweidler studied its nature, which was later verified empirically
by Friedrich Kohlrausch. The idea of the half-life and the impossibility of predicting decay was created from their
work.[3]

Friedrich Hund was the first to take notice of tunnelling in 1927 when he was calculating the ground state of the
double-well potential.[4] Its first application was a mathematical explanation for alpha decay, which was done in
1928 by George Gamow and independently by Ronald Gurney and Edward Condon.[5][6][7] The two researchers
simultaneously solved the Schrödinger equation for a model nuclear potential and derived a relationship between the
half-life of the particle and the energy of emission that depended directly on the mathematical probability of
tunnelling.
After attending a seminar by Gamow, Max Born recognized the generality of tunnelling. He realized that it was not
restricted to nuclear physics, but was a general result of quantum mechanics that applies to many different
systems.[3] Shortly thereafter, both groups considered the case of particles tunnelling into the nucleus. The study of
semiconductors and the development of transistors and diodes led to the acceptance of electron tunnelling in solids
by 1957. The work of Leo Esaki, Ivar Giaever and Brian David Josephson predicted the tunnelling of
superconducting Cooper pairs, for which they received the Nobel Prize in Physics in 1973.[3]

Introduction to the concept

Animation showing the tunnel effect and its application to STM
microscope

Quantum tunnelling falls under the domain of
quantum mechanics: the study of what happens at
the quantum scale. This process cannot be directly
perceived, but much of its understanding is shaped
by the macroscopic world, which classical
mechanics can not adequately explain. To
understand the phenomenon, particles attempting
to travel between potential barriers can be
compared to a ball trying to roll over a hill;
quantum mechanics and classical mechanics differ
in their treatment of this scenario. Classical
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Quantum tunnelling through a barrier. The energy of the tunnelled particle is the
same but the amplitude is decreased.

Quantum tunnelling through a barrier. At the origin (x=0), there is a very high, but
narrow potential barrier. A significant Tunnelling effect can be seen.

mechanics predicts that particles that do not
have enough energy to classically surmount
a barrier will not be able to reach the other
side. Thus, a ball without sufficient energy
to surmount the hill would roll back down.
Or, lacking the energy to penetrate a wall, it
would bounce back (reflection) or in the
extreme case, bury itself inside the wall
(absorption). In quantum mechanics, these
particles can, with a very small probability,
tunnel to the other side, thus crossing the
barrier. Here, the ball could, in a sense,
borrow energy from its surroundings to
tunnel through the wall or roll over the hill,
paying it back by making the reflected
electrons more energetic than they otherwise
would have been.[8]

The reason for this difference comes from
the treatment of matter in quantum
mechanics as having properties of waves
and particles. One interpretation of this
duality involves the Heisenberg uncertainty
principle, which defines a limit on how
precisely the position and the momentum of
a particle can be known at the same time.[4] This implies that there are no solutions with a probability of exactly zero
(or one), though a solution may approach infinity if, for example, the calculation for its position was taken as a
probability of 1, the other, i.e. its speed, would have to be infinity. Hence, the probability of a given particle's
existence on the opposite side of an intervening barrier is non-zero, and such particles will appear—with no
indication of physically transiting the barrier—on the 'other' (a semantically difficult word in this instance) side with
a frequency proportional to this probability.
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An electron wavepacket directed at a potential barrier. Note
the dim spot on the right that represents tunnelling

electrons.

Quantum tunneling in the phase space formulation of quantum
mechanics. Wigner function for tunneling through the potential

barrier in atomic units (a.u.). The solid

lines represent the level set of the Hamiltonian
.

The tunnelling problem

The wave function of a particle summarizes everything
that can be known about a physical system.[9]

Therefore, problems in quantum mechanics center
around the analysis of the wave function for a system.
Using mathematical formulations of quantum
mechanics, such as the Schrödinger equation, the wave
function can be solved. This is directly related to the
probability density of the particle's position, which
describes the probability that the particle is at any given
place. In the limit of large barriers, the probability of
tunnelling decreases for taller and wider barriers.

For simple tunnelling-barrier models, such as the
rectangular barrier, an analytic solution exists.
Problems in real life often do not have one, so
"semiclassical" or "quasiclassical" methods have been
developed to give approximate solutions to these
problems, like the WKB approximation. Probabilities
may be derived with arbitrary precision, constrained by
computational resources, via Feynman's path integral
method; such precision is seldom required in
engineering practice.

Related phenomena

There are several phenomena that have the same
behavior as quantum tunnelling, and thus can be
accurately described by tunnelling. Examples include
the evanescent wave coupling (the application of
Maxwell's wave-equation to light) and the application
of the non-dispersive wave-equation from acoustics
applied to "waves on strings". Evanescent wave
coupling, until recently, was only called "tunnelling" in
quantum mechanics; now it is used in other contexts.

These effects are modelled similarly to the rectangular potential barrier. In these cases, there is one transmission
medium through which the wave propagates that is the same or nearly the same throughout, and a second medium
through which the wave travels differently. This can be described as a thin region of medium B between two regions
of medium A. The analysis of a rectangular barrier by means of the Schrödinger equation can be adapted to these
other effects provided that the wave equation has travelling wave solutions in medium A but real exponential
solutions in medium B.

In optics, medium A is a vacuum while medium B is glass. In acoustics, medium A may be a liquid or gas and
medium B a solid. For both cases, medium A is a region of space where the particle's total energy is greater than its
potential energy and medium B is the potential barrier. These have an incoming wave and resultant waves in both
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directions. There can be more mediums and barriers, and the barriers need not be discrete; approximations are useful
in this case.

Applications
Tunnelling occurs with barriers of thickness around 1-3 nm and smaller,[10] but is the cause of some important
macroscopic physical phenomena. For instance, tunnelling is a source of current leakage in very-large-scale
integration (VLSI) electronics and results in the substantial power drain and heating effects that plague high-speed
and mobile technology; it is considered the lower limit on how small computer chips can be made.[11]

Radioactive decay
Radioactive decay is the process of emission of particles and energy from the unstable nucleus of an atom to form a
stable product. This is done via the tunnelling of a particle out of the nucleus (an electron tunnelling into the nucleus
is electron capture). This was the first application of quantum tunnelling and led to the first approximations.

Spontaneous DNA Mutation
Spontaneous mutation of DNA occurs when normal DNA replication takes place after a particularly significant
proton has defied the odds in quantum tunneling in what is called “proton tunneling.”  [12] (quantum bio) A hydrogen
bond joins normal base pairs of DNA. There exists a double well potential along a hydrogen bond separated by a
potential energy barrier. It is believed that the double well potential is asymmetric with one well deeper than the
other so the proton normally rests in the deeper well. For a mutation to occur, the proton must have tunneled into the
shallower of the two potential wells. The movement of the proton from its regular position is called a tautomeric
transition. If DNA replication takes place in this state, the base paring rule for DNA may be jeopardized causing a
mutation.  [13] Per-Olov Lowdin was the first to develop this theory of spontaneous mutation within the double helix.
(quantum bio) Other instances of quantum tunneling-induced mutations in biology are believed to be the cause of
aging and cancer.

Cold emission
Cold emission of electrons is relevant to semiconductors and superconductor physics. It is similar to thermionic
emission, where electrons randomly jump from the surface of a metal to follow a voltage bias because they
statistically end up with more energy than the barrier, through random collisions with other particles. When the
electric field is very large, the barrier becomes thin enough for electrons to tunnel out of the atomic state, leading to a
current that varies approximately exponentially with the electric field.[14] These materials are important for flash
memory and for some electron microscopes.
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Tunnel junction
A simple barrier can be created by separating two conductors with a very thin insulator. These are tunnel junctions,
the study of which requires quantum tunnelling.[15] Josephson junctions take advantage of quantum tunnelling and
the superconductivity of some semiconductors to create the Josephson effect. This has applications in precision
measurements of voltages and magnetic fields,[14] as well as the multijunction solar cell.

A working mechanism of a resonant tunnelling diode device, based on the phenomenon
of quantum tunneling through the potential barriers.

Tunnel diode

Diodes are electrical semiconductor
devices that allow electric current flow
in one direction more than the other.
The device depends on a depletion
layer between N-type and P-type
semiconductors to serve its purpose;
when these are very heavily doped the
depletion layer can be thin enough for
tunnelling. Then, when a small forward
bias is applied the current due to
tunnelling is significant. This has a
maximum at the point where the
voltage bias is such that the energy
level of the p and n conduction bands
are the same. As the voltage bias is
increased, the two conduction bands no
longer line up and the diode acts
typically.[16]

Because the tunnelling current drops off rapidly, tunnel diodes can be created that have a range of voltages for which
current decreases as voltage is increased. This peculiar property is used in some applications, like high speed devices
where the characteristic tunnelling probability changes as rapidly as the bias voltage.[16]

The resonant tunnelling diode makes use of quantum tunnelling in a very different manner to achieve a similar result.
This diode has a resonant voltage for which there is a lot of current that favors a particular voltage, achieved by
placing two very thin layers with a high energy conductance band very near each other. This creates a quantum
potential well that have a discrete lowest energy level. When this energy level is higher than that of the electrons, no
tunnelling will occur, and the diode is in reverse bias. Once the two voltage energies align, the electrons flow like an
open wire. As the voltage is increased further tunnelling becomes improbable and the diode acts like a normal diode
again before a second energy level becomes noticeable.[17]
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Tunnelling field effect transistor
A European research project has demonstrated field effect transistors in which the gate (channel) is controlled via
quantum tunnelling rather than by thermal injection, reducing gate voltage from ~1 volt to 0.2 volts and reducing
power consumption by up to 100x. If these transistors can be scaled up into VLSI chips, they will significantly
improve the performance per power of integrated circuits.[18]

Quantum conductivity
While the Drude model of electrical conductivity makes excellent predictions about the nature of electrons
conducting in metals, it can be furthered by using quantum tunnelling to explain the nature of the electron's
collisions.[14] When a free electron wave packet encounters a long array of uniformly spaced barriers the reflected
part of the wave packet interferes uniformly with the transmitted one between all barriers so that there are cases of
100% transmission. The theory predicts that if positively charged nuclei form a perfectly rectangular array, electrons
will tunnel through the metal as free electrons, leading to an extremely high conductance, and that impurities in the
metal will disrupt it significantly.[14]

Scanning tunnelling microscope
The scanning tunnelling microscope (STM), invented by Gerd Binnig and Heinrich Rohrer, allows imaging of
individual atoms on the surface of a metal.[14] It operates by taking advantage of the relationship between quantum
tunnelling with distance. When the tip of the STM's needle is brought very close to a conduction surface that has a
voltage bias, by measuring the current of electrons that are tunnelling between the needle and the surface, the
distance between the needle and the surface can be measured. By using piezoelectric rods that change in size when
voltage is applied over them the height of the tip can be adjusted to keep the tunnelling current constant. The
time-varying voltages that are applied to these rods can be recorded and used to image the surface of the
conductor.[14] STMs are accurate to 0.001 nm, or about 1% of atomic diameter.[17]

Faster than light
It is possible for spin zero particles to travel faster than the speed of light when tunnelling.[3] This apparently violates
the principle of causality (physics), since there will be a frame of reference in which it arrives before it has left.
However, careful analysis of the transmission of the wave packet shows that there is actually no violation of
relativity theory. In 1998, P.E. Low reviewed briefly the phenomenon of zero time tunneling.[19] More recently
experimental tunneling time data of phonons, photons, and electrons are published by G. Nimtz.[20]

Mathematical discussions of quantum tunnelling
The following subsections discuss the mathematical formulations of quantum tunnelling.

The Schrödinger equation
The time-independent Schrödinger equation for one particle in one dimension can be written as

or

where is the reduced Planck's constant, m is the particle mass, x represents distance measured in the direction of
motion of the particle, Ψ is the Schrödinger wave function, V is the potential energy of the particle (measured
relative to any convenient reference level), E is the energy of the particle that is associated with motion in the x-axis
(measured relative to V), and M(x) is a quantity defined by V(x) - E which has no accepted name in physics.
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The solutions of the Schrödinger equation take different forms for different values of x, depending on whether M(x)
is positive or negative. When M(x) is constant and negative, then the Schrödinger equation can be written in the form

The solutions of this equation represent traveling waves, with phase-constant +k or -k. Alternatively, if M(x) is
constant and positive, then the Schrödinger equation can be written in the form

The solutions of this equation are rising and falling exponentials in the form of evanescent waves. When M(x) varies
with position, the same difference in behaviour occurs, depending on whether M(x) is negative or positive. It follows
that the sign of M(x) determines the nature of the medium, with positive M(x) corresponding to medium A as
described above and negative M(x) corresponding to medium B. It thus follows that evanescent wave coupling can
occur if a region of positive M(x) is sandwiched between two regions of negative M(x), hence creating a potential
barrier.
The mathematics of dealing with the situation where M(x) varies with x is difficult, except in special cases that
usually do not correspond to physical reality. A discussion of the semi-classical approximate method, as found in
physics textbooks, is given in the next section. A full and complicated mathematical treatment appears in the 1965
monograph by Fröman and Fröman noted below. Their ideas have not been incorporated into physics textbooks, but
their corrections have little quantitative effect.

The WKB approximation
The wave function is expressed as the exponential of a function:

, where 

is then separated into real and imaginary parts:
, where A(x) and B(x) are real-valued functions.

Substituting the second equation into the first and using the fact that the imaginary part needs to be 0 results in:

.

To solve this equation using the semiclassical approximation, each function must be expanded as a power series in
. From the equations, the power series must start with at least an order of to satisfy the real part of the

equation; for a good classical limit starting with the highest power of Planck's constant possible is preferable, which
leads to

and

,

with the following constraints on the lowest order terms,

and

.
At this point two extreme cases can be considered.

Case 1 If the amplitude varies slowly as compared to the phase and
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which corresponds to classical motion. Resolving the next order of expansion yields

Case 2

If the phase varies slowly as compared to the amplitude, and

which corresponds to tunnelling. Resolving the next order of the expansion yields

In both cases it is apparent from the denominator that both these approximate solutions are bad near the classical
turning points . Away from the potential hill, the particle acts similar to a free and oscillating wave;
beneath the potential hill, the particle undergoes exponential changes in amplitude. By considering the behaviour at
these limits and classical turning points a global solution can be made.

To start, choose a classical turning point, and expand in a power series about :

Keeping only the first order term ensures linearity:

.

Using this approximation, the equation near becomes a differential equation:

.

This can be solved using Airy functions as solutions.

Taking these solutions for all classical turning points, a global solution can be formed that links the limiting
solutions. Given the 2 coefficients on one side of a classical turning point, the 2 coefficients on the other side of a
classical turning point can be determined by using this local solution to connect them.
Hence, the Airy function solutions will asymptote into sine, cosine and exponential functions in the proper limits.
The relationships between and are

and

With the coefficients found, the global solution can be found. Therefore, the transmission coefficient for a particle
tunnelling through a single potential barrier is
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,

where are the 2 classical turning points for the potential barrier.
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External links
• Animation, applications and research linked to tunnel effect and other quantum phenomena (http:/ / www.

toutestquantique. fr/ #tunnel) (Université Paris Sud)
• Animated illustration of quantum tunnelling (http:/ / molecularmodelingbasics. blogspot. com/ 2009/ 09/

tunneling-and-stm. html)
• Animated illustration of quantum tunnelling in a RTD device (http:/ / nanohub. org/ resources/ 8799)

Implicate and explicate order according to David
Bohm
According to David Bohm's theory, implicate and explicate orders are characterised by:

In the enfolded [or implicate] order, space and time are no longer the dominant factors determining the
relationships of dependence or independence of different elements. Rather, an entirely different sort of basic
connection of elements is possible, from which our ordinary notions of space and time, along with those of
separately existent material particles, are abstracted as forms derived from the deeper order. These ordinary
notions in fact appear in what is called the "explicate" or "unfolded" order, which is a special and distinguished
form contained within the general totality of all the implicate orders (Bohm 1980, p. xv).

David Bohm's challenges to some generally prevailing views
In proposing this new notion of order, David Bohm explicitly challenged a number of tenets that he believed are
fundamental to much scientific work. Bohm challenges the ideas:
1. that phenomena are reducible to fundamental particles and laws describing the behaviour of particles, or more

generally to any static (i.e., unchanging) entities, whether separate events in space-time, quantum states, or static
entities of some other nature;

2. related to (1), that human knowledge is most fundamentally concerned with mathematical prediction of statistical
aggregates of particles;

3. that an analysis or description of any aspect of reality (e.g., quantum theory, the speed of light) can be unlimited
in its domain of relevance;

4. that the Cartesian coordinate system, or its extension to a curvilinear system, is the deepest conception of
underlying order as a basis for analysis and description of the world;

5. that there is ultimately a sustainable distinction between reality and thought, and that there is a corresponding
distinction between the observer and observed in an experiment or any other situation (other than a distinction
between relatively separate entities valid in the sense of explicate order); and

6. that it is, in principle, possible to formulate a final notion concerning the nature of reality, i.e., a Theory of
Everything.
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A hydrogen atom and its constituent particles: an example of
an over-simplified way of looking at a small collection of

posited building blocks of the universe

Bohm’s proposals have at times been dismissed largely on the
basis of such tenets, without due consideration necessarily
given to the fact that they had been challenged by Bohm.

Bohm’s paradigm is inherently antithetical to reductionism in
most forms and accordingly can be regarded as a form of
ontological holism. On this, Bohm noted of prevailing views
among physicists that "the world is assumed to be constituted
of a set of separately existent, indivisible, and unchangeable
'elementary particles', which are the fundamental 'building
blocks' of the entire universe … there seems to be an
unshakable faith among physicists that either such particles, or
some other kind yet to be discovered, will eventually make
possible a complete and coherent explanation of everything"
(Bohm 1980, p. 173).

In Bohm’s conception of order, then, primacy is given to the
undivided whole, and the implicate order inherent within the
whole, rather than to parts of the whole, such as particles,
quantum states, and continua. For Bohm, the whole encompasses all things, structures, abstractions, and processes,
including processes that result in (relatively) stable structures as well as those that involve a metamorphosis of
structures or things. In this view, parts may be entities normally regarded as physical, such as atoms or subatomic
particles, but they may also be abstract entities, such as quantum states. Whatever their nature and character,
according to Bohm, these parts are considered in terms of the whole, and in such terms, they constitute relatively
autonomous and independent "sub-totalities." The implication of the view is, therefore, that nothing is fundamentally
separate or autonomous.

Bohm 1980, p. 11, said: "The new form of insight can perhaps best be called Undivided Wholeness in Flowing
Movement. This view implies that flow is in some sense prior to that of the ‘things’ that can be seen to form and
dissolve in this flow." According to Bohm, a vivid image of this sense of analysis of the whole is afforded by vortex
structures in a flowing stream. Such vortices can be relatively stable patterns within a continuous flow, but such an
analysis does not imply that the flow patterns have any sharp division, or that they are literally separate and
independently existent entities; rather, they are most fundamentally undivided. Thus, according to Bohm’s view, the
whole is in continuous flux, and hence is referred to as the holomovement (movement of the whole).

Quantum theory and relativity theory
A key motivation for Bohm in proposing a new notion of order was the well-known incompatibility of quantum
theory with relativity theory. Bohm 1980, p. xv summarised the state of affairs he perceived to exist:

…in relativity, movement is continuous, causally determinate and well defined, while in quantum
mechanics it is discontinuous, not causally determinate and not well-defined. Each theory is committed
to its own notions of essentially static and fragmentary modes of existence (relativity to that of separate
events connectible by signals, and quantum mechanics to a well-defined quantum state). One thus sees
that a new kind of theory is needed which drops these basic commitments and at most recovers some
essential features of the older theories as abstract forms derived from a deeper reality in which what
prevails is unbroken wholeness.

Bohm maintained that relativity and quantum theories are in basic contradiction in these essential respects, and that a 
new concept of order should begin with that toward which both theories point: undivided wholeness. This should not 
be taken to mean that he advocated such powerful theories be discarded. He argued that each was relevant in a
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certain context—i.e., a set of interrelated conditions within the explicate order—rather than having unlimited scope,
and that apparent contradictions stem from attempts to overgeneralize by superposing the theories on one another,
implying greater generality or broader relevance than is ultimately warranted. Thus, Bohm 1980, pp. 156–167
argued: "... in sufficiently broad contexts such analytic descriptions cease to be adequate ... 'the law of the whole' will
generally include the possibility of describing the 'loosening' of aspects from each other, so that they will be
relatively autonomous in limited contexts ... however, any form of relative autonomy (and heteronomy) is ultimately
limited by holonomy, so that in a broad enough context such forms are seen to be merely aspects, relevated in the
holomovement, rather than disjoint and separately existent things in interaction."

Hidden variable theory
Bohm proposed a hidden variable theory of quantum physics (see Bohm interpretation). According to Bohm, a key
motivation for doing so was purely to show the possibility of such theories. On this, Bohm 1980, p. 81 said, "... it
should be kept in mind that before this proposal was made there had existed the widespread impression that no
conception of any hidden variable at all, not even if it were abstract and hypothetical, could possibly be consistent
with the quantum theory." Bohm 1980, p. 110 also claimed that "the demonstration of the possibility of theories of
hidden variables may serve in a more general philosophical sense to remind us of the unreliability of conclusions
based on the assumption of the complete universality of certain features of a given theory, however general their
domain of validity seems to be." Another aspect of Bohm's motivation was to point out a confusion he perceived to
exist in quantum theory. On the dominant approaches in quantum theory, he said: "...we wish merely to point out that
this whole line of approach re-establishes at the abstract level of statistical potentialities the same kind of analysis
into separate and autonomous components in interaction that is denied at the more concrete level of individual
objects" (Bohm 1980, p. 174).

The implicate order as an algebra
David Bohm, his co-worker Basil Hiley, and other physicists of Birkbeck college, University of London, worked
toward representing the implicate order in form of an appropriate algebra or other pregeometry. They considered
spacetime itself as part of an explicit order that is connected to an implicit order that they called pre-space. The
spacetime manifold and properties of locality and nonlocality then arise from an order in such pre-space. A. M.
Frescura and Hiley suggested that an implicate order could be carried by an algebra, with the explicate order being
contained in the various representations of this algebra.[1] (See also: Work by Bohm and Hiley on implicate orders,
pre-space and algebraic structures)
In analogy to Alfred Whitehead's notion of actual occurrence, Bohm considered the notion of moment–a moment
being a not entirely localizable event, with events being allowed to overlap [2] and being connected in an over-all
implicate order:[3]

I propose that each moment of time is a projection from the total implicate order. The term projection is a
particularly happy choice here, not only because its common meaning is suitable for what is needed, but also
because its mathematical meaning as a projection operation, P, is just what is required for working out these
notions in terms of the quantum theory.

Bohm emphasized the primary role of the implicate order's structure:[4]

My attitude is that the mathematics of the quantum theory deals primarily with the structure of the implicate
pre-space and with how an explicate order of space and time emerges from it, rather than with movements of
physical entities, such as particles and fields. (This is a kind of extension of what is done in general relativity,
which deals primarily with geometry and only secondarily with the entities that are described within this
geometry.)
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Quantum entanglement
Central to Bohm's schema are correlations between observables of entities which seem separated by great distances
in the explicate order (such as a particular electron here on earth and an alpha particle in one of the stars in the Abell
1835 galaxy, the farthest galaxy from Earth known to humans), manifestations of the implicate order. Within
quantum theory there is entanglement of such objects.
This view of order necessarily departs from any notion which entails signalling, and therefore causality. The
correlation of observables does not imply a causal influence, and in Bohm's schema the latter represents 'relatively'
independent events in space-time; and therefore explicate order.

Ink droplet analogy
Bohm also used the term unfoldment to characterise processes in which the explicate order becomes relevant (or
"relevated"). Bohm likens unfoldment also to the decoding of a television signal to produce a sensible image on a
screen. The signal, screen, and television electronics in this analogy represent the implicate order whilst the image
produced represents the explicate order. He also uses an example in which an ink droplet can be introduced into a
highly viscous substance (such as glycerine), and the substance rotated very slowly such that there is negligible
diffusion of the substance. In this example, the droplet becomes a thread which, in turn, eventually becomes
invisible. However, by rotating the substance in the reverse direction, the droplet can essentially reform. When it is
invisible, according to Bohm, the order of the ink droplet as a pattern can be said to be implicate within the
substance.
In another analogy, Bohm asks us to consider a pattern produced by making small cuts in a folded piece of paper and
then, literally, unfolding it. Widely separated elements of the pattern are, in actuality, produced by the same original
cut in the folded piece of paper. Here the cuts in the folded paper represent the implicate order and the unfolded
pattern represents the explicate order.

The hologram as analogy for the implicate order

In a holographic reconstruction, each region of a photographic plate
contains the whole image

Bohm employed the hologram as a means of
characterising implicate order, noting that each region
of a photographic plate in which a hologram is
observable contains within it the whole
three-dimensional image, which can be viewed from a
range of perspectives. That is, each region contains a
whole and undivided image. In Bohm’s words:

There is the germ of a new notion of order
here. This order is not to be understood
solely in terms of a regular arrangement of
objects (e.g., in rows) or as a regular
arrangement of events (e.g. in a series).
Rather, a total order is contained, in some
implicit sense, in each region of space and
time. Now, the word 'implicit' is based on
the verb 'to implicate'. This means 'to fold
inward' ... so we may be led to explore the
notion that in some sense each region
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contains a total structure 'enfolded' within it".[5]

Bohm noted that although the hologram conveys undivided wholeness, it is nevertheless static.
In this view of order, laws represent invariant relationships between explicate entities and structures, and thus Bohm
maintained that in physics, the explicate order generally reveals itself within well-constructed experimental contexts
as, for example, in the sensibly observable results of instruments. With respect to implicate order, however, Bohm
asked us to consider the possibility instead "that physical law should refer primarily to an order of undivided
wholeness of the content of description similar to that indicated by the hologram rather than to an order of analysis
of such content into separate parts …".[6]

Implicate orders in art
In the work Science, Order, and Creativity (Bohm and Peat, 1987), examples of implicate orders in science are laid
out, as well as implicate orders which relate to painting, poetry, and music.
Bohm and Peat emphasize the role of orders of varying complexity, which influence the perception of a work of art
as a whole. They note that implicate orders are accessible to human experience. They refer for instance to earlier
notes which reverberate when listening to music, or various resonances of words and images which are perceived
when reading or hearing poetry.
Christopher Alexander discussed his work in person with Bohm, and pointed out connections among his work and
Bohm's notion of an implicate order in The Nature of Order.[7]

A common grounding for consciousness and matter

Karl Pribram and colleagues have presented evidence
that indicates that memories do not in general appear to

be localized in specific regions of brains

The implicate order represents the proposal of a general
metaphysical concept in terms of which it is claimed that matter
and consciousness might both be understood, in the sense that it is
proposed that both matter and consciousness: (i) enfold the
structure of the whole within each region, and (ii) involve
continuous processes of enfoldment and unfoldment. For example,
in the case of matter, entities such as atoms may represent
continuous enfoldment and unfoldment which manifests as a
relatively stable and autonomous entity that can be observed to
follow a relatively well-defined path in space-time. In the case of
consciousness, Bohm pointed toward evidence presented by Karl
Pribram that memories may be enfolded within every region of the
brain rather than being localized (for example in particular regions
of the brain, cells, or atoms).

Bohm went on to say:
As in our discussion of matter in general, it is now necessary to go into the question of how in
consciousness the explicate order is what is manifest ... the manifest content of consciousness is based
essentially on memory, which is what allows such content to be held in a fairly constant form. Of
course, to make possible such constancy it is also necessary that this content be organized, not only
through relatively fixed association but also with the aid of the rules of logic, and of our basic categories
of space, time causality, universality, etc. ... there will be a strong background of recurrent stable, and
separable features, against which the transitory and changing aspects of the unbroken flow of experience
will be seen as fleeting impressions that tend to be arranged and ordered mainly in terms of the vast
totality of the relatively static and fragmented content of [memories].[8]
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Bohm also claimed that "as with consciousness, each moment has a certain explicate order, and in addition it enfolds
all the others, though in its own way. So the relationship of each moment in the whole to all the others is implied by
its total content: the way in which it 'holds' all the others enfolded within it". Bohm characterises consciousness as a
process in which at each moment, content that was previously implicate is presently explicate, and content which
was previously explicate has become implicate.

One may indeed say that our memory is a special case of the process described above, for all that is
recorded is held enfolded within the brain cells and these are part of matter in general. The recurrence
and stability of our own memory as a relatively independent sub-totality is thus brought about as part of
the very same process that sustains the recurrence and stability in the manifest order of matter in
general. It follows, then, that the explicate and manifest order of consciousness is not ultimately distinct
from that of matter in general.[9]
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Biocentrism (theory of everything)
Biocentrism (from Greek: βίος, bios, "life"; and κέντρον, kentron, "center") — also known as the biocentric
universe — is a concept proposed in 2007 by American Doctor of medicine Robert Lanza, a scientist in the fields of
biology and regenerative medicine.[1][2][3] The theory espouses that biology is the central driving science in the
universe, and sees an understanding of the other sciences as reliant on a deeper understanding of biology. The theory
states that life and biology are central to being, reality, and the cosmos — life creates the universe rather than the
other way around. Biocentrism asserts that current theories of the physical world do not work, and can never be
made to work, until they fully account for life and consciousness. While physics is considered fundamental to the
study of the universe, and chemistry fundamental to the study of life, biocentrism tries to place biology before the
other sciences to produce a theory of everything.[4][5][6]

Critics have questioned whether the theory is falsifiable. Lanza has claimed that future experiments, such as
scaled-up quantum superposition, will either support or contradict the theory.[7]

Hypothesis
Biocentrism was first proposed in a 2007 article by Robert Lanza that appeared in The American Scholar, where the
goal was to show how biology could build upon quantum physics.[6] Two years later, Lanza published a book with
astronomer and author Bob Berman entitled Biocentrism: How Life and Consciousness Are the Keys to
Understanding the True Nature of the Universe, which expanded upon the ideas that Lanza wrote about in his essay
for the Scholar. The book was featured in news sources including the San Francisco Chronicle, The Huffington
Post, and MSNBC.[8][9][10]

Biocentrism argues that the primacy of consciousness features in the work of Descartes, Kant, Leibniz, Berkeley,
Schopenhauer, and Bergson.[6] He sees this as supporting the central claim that what we call space and time are
forms of animal sense perception, rather than external physical objects.[9][11] Lanza argues that biocentrism offers
insight into several major puzzles of science, including Heisenberg’s uncertainty principle, the double-slit
experiment, and the fine tuning of the forces, constants, and laws that shape the universe as we perceive it.[12]

According to a Discover magazine article adapted from Lanza's book, “biocentrism offers a more promising way to
bring together all of physics, as scientists have been trying to do since Einstein’s unsuccessful unified field theories
of eight decades ago.”[13]
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Synopsis of Lanza's book Biocentrism

According to Lanza's book, Biocentrism suggests that life is not an accidental byproduct of physics, but rather is a
key part of our understanding of the universe.[14] The theory states that there is no independent external universe
outside of biological existence.[15] Part of what the theory sees as evidence of this is that there are over 200 physical
parameters within the universe so exact that it is seen as more probable that they are that way in order to allow for
existence of life and consciousness, rather than coming about at random.[16] Biocentrism claims that allowing the
observer into the equation opens new approaches to understanding cognition. Through this, biocentrism purports to
offer a way to unify the laws of the universe.[13]

Reception
Some physicists have commented that biocentrism currently does not make testable predictions.[17] Dr. Vinod
Kumar Wadhawan and Ajita Kamal responded to the idea by stating that "The biocentrism approach does not
provide any new information about the nature of consciousness, and relies on ignoring recent advances in
understanding consciousness from a scientific perspective."[11] Biologist PZ Meyers supported their views as
well.[18] Arizona State University physicist Lawrence Krauss stated, “It may represent interesting philosophy, but it
doesn't look, at first glance, as if it will change anything about science."[17] In USA Today Online, theoretical
physicist and science writer David Lindley asserted that Lanza’s concept was a "vague, inarticulate metaphor" and
stated that "I certainly don't see how thinking his way would lead you into any new sort of scientific or philosophical
insight. That's all very nice, I would say to Lanza, but now what? I [also] take issue with his views about
physics."[19] Richard Conn Henry, Professor of Physics and Astronomy at Johns Hopkins University writing for the
Journal of Scientific Exploration said: “What Lanza says in this book is not new. Then why does Robert have to say
it at all? It is because we, the physicists, do NOT say it––or if we do say it, we only whisper it, and in
private––furiously blushing as we mouth the words. True, yes; politically correct, hell no!”[20]

Nobel laureate in Physiology or Medicine and physician E. Donnall Thomas said of biocentrism, "Any short
statement does not do justice to such a scholarly work. The work is a scholarly consideration of science and
philosophy that brings biology into the central role in unifying the whole."[17] Indian physician and writer[21] Deepak
Chopra stated that “Lanza's insights into the nature of consciousness [are] original and exciting” and that “his theory
of biocentrism is consistent with the most ancient wisdom traditions of the world which says that consciousness
conceives, governs, and becomes a physical world. It is the ground of our Being in which both subjective and
objective reality come into existence."[22] Daniel Dennett said that he does not believe that the idea met the criteria
of a theory in philosophy.[17]
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Fine-tuned Universe
The fine-tuned Universe is the proposition that the conditions that allow life in the Universe can only occur when
certain universal fundamental physical constants lie within a very narrow range, so that if any of several fundamental
constants were only slightly different, the Universe would be unlikely to be conducive to the establishment and
development of matter, astronomical structures, elemental diversity, or life as it is presently understood.[1] The
existence and extent of fine-tuning in the Universe is a matter of dispute in the scientific community. The proposition
is also discussed among philosophers, theologians, creationists, and intelligent design proponents.
Physicist Paul Davies has asserted that "There is now broad agreement among physicists and cosmologists that the
Universe is in several respects ‘fine-tuned' for life". However, he continues, "the conclusion is not so much that the
Universe is fine-tuned for life; rather it is fine-tuned for the building blocks and environments that life requires." He
also states that "'anthropic' reasoning fails to distinguish between minimally biophilic universes, in which life is
permitted, but only marginally possible, and optimally biophilic universes, in which life flourishes because
biogenesis occurs frequently".[2] Among scientists who find the evidence persuasive, a variety of natural
explanations have been proposed, such as the anthropic principle along with multiple universes.

History
In 1913, the chemist Lawrence Joseph Henderson (1878–1942) wrote The Fitness of the Environment, one of the
first books to explore concepts of fine tuning in the Universe. Henderson discusses the importance of water and the
environment with respect to living things, pointing out that life depends entirely on the very specific environmental
conditions on Earth, especially with regard to the prevalence and properties of water.[3]

In 1961, the physicist Robert H. Dicke claimed that certain forces in physics, such as gravity and electromagnetism,
must be perfectly fine-tuned for life to exist anywhere in the Universe.[4][5] Fred Hoyle also argued for a fine-tuned
Universe in his 1984 book Intelligent Universe. He compares "the chance of obtaining even a single functioning
protein by chance combination of amino acids to a star system full of blind men solving Rubik's Cube
simultaneously".[6]

John Gribbin and Martin Rees wrote a detailed history and defence of the fine-tuning argument in their book Cosmic
Coincidences (1989). According to Gribbin and Rees, carbon-based life was not haphazardly arrived at, but the
deliberate end of a Universe "tailor-made for man."[7]

Premise

Fine-tuned Universe proponents argue that deep-space structures such as the Carina
Nebula would not form in a universe with minimally different physical constants.

The premise of the fine-tuned Universe
assertion is that a small change in
several of the dimensionless
fundamental physical constants would
make the Universe radically different.
As Stephen Hawking has noted, "The
laws of science, as we know them at
present, contain many fundamental
numbers, like the size of the electric
charge of the electron and the ratio of
the masses of the proton and the
electron. ... The remarkable fact is that
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the values of these numbers seem to have been very finely adjusted to make possible the development of life."[8]

If, for example, the strong nuclear force were 2% stronger than it is (i.e., if the coupling constant representing its
strength were 2% larger), while the other constants were left unchanged, diprotons would be stable and hydrogen
would fuse into them instead of deuterium and helium.[9] This would drastically alter the physics of stars, and
presumably preclude the existence of life similar to what we observe on Earth. The existence of the di-proton would
short-circuit the slow fusion of hydrogen into deuterium. Hydrogen would fuse so easily that it is likely that all of the
Universe's hydrogen would be consumed in the first few minutes after the Big Bang. [9] However, some of the
fundamental constants describe the properties of the unstable strange, charmed, bottom and top quarks and mu and
tau leptons that seem to play little part in the Universe or the structure of matter.
The precise formulation of the idea is made difficult by the fact that physicists do not yet know how many
independent physical constants there are. The current standard model of particle physics has 25 freely adjustable
parameters with an additional parameter, the cosmological constant, for gravitation. However, because the standard
model is not mathematically self-consistent under certain conditions (e.g., at very high energies, at which both
quantum mechanics and general relativity are relevant), physicists believe that it is underlaid by some other theory,
such as a grand unified theory, string theory, or loop quantum gravity. In some candidate theories, the actual number
of independent physical constants may be as small as one. For example, the cosmological constant may be a
fundamental constant, but attempts have also been made to calculate it from other constants, and according to the
author of one such calculation, "the small value of the cosmological constant is telling us that a remarkably precise
and totally unexpected relation exists among all the parameters of the Standard Model of particle physics, the bare
cosmological constant and unknown physics."[10]

Martin Rees[11] formulates the fine-tuning of the Universe in terms of the following six dimensionless constants:
• N = ratio of the strengths of gravity to that of electromagnetism;
• Epsilon (ε) = strength of the force binding nucleons into nuclei;
• Omega (ω) = relative importance of gravity and expansion energy in the Universe;
• Lambda (λ) = cosmological constant;
• Q = ratio of the gravitational energy required to pull a large galaxy apart to the energy equivalent of its mass;
• D = number of spatial dimensions in spacetime.

Disputes regarding the existence and extent of fine-tuning
Computer simulations suggest that not all of the purportedly "fine-tuned" parameters may be as fine-tuned as has
been claimed. Victor Stenger has simulated different universes in which four fundamental parameters are varied. He
found that long-lived stars could exist over a wide parameter range, and concluded that "... a wide variation of
constants of physics leads to universes that are long-lived enough for life to evolve, although human life need not
exist in such universes".[12]

Fred Adams has done a similar study to Stenger, investigating the structure of stars in universes with different values
of the gravitational constant G, the fine-structure constant α, and a nuclear reaction rate parameter C. His study
suggests that roughly 25% of this parameter space allows stars to exist.[13]

The validity of fine tuning examples is sometimes questioned on the grounds that such reasoning is subjective
anthropomorphism applied to natural physical constants. Critics also suggest that the fine-tuned Universe assertion
and the anthropic principle are essentially tautologies.[14] The fine-tuned Universe argument has also been criticized
as an argument by lack of imagination, as it assumes no other forms of life, sometimes referred to as carbon
chauvinism. Conceptually, alternative biochemistry or other forms of life are possible.[15] In addition, critics argue
that humans are adapted to the Universe through the process of evolution, rather than the Universe being adapted to
humans (see puddle thinking). They also see it as an example of the logical flaw of hubris or anthropocentrism in its
assertion that humans are the purpose of the Universe.[16]
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Possible naturalistic explanations
There are fine tuning arguments that are naturalistic.[17] As modern cosmology developed, various hypotheses have
been proposed. One is an oscillatory universe or a multiverse, where fundamental physical constants are postulated
to resolve themselves to random values in different iterations of reality.[18] Under this hypothesis, separate parts of
reality would have wildly different characteristics. In such scenarios, the issue of fine-tuning does not arise at all, as
only those "universes" with constants hospitable to life (such as what we observe) would develop life capable of
contemplating the question of the origin of fine-tuning.
Based upon the Anthropic principle, physicist Robert H. Dicke proposed the "Dicke coincidence" argument that the
structure (age, physical constants, etc.) of the Universe as seen by living observers is not random, but is constrained
by biological factors that require it to be roughly a "golden age".[19]

Inflationary cosmology
Inflation theory posits that an inflaton field in the first 10−30 seconds of the universe produces strong repulsive
gravity, and the universe and space-time expand by a factor of 1030. After 10−30 seconds, gravity starts to become
attractive. In this framework, with such rapid expansion, the overall shape of the universe at 14 billion years is much
less sensitive to initial parameters than the standard big bang model, and thus the fine-tuning issue disappears.[20]

Multiverse
The Multiverse hypothesis assumes the existence of many universes with different physical constants, some of which
are hospitable to intelligent life (see multiverse: anthropic principle). Because we are intelligent beings, we are by
definition in a hospitable one. Mathematician Michael Ikeda and astronomer William H. Jefferys have argued that
the anthropic principle and selection effect resolves the entire issue of fine-tuning,[21][22] as does philosopher of
science Elliott Sober.[23] Philosopher and theologian Richard Swinburne reaches the opposite conclusion using
Bayesian probability.[24]

This approach has led to considerable research into the anthropic principle and has been of particular interest to
particle physicists, because theories of everything do apparently generate large numbers of universes in which the
physical constants vary widely. As yet, there is no evidence for the existence of a multiverse, but some versions of
the theory do make predictions that some researchers studying M-theory and gravity leaks hope to see some evidence
of soon.[25] Some multiverse theories are not falsifiable, thus scientists may be reluctant to call any multiverse theory
"scientific". UNC-Chapel Hill professor Laura Mersini-Houghton claims that the WMAP cold spot may provide
testable empirical evidence for a parallel universe, although this claim was recently refuted as the WMAP cold spot
was found to be nothing more than a statistical artifact [26][27]

Variants on this approach include Lee Smolin's notion of cosmological natural selection, the Ekpyrotic universe, and
the Bubble universe theory.
Critics of the multiverse-related explanations argue that there is no evidence that other universes exist.

Bubble universe theory
The bubble universe model by physicist Andrei Linde postulates that our Universe is one of many that grew from a
multiverse consisting of vacuum that had not yet decayed to its ground state.

According to this scenario, by means of a random quantum fluctuation, the Universe "tunneled" from pure
vacuum ("nothing") to what is called a false vacuum, a region of space that contains no matter or radiation, but
is not quite "nothing." The space inside this bubble of false vacuum was curved, or warped. A small amount of
energy was contained in that curvature, somewhat like the energy stored in a strung bow. This ostensible
violation of energy conservation is allowed by the Heisenberg uncertainty principle for sufficiently small time
intervals.
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The bubble then inflated exponentially and the Universe grew by many orders of magnitude in a tiny fraction
of a second. (For a not-too-technical discussion, see Stenger 1990[28]). As the bubble expanded, its curvature
energy was converted into matter and radiation, inflation stopped, and the more linear Big Bang expansion we
now experience commenced. The Universe cooled and its structure spontaneously froze out, as formless water
vapor freezes into snowflakes whose unique patterns arise from a combination of symmetry and randomness.
—Victor J. Stenger, The Anthropic Coincidences[29]

In standard inflation, inflationary expansion occurred while the Universe was in a false vacuum state, halting when
the Universe decayed to a true vacuum state. The bubble universe model proposes that different parts of this
inflationary universe (termed a Multiverse) decayed at different times, with decaying regions corresponding to
universes not in causal contact with each other. It further supposes that each bubble universe may have different
physical constants.

Top-down cosmology
Stephen Hawking, along with Thomas Hertog of CERN, proposed that the Universe's initial conditions consisted of a
superposition of many possible initial conditions, only a small fraction of which contributed to the conditions we see
today.[30] According to their theory, it is inevitable that we find our Universe's "fine-tuned" physical constants, as the
current Universe "selects" only those past histories that led to the present conditions. In this way, top-down
cosmology provides an anthropic explanation for why we find ourselves in a universe that allows matter and life,
without invoking the existence of the Multiverse.[31]

Alien design
One hypothesis is that the Universe may have been designed by extra-universal aliens. Some believe this would
solve the problem of how a designer or design team capable of fine-tuning the Universe could come to exist.
Cosmologist Alan Guth believes humans will in time be able to generate new universes. By implication previous
intelligent entities may have generated our Universe.[32] This idea leads to the possibility that the extraterrestrial
designer/designers are themselves the product of an evolutionary process in their own universe, which must therefore
itself be able to sustain life. However it also raises the question of where this universe came from, leading to an
infinite regress.
The Simulation hypothesis promoted by Nick Bostrom and others suggests that our Universe may be a computer
simulation by aliens.[33]

The Biocosm hypothesis and the Meduso-anthropic principle both suggest that natural selection has made the
universe biophilic. The Universe enables intelligence because intelligent entities later create new biophilic universes.
This is different from the suggestion above that aliens from a universe that is less-finely tuned than ours made our
Universe finely tuned.
The Designer Universe theory of John Gribbin suggests that the Universe could have been made deliberately by a
member or members of a technologically advanced civilization in another part of the Multiverse, and that this
advanced civilization may have been responsible for causing the Big Bang.[34]
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Religious arguments
As with theistic evolution, some individual scientists, theologians, and philosophers as well as certain religious
groups argue that providence or creation are responsible for fine-tuning.
Christian philosopher Alvin Plantinga argues that random chance, applied to a single and sole universe, only raises
the question as to why this universe could be so "lucky" as to have precise conditions that support life at least at
some place (the Earth) and time (within millions of years of the present).

One reaction to these apparent enormous coincidences is to see them as substantiating the theistic claim that
the Universe has been created by a personal God and as offering the material for a properly restrained theistic
argument—hence the fine-tuning argument. It's as if there are a large number of dials that have to be tuned to
within extremely narrow limits for life to be possible in our Universe. It is extremely unlikely that this should
happen by chance, but much more likely that this should happen, if there is such a person as God.
—Alvin Plantinga, The Dawkins Confusion; Naturalism ad absurdum[35]

This fine-tuning of the Universe is cited[36] by theologian and philosopher William Lane Craig as an evidence for the
existence of God or some form of intelligence capable of manipulating (or designing) the basic physics that governs
the Universe. Craig argues, however, "that the postulate of a divine Designer does not settle for us the religious
question."

Intelligent design
Proponents of Intelligent design argue that certain features of the Universe and of living things are best explained by
an intelligent cause, not an undirected process such as natural selection. The fine-tuned Universe argument is a
central premise or presented as given in many of the published works of prominent intelligent design proponents,
such as William A. Dembski and Michael Behe.

Other religious creation views
Most religions have some kind of account of the creation of the Universe, although they generally differ in detail
from the ones listed above. Some of these may be compatible with known scientific facts (Old Earth Creationism,
Theistic Evolution, Progressive Creationism). Others are either incompatible with, or indifferent to, scientific
understandings (Young Earth Creationism). For example scientist-theologians such as John Polkinghorne emphasize
the implications of Anthropic Fine-Tuning within an orthodox Christian framework, whilst fully accepting the
scientific findings about Evolution and the age of the Universe. This is also the position of the Roman Catholic
Church and of most Anglican theologians.[37] The Jewish physicist Gerald Schroeder argues that the apparent
discrepancy between the "days" in Genesis and the billions of years in a scientific understanding are due to the
differences in frames of reference. Other scientists with similar views are physicist Freeman Dyson and astronomer
Owen Gingerich.

Counter argument to religious views
Victor Stenger argues that "... The fine-tuning argument and other recent intelligent design arguments are modern
versions of God-of-the-gaps reasoning, where a God is deemed necessary whenever science has not fully explained
some phenomenon".[12]

The argument from imperfection suggests that if the Universe were designed to be fine-tuned for life, it should be the
best one possible and that evidence suggests that it is not.[38] In fact, most of the Universe is highly hostile to life.
Additionally, Stenger argues: "We have no reason to believe that our kind of carbon-based life is all that is possible.
Furthermore, modern cosmology indicates that multiple universes may exist with different constants and laws of
physics. So, it is not surprising that we live in the one suited for us. The Universe is not fine-tuned to life; life is
fine-tuned to the Universe."[39]

http://en.wikipedia.org/w/index.php?title=Theistic_evolution
http://en.wikipedia.org/w/index.php?title=Theologian
http://en.wikipedia.org/w/index.php?title=Philosopher
http://en.wikipedia.org/w/index.php?title=Divine_Providence
http://en.wikipedia.org/w/index.php?title=Creation_myth
http://en.wikipedia.org/w/index.php?title=Alvin_Plantinga
http://en.wikipedia.org/w/index.php?title=Anthropic_principle%23Anthropic_coincidences
http://en.wikipedia.org/w/index.php?title=William_Lane_Craig
http://en.wikipedia.org/w/index.php?title=Argument_from_design
http://en.wikipedia.org/w/index.php?title=God
http://en.wikipedia.org/w/index.php?title=Intelligent_designer
http://en.wikipedia.org/w/index.php?title=Physics
http://en.wikipedia.org/w/index.php?title=Intelligent_design
http://en.wikipedia.org/w/index.php?title=Intelligent_designer
http://en.wikipedia.org/w/index.php?title=Natural_selection
http://en.wikipedia.org/w/index.php?title=William_A._Dembski
http://en.wikipedia.org/w/index.php?title=Michael_Behe
http://en.wikipedia.org/w/index.php?title=Old_Earth_Creationism
http://en.wikipedia.org/w/index.php?title=Theistic_Evolution
http://en.wikipedia.org/w/index.php?title=Progressive_Creationism
http://en.wikipedia.org/w/index.php?title=Young_Earth_Creationism
http://en.wikipedia.org/w/index.php?title=John_Polkinghorne
http://en.wikipedia.org/w/index.php?title=Roman_Catholic_Church
http://en.wikipedia.org/w/index.php?title=Roman_Catholic_Church
http://en.wikipedia.org/w/index.php?title=Anglican
http://en.wikipedia.org/w/index.php?title=Gerald_Schroeder
http://en.wikipedia.org/w/index.php?title=Freeman_Dyson
http://en.wikipedia.org/w/index.php?title=Owen_Gingerich
http://en.wikipedia.org/w/index.php?title=God_of_the_gaps
http://en.wikipedia.org/w/index.php?title=Evolutionary_argument_against_naturalism
http://en.wikipedia.org/w/index.php?title=Carbon_chauvinism
http://en.wikipedia.org/w/index.php?title=Multiverse


Fine-tuned Universe 280

In popular culture
• John C. Lennox discusses the fine-tuned Universe at length in his novel GOD'S UNDERTAKER: HAS SCIENCE

BURIED GOD? (2006).
• Robert J. Sawyer discusses the fine-tuned Universe at length in his novel Calculating God (2000).
• Author Neal Stephenson discussed the issue of fine-tuning in the conclusion to his essay In the Beginning... was

the Command Line.[40]

• Puddle thinking is a satirical illustration of the "life is fine-tuned to the Universe" argument above coined by
Douglas Adams to satirize the Fine-tuned Universe argument for supernatural creationism.[41][42] As quoted in
Richard Dawkins' eulogy for Douglas Adams:[43]

... imagine a puddle waking up one morning and thinking, 'This is an interesting world I find myself in,
an interesting hole I find myself in, fits me rather neatly, doesn't it? In fact, it fits me staggeringly well,
must have been made to have me in it!' This is such a powerful idea that as the Sun rises in the sky and
the air heats up and as, gradually, the puddle gets smaller and smaller, it's still frantically hanging on to
the notion that everything's going to be all right, because this World was meant to have him in it, was
built to have him in it; so the moment he disappears catches him rather by surprise. I think this may be
something we need to be on the watch out for.
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External links
Defend fine-tuning:
• God: new evidence – a series of six videos exploring how evidence from cosmic fine tuning points to the reality

of a creator God (http:/ / www. focus. org. uk/ )
• Stephen M. Barr (2001) " Overview of the Cosmological Intelligent Design argument, (http:/ / www. firstthings.

com/ ftissues/ ft0106/ articles/ barr. html)" First Things, the Journal of Religion, Culture, and Public Life.
• Robin Collins:

• Fine-Tuning website. (http:/ / home. messiah. edu/ ~rcollins/ )
• " Cosmological fine-tuning. (http:/ / academic. udayton. edu/ WilliamRichards/ Intro essays/ Collins,

Fine-tuning. htm)"
• Hugh Ross:

• " Design and the Anthropic Principle. (http:/ / www. reasons. org/ resources/ apologetics/ design. shtml?main)"
• " Evidence For Design In The Universe. (http:/ / doesgodexist. com/ Charts/

EvidenceForDesignInTheUniverse. html)"
• Gerald Schroeder: Fine-turned universe. (http:/ / www. geraldschroeder. com/ FineTuning. aspx)
• The cosmos is fine-tuned to permit human life (http:/ / www. talkorigins. org/ indexcc/ CI/ CI301. html) at the

talk.origins index to creationist claims.
• Interview (http:/ / www. berkeley. edu/ news/ media/ releases/ 2005/ 06/ 17_townes. shtml) with Charles Townes

discussing science and religion.
• Home page (http:/ / www. templeton. org/ biochem-finetuning/ purpose. html) of Templeton Foundation project

on fine-tuning.
Criticize fine tuning:
• Bibliography of online Links to criticisms of the Fine-Tuning Argument. (http:/ / www. infidels. org/ library/

modern/ theism/ design. html#fine) Secular Web.
• Ikeda, Michael, and Jefferys, William H., " The Anthropic Principle Does Not Support Supernaturalism. (http:/ /

quasar. as. utexas. edu/ anthropic. html)"
• Jefferys, W. H., and J. O. Berger, " Sharpening Ockham's razor on a Bayesian strop. (http:/ / bayesrules. net/

papers/ ockham. pdf)"
• Victor Stenger:

• " Does the Cosmos Show Evidence of Purpose? (http:/ / www. colorado. edu/ philosophy/ vstenger/ Cosmo/
anthro. skinq. html)"

• " Is the Universe fine-tuned for us? (http:/ / www. colorado. edu/ philosophy/ vstenger/ Cosmo/ FineTune.
pdf)"

• Elliott Sober, " The Design Argument. (http:/ / philosophy. wisc. edu/ sober/ design argument 11 2004. pdf)" An
earlier version appeared in the Blackwell Companion to the Philosophy of Religion (2004).
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Conservation of energy
The law of conservation of energy, first formulated in the nineteenth century, is a law of physics. It states that the
total amount of energy in an isolated system remains constant over time. The total energy is said to be conserved
over time. For an isolated system, this law means that energy can change its location within the system, and that it
can change form within the system, for instance chemical energy can become kinetic energy, but that energy can be
neither created nor destroyed.
In the twentieth century, the definition of energy was broadened. It was found that particles that have rest mass are
equivalent to amounts of energy (see mass-energy equivalence). There particles were found subject to annihilation in
which matter particles (such as electrons) can be converted to non-matter (such as photons of electromagnetic
radiation), or even into potential energy or kinetic energy. Matter could also be created out of kinetic or other types
of energy, in the process of matter creation. Thus, matter (defined as ponderable matter particles) was found not to
be conserved.
In such a transformation process within an isolated system, neither the mass nor the energy changes over time,
although the matter content may change. Therefore, conservation of energy, and conservation of mass, each still
holds as a law in its own right (indeed they are restatements of the same law, when mass and energy are recognized
to be equivalent). When stated alternatively, in terms of mass and of energy, they appear as the apparently distinct
laws of the nineteenth century.
A consequence of the law of conservation of energy is that no intended "perpetual motion machine" can perpetually
deliver energy to its surroundings.[1] Any delivery of energy by such a device would result in delivery of mass also,
and the machine would lose mass continually until it eventually disappeared.

History

Gottfried Leibniz

Ancient philosophers as far back as Thales of Miletus c.~550 BCE had
inklings of the conservation of some underlying substance of which
everything is made. However, there is no particular reason to identify this
with what we know today as "mass-energy" (for example, Thales thought it
was water). Empedocles (490–430 BCE) wrote that in his universal system,
composed of four roots (earth, air, water, fire), "nothing comes to be or
perishes",[2] but these elements suffer continual rearrangement.

In 1638, Galileo published his analysis of several situations—including the
celebrated "interrupted pendulum"—which can be described (in modern
language) as conservatively converting potential energy to kinetic energy and
back again. However, Galileo did not state the process in modern terms and
again cannot be credited with the crucial insight.

It was Gottfried Wilhelm Leibniz during 1676–1689 who first attempted a mathematical formulation of the kind of
energy which is connected with motion (kinetic energy). Leibniz noticed that in many mechanical systems (of
several masses, mi each with velocity vi ),

was conserved so long as the masses did not interact. He called this quantity the vis viva or living force of the
system. The principle represents an accurate statement of the approximate conservation of kinetic energy in
situations where there is no friction. Many physicists at that time held that the conservation of momentum, which
holds even in systems with friction, as defined by the momentum:
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was the conserved vis viva. It was later shown that, under the proper conditions, both quantities are conserved
simultaneously such as in elastic collisions.
It was largely engineers such as John Smeaton, Peter Ewart, Carl Holtzmann, Gustave-Adolphe Hirn and Marc
Seguin who objected that conservation of momentum alone was not adequate for practical calculation and made use
of Leibniz's principle. The principle was also championed by some chemists such as William Hyde Wollaston.
Academics such as John Playfair were quick to point out that kinetic energy is clearly not conserved. This is obvious
to a modern analysis based on the second law of thermodynamics but in the 18th and 19th centuries, the fate of the
lost energy was still unknown. Gradually it came to be suspected that the heat inevitably generated by motion under
friction, was another form of vis viva. In 1783, Antoine Lavoisier and Pierre-Simon Laplace reviewed the two
competing theories of vis viva and caloric theory.[3] Count Rumford's 1798 observations of heat generation during
the boring of cannons added more weight to the view that mechanical motion could be converted into heat, and (as
importantly) that the conversion was quantitative and could be predicted (allowing for a universal conversion
constant between kinetic energy and heat). Vis viva now started to be known as energy, after the term was first used
in that sense by Thomas Young in 1807.

Gaspard-Gustave Coriolis

The recalibration of vis viva to

which can be understood as finding the exact value for the kinetic energy to
work conversion constant, was largely the result of the work of
Gaspard-Gustave Coriolis and Jean-Victor Poncelet over the period
1819–1839. The former called the quantity quantité de travail (quantity of
work) and the latter, travail mécanique (mechanical work), and both
championed its use in engineering calculation.

In a paper Über die Natur der Wärme, published in the Zeitschrift für Physik
in 1837, Karl Friedrich Mohr gave one of the earliest general statements of
the doctrine of the conservation of energy in the words: "besides the 54 known chemical elements there is in the
physical world one agent only, and this is called Kraft [energy or work]. It may appear, according to circumstances,
as motion, chemical affinity, cohesion, electricity, light and magnetism; and from any one of these forms it can be
transformed into any of the others."

Mechanical equivalent of heat
A key stage in the development of the modern conservation principle was the demonstration of the mechanical
equivalent of heat. The caloric theory maintained that heat could neither be created nor destroyed but conservation of
energy entails the contrary principle that heat and mechanical work are interchangeable.
In 1798 Count Rumford (Benjamin Thompson) performed measurements of the frictional heat generated in boring
cannons and developed the idea that heat is a form of kinetic energy; his measurements refuted caloric theory, but
were imprecise enough to leave room for doubt.
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James Prescott Joule

The mechanical equivalence principle was first stated in its modern form by the
German surgeon Julius Robert von Mayer in 1842.[4] Mayer reached his
conclusion on a voyage to the Dutch East Indies, where he found that his patients'
blood was a deeper red because they were consuming less oxygen, and therefore
less energy, to maintain their body temperature in the hotter climate. He
discovered that heat and mechanical work were both forms of energy and in 1845,
after improving his knowledge of physics, he published a monograph that stated a
quantitative relationship between them.[5]

Joule's apparatus for measuring the mechanical
equivalent of heat. A descending weight attached
to a string causes a paddle immersed in water to

rotate.

Meanwhile, in 1843 James Prescott Joule independently discovered the
mechanical equivalent in a series of experiments. In the most famous,
now called the "Joule apparatus", a descending weight attached to a
string caused a paddle immersed in water to rotate. He showed that the
gravitational potential energy lost by the weight in descending was
equal to the thermal energy (heat) gained by the water by friction with
the paddle.

Over the period 1840–1843, similar work was carried out by engineer
Ludwig A. Colding though it was little known outside his native
Denmark.

Both Joule's and Mayer's work suffered from resistance and neglect but
it was Joule's that eventually drew the wider recognition.

For the dispute between Joule and Mayer over priority, see
Mechanical equivalent of heat: Priority

In 1844, William Robert Grove postulated a relationship between mechanics, heat, light, electricity and magnetism
by treating them all as manifestations of a single "force" (energy in modern terms). In 1874 Grove published his
theories in his book The Correlation of Physical Forces.[6] In 1847, drawing on the earlier work of Joule, Sadi
Carnot and Émile Clapeyron, Hermann von Helmholtz arrived at conclusions similar to Grove's and published his
theories in his book Über die Erhaltung der Kraft (On the Conservation of Force, 1847). The general modern
acceptance of the principle stems from this publication.
In 1877, Peter Guthrie Tait claimed that the principle originated with Sir Isaac Newton, based on a creative reading
of propositions 40 and 41 of the Philosophiae Naturalis Principia Mathematica. This is now regarded as an example
of Whig history.[7]

Mass–energy equivalence
In the nineteenth century, mass and energy were considered to be of quite different natures. Then Albert Einstein's 
theory of special relativity showed that mass and energy are related by an equivalence. Energy has an equivalent 
mass, and mass has an equivalent energy. Physicists now speak of a unified law of conservation of mass-energy. 
This is a recognition that the two nineteenth century conservation laws are restricted versions of one and the same 
more general law. While matter can be actually converted into non-matter, the relation between mass and energy is a 
simply theoretical equivalence, so that it makes no sense to think of their "actual interconversion". Thus, the modern
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view is that conservation of energy and conservation of mass are simply the same conservation law, stated
differently, in different units. Einstein's E = mc2 and other equations serve to convert one unit to the other.

First law of thermodynamics
For a closed thermodynamic system, the first law of thermodynamics may be stated as:

where is the amount of energy added to the system by a heating process, is the amount of energy lost by
the system due to work done by the system on its surroundings and is the change in the internal energy of the
system.
The δ's before the heat and work terms are used to indicate that they describe an increment of energy which is to be
interpreted somewhat differently than the increment of internal energy (see Inexact differential). Work and heat
are processes which add or subtract energy, while the internal energy is a particular form of energy associated
with the system. Thus the term "heat energy" for means "that amount of energy added as the result of heating"
rather than referring to a particular form of energy. Likewise, the term "work energy" for means "that amount
of energy lost as the result of work". The most significant result of this distinction is the fact that one can clearly
state the amount of internal energy possessed by a thermodynamic system, but one cannot tell how much energy has
flowed into or out of the system as a result of its being heated or cooled, nor as the result of work being performed
on or by the system. In simple terms, this means that energy cannot be created or destroyed, only converted from one
form to another.
Entropy is a function of the state of a system which tells of the possibility of conversion of heat into work.
For a simple compressible system, the work performed by the system may be written:

where is the pressure and is a small change in the volume of the system, each of which are system variables.
The heat energy may be written

where is the temperature and is a small change in the entropy of the system. Temperature and entropy are
variables of state of a system.
For a simple open system (in which the particles may be exchanged with the environment) containing a single type
of particle, the first law is written:

where is the change in the number of particles and is the chemical potential per particle, the energy per
added particle required to maintain an unchanged volume and entropy.

Mechanics
In mechanics, conservation of energy is usually stated as

where T is kinetic energy and V potential energy.
For this particular form to be valid, the following must be true:
• The system is scleronomous (neither kinetic nor potential energy are explicit functions of time)
•• The potential energy doesn't depend on velocities.
•• The kinetic energy is a quadratic form with regard to velocities.
• The total energy E depends on the motion of the frame of reference (and it turns out that it is minimum for the

center of mass frame).
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Noether's theorem
The conservation of energy is a common feature in many physical theories. From a mathematical point of view it is
understood as a consequence of Noether's theorem, which states every continuous symmetry of a physical theory has
an associated conserved quantity; if the theory's symmetry is time invariance then the conserved quantity is called
"energy". The energy conservation law is a consequence of the shift symmetry of time; energy conservation is
implied by the empirical fact that the laws of physics do not change with time itself. Philosophically this can be
stated as "nothing depends on time per se". In other words, if the physical system is invariant under the continuous
symmetry of time translation then its energy (which is canonical conjugate quantity to time) is conserved.
Conversely, systems which are not invariant under shifts in time (an example, systems with time dependent potential
energy) do not exhibit conservation of energy – unless we consider them to exchange energy with another, external
system so that the theory of the enlarged system becomes time invariant again. Since any time-varying system can be
embedded within a larger time-invariant system, conservation can always be recovered by a suitable re-definition of
what energy is. Conservation of energy for finite systems is valid in such physical theories as special relativity and
quantum theory (including QED) in the flat space-time.

Relativity
With the discovery of special relativity by Albert Einstein, energy was proposed to be one component of an
energy-momentum 4-vector. Each of the four components (one of energy and three of momentum) of this vector is
separately conserved across time, in any closed system, as seen from any given inertial reference frame. Also
conserved is the vector length (Minkowski norm), which is the rest mass for single particles, and the invariant mass
for systems of particles (where momenta and energy are separately summed before the length is calculated—see the
article on invariant mass).
The relativistic energy of a single massive particle contains a term related to its rest mass in addition to its kinetic
energy of motion. In the limit of zero kinetic energy (or equivalently in the rest frame) of a massive particle; or else
in the center of momentum frame for objects or systems which retain kinetic energy, the total energy of particle or
object (including internal kinetic energy in systems) is related to its rest mass or its invariant mass via the famous
equation .
Thus, the rule of conservation of energy over time in special relativity continues to hold, so long as the reference
frame of the observer is unchanged. This applies to the total energy of systems, although different observers disagree
as to the energy value. Also conserved, and invariant to all observers, is the invariant mass, which is the minimal
system mass and energy that can be seen by any observer, and which is defined by the energy–momentum relation.
In general relativity conservation of energy-momentum is expressed with the aid of a stress-energy-momentum
pseudotensor. The theory of general relativity leaves open the question of whether there is a conservation of energy
for the entire universe.

Quantum theory
In quantum mechanics, energy of a quantum system is described by a self-adjoint (Hermite) operator called
Hamiltonian, which acts on the Hilbert space (or a space of wave functions ) of the system. If the Hamiltonian is a
time independent operator, emergence probability of the measurement result does not change in time over the
evolution of the system. Thus the expectation value of energy is also time independent. The local energy
conservation in quantum field theory is ensured by the quantum Noether's theorem for energy-momentum tensor
operator. Note that due to the lack of the (universal) time operator in quantum theory, the uncertainty relations for
time and energy are not fundamental in contrast to the position momentum uncertainty principle, and merely holds in
specific cases (See Uncertainty principle). Energy at each fixed time can be precisely measured in principle without
any problem caused by the time energy uncertainty relations. Thus the conservation of energy in time is a well
defined concept even in quantum mechanics.
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Zero-point energy
Zero-point energy is the lowest possible energy that a quantum mechanical physical system may have; it is the
energy of its ground state. All quantum mechanical systems undergo fluctuations even in their ground state and have
an associated zero-point energy, a consequence of their wave-like nature. The uncertainty principle requires every
physical system to have a zero-point energy greater than the minimum of its classical potential well. This results in
motion even at absolute zero. For example, liquid helium does not freeze under atmospheric pressure at any
temperature because of its zero-point energy.
The concept of zero-point energy was developed in Germany by Albert Einstein and Otto Stern in 1913, as a
corrective term added to a zero-grounded formula developed by Max Planck in 1900.[1][2] The term zero-point
energy originates from the German Nullpunktsenergie.[1][2] The German name is also spelled Nullpunktenergie
(without the "s").
Vacuum energy is the zero-point energy of all the fields in space, which in the Standard Model includes the
electromagnetic field, other gauge fields, fermionic fields, and the Higgs field. It is the energy of the vacuum, which
in quantum field theory is defined not as empty space but as the ground state of the fields. In cosmology, the vacuum
energy is one possible explanation for the cosmological constant.[3] A related term is zero-point field, which is the
lowest energy state of a particular field.[4]

History
In 1900, Max Planck derived the formula for the energy of a single energy radiator, e.g., a vibrating atomic unit:[5]

where is Planck's constant, is the frequency, k is Boltzmann's constant, and T is the absolute temperature.
Then in 1913, using this formula as a basis, Albert Einstein and Otto Stern published a paper of great significance in
which they suggested for the first time the existence of a residual energy that all oscillators have at absolute zero.
They called this residual energy Nullpunktsenergie (German), later translated as zero-point energy. They carried out
an analysis of the specific heat of hydrogen gas at low temperature, and concluded that the data are best represented
if the vibrational energy is[1][2]

According to this expression, an atomic system at absolute zero retains an energy of ½hν.

Relation to the uncertainty principle
Zero-point energy is fundamentally related to the Heisenberg uncertainty principle[6]. Roughly speaking, the
uncertainty principle states that complementary variables (such as a particle's position and momentum, or a field's
value and derivative at a point in space) cannot simultaneously be defined precisely by any given quantum state. In
particular, there cannot be a state in which the system sits motionless at the bottom of its potential well, for then its
position and momentum would both be completely determined to arbitrarily great precision. Therefore, the
lowest-energy state (the ground state) of the system must have a distribution in position and momentum that satisfies
the uncertainty principle, which implies its energy must be greater than the minimum of the potential well.
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Near the bottom of a potential well, the Hamiltonian of a system (the quantum-mechanical operator giving its
energy) can be approximated as

where is the minimum of the classical potential well. The uncertainty principle tells us that

making the expectation values of the kinetic and potential terms above satisfy

The expectation value of the energy must therefore be at least

where is the angular frequency at which the system oscillates.

A more thorough treatment, showing that the energy of the ground state actually is requires solving
for the ground state of the system. See quantum harmonic oscillator for details.

Varieties
The concept of zero-point energy occurs in a number of situations.
In ordinary quantum mechanics, the zero-point energy is the energy associated with the ground state of the system.
The professional physics literature tends to measure frequency, as denoted by above, using angular frequency,
denoted with and defined by = . This leads to a convention of writing Planck's constant with a bar
through its top ( ) to denote the quantity / . In those terms, the most famous such example of zero-point
energy is associated with the ground state of the quantum harmonic oscillator. In quantum mechanical
terms, the zero-point energy is the expectation value of the Hamiltonian of the system in the ground state.
In quantum field theory, the fabric of space is visualized as consisting of fields, with the field at every point in space
and time being a quantum harmonic oscillator, with neighboring oscillators interacting. In this case, one has a
contribution of from every point in space, resulting in a calculation of infinite zero-point energy in any
finite volume; this is one reason renormalization is needed to make sense of quantum field theories. The zero-point
energy is again the expectation value of the Hamiltonian; here, however, the phrase vacuum expectation value is
more commonly used, and the energy is called the vacuum energy.
In quantum perturbation theory, it is sometimes said that the contribution of one-loop and multi-loop Feynman
diagrams to elementary particle propagators are the contribution of vacuum fluctuations or the zero-point energy to
the particle masses.

Experimental observations
A phenomenon that is commonly presented as evidence for the existence of zero-point energy in vacuum is the 
Casimir effect, proposed in 1948 by Dutch physicist Hendrik B. G. Casimir (Philips Research), who considered the 
quantized electromagnetic field between a pair of grounded, neutral metal plates. The vacuum energy contains 
contributions from all wavelengths, except those excluded by the spacing between plates. As the plates draw 
together, more wavelengths are excluded and the vacuum energy decreases. The decrease in energy means there 
must be a force doing work on the plates as they move. This force has been measured and found to be in good 
agreement with the theory. However, there is still some debate on whether vacuum energy is necessary to explain the 
Casimir effect. Robert Jaffe of MIT argues that the Casimir force should not be considered evidence for vacuum
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energy, since it can be derived in QED without reference to vacuum energy by considering charge-current
interactions (the radiation-reaction picture).[7]

The experimentally measured Lamb shift has been argued to be, in part, a zero-point energy effect.[8]

Gravitation and cosmology
In cosmology, the zero-point energy offers an intriguing possibility for explaining the speculative positive values of
the proposed cosmological constant. In brief, if the energy is "really there", then it should exert a gravitational
force.[9] In general relativity, mass and energy are equivalent; both produce a gravitational field. One obvious
difficulty with this association is that the zero-point energy of the vacuum is absurdly large. Naively, it is infinite,
because it includes the energy of waves with arbitrarily short wavelengths. But since only differences in energy are
physically measurable, the infinity can be removed by renormalization. In all practical calculations, this is how the
infinity is handled. It is also arguable that undiscovered physics relevant at the Planck scale reduces or eliminates the
energy of waves shorter than the Planck length, making the total zero-point energy finite.

Free-energy devices
As a scientific concept, the existence of zero-point energy is not controversial although the ability to harness it is.[10]

Many people claim to have invented perpetual motion machines and other power-generating devices supposedly
based on zero-point energy.
In quantum theory, zero-point energy is a minimum energy below which a thermodynamic system can never go.[10]

Thus, according to the standard quantum-theoretic viewpoint, none of this energy can be withdrawn without altering
the system to a different form in which the system has a lower zero-point energy.[10]

Thus, current claims to zero-point-energy-based power generation systems are in contradiction with known physics
laws and have the status of pseudoscience.[10]

One of the theories that claims that zero-point energy is infinite is stochastic electrodynamics. In it, the zero-point
field is viewed as simply a classical background isotropic noise wave field which excites all systems present in the
vacuum and thus is responsible for their minimum-energy or "ground" states. The requirement of Lorentz invariance
at a statistical level then implies that the energy density spectrum must increase with the third power of frequency,
implying infinite energy density when integrated over all frequencies.[11] However, as pointed out, this energy can't
be withdrawn from the system.[10]

According to a NASA contractor report, "the concept of accessing a significant amount of useful energy from the
ZPE gained much credibility when a major article on this topic was published in Aviation Week & Space
Technology (March 1st, 2004), a leading aerospace industry magazine".[12]

The calculation that underlies the Casimir experiment, a calculation based on the formula predicting infinite vacuum
energy, shows the zero-point energy of a system consisting of a vacuum between two plates will decrease at a finite
rate as the two plates are drawn together. The vacuum energies are predicted to be infinite, but the changes are
predicted to be finite. Casimir combined the projected rate of change in zero-point energy with the principle of
conservation of energy to predict a force on the plates. The predicted force, which is very small and was
experimentally measured to be within 5% of its predicted value, is finite.[13] Even though the zero-point energy is
theoretically infinite, there is as yet no practical evidence to suggest that infinite amounts of zero-point energy are
available for use, that zero-point energy can be withdrawn for free, or that zero-point energy can be used in violation
of conservation of energy.[14]
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In popular culture
In Disney/Pixar's animated film "The Incredibles", the main villain Syndrome refers to his weapons as using
zero-point energy.[15] [16] The fan fiction community devoted to the character is named "Zero Point" because of
this.[17]

In the critically acclaimed game series from Valve Corporation, Half-Life, a "zero-point energy field manipulator"
(popularly known as 'gravity gun'), meant to handle sensitive, anomalous and hazardous materials, is used as both a
weapon to throw objects at enemies in high speeds, as a primary attack, and a tool to solve physics puzzles
consisting in moving objects of considerable weight.
In Nintendo's Star Fox series, there are mentions of a 'G-Diffusion' system. The so-called 'G-diffusion' is an
experimental power system used in the game's starfighters that reduces gravity forces on the pilot and provides a
respectable power source for shields and propulsion, using advanced Zero-point energy technology.
Within the Stargate franchise the race of beings known as The Ancients who created the Stargate devices are also
responsible for developing a crystalline energy source that contains a miniature universe from which zero point
energy is extracted. Within the canon of both Stargate SG-1 and Stargate Atlantis Zero Point Modules (a.k.a. ZPMs),
as they're called, are responsible for producing orders of magnitude greater power than any other known form of
energy output in the universe. Three of these were capable of powering the defensive shield on Atlantis, which is
roughly the size of Manhattan, while it lay on the ocean floor for over 10,000 years.
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Vacuum energy
Vacuum energy is an underlying background energy that exists in space throughout the entire Universe. One
contribution to the vacuum energy may be from virtual particles, which are thought to be particle pairs that blink into
existence and then annihilate in a timespan too short to observe. They are expected to do this everywhere, throughout
the Universe. Their behavior is codified in Heisenberg's energy-time uncertainty principle. Still, the exact effect of
such fleeting bits of energy is difficult to quantify.
The effects of vacuum energy can be experimentally observed in various phenomena such as spontaneous emission,
the Casimir effect and the Lamb shift, and are thought to influence the behavior of the Universe on cosmological
scales. Using the upper limit of the cosmological constant, the vacuum energy in a cubic meter of free space has
been estimated to be 10−9 Joules.[1] However, in both Quantum Electrodynamics (QED) and Stochastic
Electrodynamics (SED), consistency with the principle of Lorentz covariance and with the magnitude of the Planck
Constant requires it to have a much larger value of 10113 Joules per cubic meter.[2][3] See vacuum catastrophe.

Origin
Quantum field theory states that all fundamental fields, such as the electromagnetic field, must be quantized at each
and every point in space. A field in physics may be envisioned as if space were filled with interconnected vibrating
balls and springs, and the strength of the field were like the displacement of a ball from its rest position. The theory
requires "vibrations" in, or more accurately changes in the strength of, such a field to propagate as per the
appropriate wave equation for the particular field in question. The second quantization of quantum field theory
requires that each such ball-spring combination be quantized, that is, that the strength of the field be quantized at
each point in space. Canonically, if the field at each point in space is a simple harmonic oscillator, its quantization
places a quantum harmonic oscillator at each point. Excitations of the field correspond to the elementary particles of
particle physics. Thus, according to the theory, even the vacuum has a vastly complex structure and all calculations
of quantum field theory must be made in relation to this model of the vacuum.
The theory considers vacuum to implicitly have the same properties as a particle, such as spin or polarization in the
case of light, energy, and so on. According to the theory, most of these properties cancel out on average leaving the
vacuum empty in the literal sense of the word. One important exception, however, is the vacuum energy or the
vacuum expectation value of the energy. The quantization of a simple harmonic oscillator requires the lowest
possible energy, or zero-point energy of such an oscillator to be:

Summing over all possible oscillators at all points in space gives an infinite quantity. To remove this infinity, one
may argue that only differences in energy are physically measurable, much as the concept of potential energy has
been treated in classical mechanics for centuries. This argument is the underpinning of the theory of renormalization.
In all practical calculations, this is how the infinity is handled.
Vacuum energy can also be thought of in terms of virtual particles (also known as vacuum fluctuations) which are
created and destroyed out of the vacuum. These particles are always created out of the vacuum in particle-antiparticle
pairs, which in most cases shortly annihilate each other and disappear. However, these particles and antiparticles
may interact with others before disappearing, a process which can be mapped using Feynman diagrams. Note that
this method of computing vacuum energy is mathematically equivalent to having a quantum harmonic oscillator at
each point and, therefore, suffers the same renormalization problems.
Additional contributions to the vacuum energy come from spontaneous symmetry breaking in quantum field theory.
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Implications
Vacuum energy has a number of consequences. In 1948, Dutch physicists Hendrik B. G. Casimir and Dirk Polder
predicted the existence of a tiny attractive force between closely placed metal plates due to resonances in the vacuum
energy in the space between them. This is now known as the Casimir effect and has since been extensively
experimentally verified. It is therefore believed that the vacuum energy is "real" in the same sense that more familiar
conceptual objects such as electrons, magnetic fields, etc., are real. However, alternate explanations for the Casimir
have since been proposed.[4]

Other predictions are harder to verify. Vacuum fluctuations are always created as particle/antiparticle pairs. The
creation of these virtual particles near the event horizon of a black hole has been hypothesized by physicist Stephen
Hawking to be a mechanism for the eventual "evaporation" of black holes. The net energy of the Universe remains
zero so long as the particle pairs annihilate each other within Planck time. If one of the pair is pulled into the black
hole before this, then the other particle becomes "real" and energy/mass is essentially radiated into space from the
black hole. This loss is cumulative and could result in the black hole's disappearance over time. The time required is
dependent on the mass of the black hole but could be on the order of 10100 years for large solar-mass black holes.
The vacuum energy also has important consequences for physical cosmology. Special relativity predicts that energy
is equivalent to mass, and therefore, if the vacuum energy is "really there", it should exert a gravitational force.
Essentially, a non-zero vacuum energy is expected to contribute to the cosmological constant, which affects the
expansion of the universe. In the special case of vacuum energy, general relativity stipulates that the gravitational
field is proportional to ρ-3p (where ρ is the mass-energy density, and p is the pressure). Quantum theory of the
vacuum further stipulates that the pressure of the zero-state vacuum energy is always negative and equal to ρ. Thus,
the total of ρ-3p becomes -2ρ: A negative value. This calculation implies a repulsive gravitational field, giving rise
to expansion, if indeed the vacuum ground state has non-zero energy. However, the vacuum energy is
mathematically infinite without renormalization, which is based on the assumption that we can only measure energy
in a relative sense, which is not true if we can observe it indirectly via the cosmological constant.
The existence of vacuum energy is also sometimes used as theoretical justification for the possibility of free energy
machines. It has been argued that due to the broken symmetry (in QED), free energy does not violate conservation of
energy, since the laws of thermodynamics only apply to equilibrium systems. However, consensus amongst
physicists is that this is incorrect and that vacuum energy cannot be harnessed to generate free energy.[5] In
particular, the second law of thermodynamics is unaffected by the existence of vacuum energy. However, in
Stochastic Electrodynamics, the energy density is taken to be a classical random noise wave field which consists of
real electromagnetic noise waves propagating isotropically in all directions. The energy in such a wave field would
seem to be accessible, e.g., with nothing more complicated than a directional coupler. The most obvious difficulty
appears to be the spectral distribution of the energy, which compatibility with Lorentz invariance requires to take the
form Kf3, where K is a constant and f denotes frequency.[6][7] It follows that the energy and momentum flux in this
wave field only becomes significant at extremely short wavelengths where directional coupler technology is
currently lacking.

History
In 1934, Georges Lemaître used an unusual perfect-fluid equation of state to interpret the cosmological constant as 
due to vacuum energy. In 1948, the Casimir effect provided the first experimental verification of the existence of 
vacuum energy. In 1957, Lee and Yang proved the concepts of broken symmetry and parity violation, for which they 
won the Nobel prize. In 1973, Edward Tryon proposed that the Universe may be a large-scale quantum-mechanical 
vacuum fluctuation where positive mass-energy is balanced by negative gravitational potential energy. During the 
1980s, there were many attempts to relate the fields that generate the vacuum energy to specific fields that were 
predicted by attempts at a Grand unification theory and to use observations of the Universe to confirm one or another 
version. However, the exact nature of the particles (or fields) that generate vacuum energy, with a density such as
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that required by inflation theory, remains a mystery.
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Casimir effect

Casimir forces on parallel plates

Casimir forces on parallel plates

A water wave analogue of the Casimir effect.
Two parallel plates are submerged into colored

water contained in a sonicator. When the
sonicator is turned on, waves are excited

imitating vacuum fluctuations; as a result, the
plates attract to each other.

In quantum field theory, the Casimir effect and the Casimir–Polder
force are physical forces arising from a quantized field. The typical
example is of two uncharged metallic plates in a vacuum, placed a few
micrometers apart as in a capacitor but without any external
electromagnetic field. In a classical description, the lack of an external
field also means that there is no field between the plates, and no force
would be measured between them.[1] When this field is instead studied
using the QED vacuum of quantum electrodynamics, it is seen that the
plates do affect the virtual photons which constitute the field, and
generate a net force[2]—either an attraction or a repulsion depending
on the specific arrangement of the two plates. Although the Casimir
effect can be expressed in terms of virtual particles interacting with the
objects, it is best described and more easily calculated in terms of the
zero-point energy of a quantized field in the intervening space between
the objects. This force has been measured, and is a striking example of
an effect purely due to second quantization.[3][4] However, the
treatment of boundary conditions in these calculations has led to some
controversy. In fact "Casimir's original goal was to compute the van
der Waals force between polarizable molecules" of the metallic plates.
Thus it can be interpreted without any reference to the zero-point
energy (vacuum energy) or virtual particles of quantum fields.[5]

Dutch physicists Hendrik B. G. Casimir and Dirk Polder at Philips
Research Labs proposed the existence of a force between two
polarizable atoms and between such an atom and a conducting plate in
1947, and, after a conversation with Niels Bohr who suggested it had
something to do with zero-point energy, Casimir alone formulated the
theory predicting a force between neutral conducting plates in 1948;
the former is called the Casimir-Polder force while the latter is the
Casimir effect in the narrow sense. Predictions of the force were later
extended to finite-conductivity metals and dielectrics by Lifshitz and
his students, and recent calculations have considered more general
geometries. It was not until 1997, however, that a direct experiment, by
S. Lamoreaux, described above, quantitatively measured the force (to
within 15% of the value predicted by the theory),[6] although previous
work [e.g. van Blockland and Overbeek (1978)] had observed the force
qualitatively, and indirect validation of the predicted Casimir energy
had been made by measuring the thickness of liquid Helium films by
Sabisky and Anderson in 1972. Subsequent experiments approach an
accuracy of a few percent.

Because the strength of the force falls off rapidly with distance, it is only measurable when the distance between the
objects is extremely small. On a submicron scale, this force becomes so strong that it becomes the dominant force

between uncharged conductors. In fact, at separations of 10 nm—about 100 times the typical size of an atom—the 
Casimir effect produces the equivalent of 1 atmosphere of pressure (101.325 kPa), the precise value depending on
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surface geometry and other factors.[7]

In modern theoretical physics, the Casimir effect plays an important role in the chiral bag model of the nucleon; and
in applied physics, it is significant in some aspects of emerging microtechnologies and nanotechnologies.[8]

Any medium supporting oscillations has an analogue of the Casimir effect. For example, beads on a string[9][10] as
well as plates submerged in noisy water[11] or gas[12] exhibit the Casimir force.

Overview
The Casimir effect can be understood by the idea that the presence of conducting metals and dielectrics alters the
vacuum expectation value of the energy of the second quantized electromagnetic field.[13][14] Since the value of this
energy depends on the shapes and positions of the conductors and dielectrics, the Casimir effect manifests itself as a
force between such objects.

Possible causes

Vacuum energy
The causes of the Casimir effect are described by quantum field theory, which states that all of the various
fundamental fields, such as the electromagnetic field, must be quantized at each and every point in space. In a
simplified view, a "field" in physics may be envisioned as if space were filled with interconnected vibrating balls and
springs, and the strength of the field can be visualized as the displacement of a ball from its rest position. Vibrations
in this field propagate and are governed by the appropriate wave equation for the particular field in question. The
second quantization of quantum field theory requires that each such ball-spring combination be quantized, that is,
that the strength of the field be quantized at each point in space. At the most basic level, the field at each point in
space is a simple harmonic oscillator, and its quantization places a quantum harmonic oscillator at each point.
Excitations of the field correspond to the elementary particles of particle physics. However, even the vacuum has a
vastly complex structure, so all calculations of quantum field theory must be made in relation to this model of the
vacuum.
The vacuum has, implicitly, all of the properties that a particle may have: spin, or polarization in the case of light,
energy, and so on. On average, most of these properties cancel out: the vacuum is, after all, "empty" in this sense.
One important exception is the vacuum energy or the vacuum expectation value of the energy. The quantization of a
simple harmonic oscillator states that the lowest possible energy or zero-point energy that such an oscillator may
have is

Summing over all possible oscillators at all points in space gives an infinite quantity. To remove this infinity, one
may argue that only differences in energy are physically measurable; this argument is the underpinning of the theory
of renormalization. In all practical calculations, this is how the infinity is always handled. In a deeper sense,
however, renormalization is unsatisfying, and the removal of this infinity presents a challenge in the search for a
Theory of Everything. Currently there is no compelling explanation for how this infinity should be treated as
essentially zero; a non-zero value is essentially the cosmological constant and any large value causes trouble in
cosmology.
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Relativistic van der Waals force
Alternatively, a 2005 paper by Robert Jaffe of MIT states that "Casimir effects can be formulated and Casimir forces
can be computed without reference to zero point energies. They are relativistic, quantum forces between charges and
currents. The Casimir force (per unit area) between parallel plates vanishes as alpha, the fine structure constant, goes
to zero, and the standard result, which appears to be independent of alpha, corresponds to the alpha → infinity limit,"
and that "The Casimir force is simply the (relativistic, retarded) van der Waals force between the metal plates."[15]

Effects
Casimir's observation was that the second-quantized quantum electromagnetic field, in the presence of bulk bodies
such as metals or dielectrics, must obey the same boundary conditions that the classical electromagnetic field must
obey. In particular, this affects the calculation of the vacuum energy in the presence of a conductor or dielectric.
Consider, for example, the calculation of the vacuum expectation value of the electromagnetic field inside a metal
cavity, such as, for example, a radar cavity or a microwave waveguide. In this case, the correct way to find the zero
point energy of the field is to sum the energies of the standing waves of the cavity. To each and every possible
standing wave corresponds an energy; say the energy of the nth standing wave is . The vacuum expectation
value of the energy of the electromagnetic field in the cavity is then

with the sum running over all possible values of n enumerating the standing waves. The factor of 1/2 corresponds to
the fact that the zero-point energies are being summed (it is the same 1/2 as appears in the equation ).
Written in this way, this sum is clearly divergent; however, it can be used to create finite expressions.
In particular, one may ask how the zero point energy depends on the shape s of the cavity. Each energy level 
depends on the shape, and so one should write for the energy level, and for the vacuum
expectation value. At this point comes an important observation: the force at point p on the wall of the cavity is equal
to the change in the vacuum energy if the shape s of the wall is perturbed a little bit, say by , at point p. That is,
one has

This value is finite in many practical calculations.[16]

Attraction between the plates can be easily understood by focusing on the 1-dimensional situation. Suppose that a
moveable conductive plate is positioned at a short distance a from one of two widely separated plates (distance L
apart). With a << L, the states within the slot of width a are highly constrained so that the energy E of any one mode
is widely separated from that of the next. This is not the case in open region L, where there is a large number (about
L/a) of states with energy evenly spaced between E and the next mode in the narrow slot---in other words, all slightly
larger than E. Now on shortening a by da (< 0), the mode in the slot shrinks in wavelength and therefore increases in
energy proportional to -da/a, whereas all the outside L/a states lengthen and correspondingly lower energy
proportional to da/L (note the denominator). The net change is slightly negative, because all the L/a modes' energies
are slightly larger than the single mode in the slot.
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Derivation of Casimir effect assuming zeta-regularization
In the original calculation done by Casimir, he considered the space between a pair of conducting metal plates at
distance apart. In this case, the standing waves are particularly easy to calculate, since the transverse component
of the electric field and the normal component of the magnetic field must vanish on the surface of a conductor.
Assuming the parallel plates lie in the xy-plane, the standing waves are

where stands for the electric component of the electromagnetic field, and, for brevity, the polarization and the
magnetic components are ignored here. Here, and are the wave vectors in directions parallel to the plates,
and

is the wave-vector perpendicular to the plates. Here, n is an integer, resulting from the requirement that ψ vanish on
the metal plates. The energy of this wave is

where c is the speed of light. The vacuum energy is then the sum over all possible excitation modes

where A is the area of the metal plates, and a factor of 2 is introduced for the two possible polarizations of the wave.
This expression is clearly infinite, and to proceed with the calculation, it is convenient to introduce a regulator
(discussed in greater detail below). The regulator will serve to make the expression finite, and in the end will be
removed. The zeta-regulated version of the energy per unit-area of the plate is

In the end, the limit is to be taken. Here s is just a complex number, not to be confused with the shape
discussed previously. This integral/sum is finite for s real and larger than 3. The sum has a pole at s = 3, but may be
analytically continued to s = 0, where the expression is finite. The above expression simplifies to:

where polar coordinates were introduced to turn the double integral into a single integral. The in

front is the Jacobian, and the comes from the angular integration. The integral converges if Re[s] > 3, resulting
in

The sum diverges at s in the neighborhood of zero, but if the damping of large-frequency excitations corresponding
to analytic continuation of the Riemann zeta function to s = 0 is assumed to make sense physically in some way, then
one has

But and so one obtains
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The analytic continuation has evidently lost an additive positive infinity, somehow exactly accounting for the
zero-point energy (not included above) outside the slot between the plates, but which changes upon plate movement
within a closed system. The Casimir force per unit area for idealized, perfectly conducting plates with
vacuum between them is

where
(hbar, ħ) is the reduced Planck constant,

is the speed of light,
is the distance between the two plates.

The force is negative, indicating that the force is attractive: by moving the two plates closer together, the energy is
lowered. The presence of shows that the Casimir force per unit area is very small, and that furthermore,
the force is inherently of quantum-mechanical origin.
NOTE: In Casimir's original derivation [17], a moveable conductive plate is positioned at a short distance a from one
of two widely separated plates (distance L apart). The 0-point energy on both sides of the plate is considered. Instead
of the above ad hoc analytic continuation assumption, non-convergent sums and integrals are computed using
Euler-Maclaurin summation with a regularizing function (e.g., exponential regularization) not so anomalous as

in the above.

More recent theory
Casimir's analysis of idealized metal plates was generalized to arbitrary dielectric and realistic metal plates by
Lifshitz and his students.[18][19] Using this approach, complications of the bounding surfaces, such as the
modifications to the Casimir force due to finite conductivity, can be calculated numerically using the tabulated
complex dielectric functions of the bounding materials. Lifshitz' theory for two metal plates reduces to Casimir's
idealized 1/a4 force law for large separations a much greater than the skin depth of the metal, and conversely reduces
to the 1/a3 force law of the London dispersion force (with a coefficient called a Hamaker constant) for small a, with
a more complicated dependence on a for intermediate separations determined by the dispersion of the materials.[20]

Lifshitz' result was subsequently generalized to arbitrary multilayer planar geometries as well as to anisotropic and
magnetic materials, but for several decades the calculation of Casimir forces for non-planar geometries remained
limited to a few idealized cases admitting analytical solutions.[21] For example, the force in the experimental
sphere–plate geometry was computed with an approximation (due to Derjaguin) that the sphere radius R is much
larger than the separation a, in which case the nearby surfaces are nearly parallel and the parallel-plate result can be
adapted to obtain an approximate R/a3 force (neglecting both skin-depth and higher-order curvature effects).[21][22]

However, in the 2000s a number of authors developed and demonstrated a variety of numerical techniques, in many
cases adapted from classical computational electromagnetics, that are capable of accurately calculating Casimir
forces for arbitrary geometries and materials, from simple finite-size effects of finite plates to more complicated
phenomena arising for patterned surfaces or objects of various shapes.[21]
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Measurement
One of the first experimental tests was conducted by Marcus Sparnaay at Philips in Eindhoven, in 1958, in a delicate
and difficult experiment with parallel plates, obtaining results not in contradiction with the Casimir theory,[23][24] but
with large experimental errors. Some of the experimental details as well as some background information on how
Casimir, Polder and Sparnaay arrived at this point[25] are highlighted in a 2007 interview with Marcus Sparnaay.
The Casimir effect was measured more accurately in 1997 by Steve K. Lamoreaux of Los Alamos National
Laboratory,[26] and by Umar Mohideen and Anushree Roy of the University of California at Riverside.[27] In
practice, rather than using two parallel plates, which would require phenomenally accurate alignment to ensure they
were parallel, the experiments use one plate that is flat and another plate that is a part of a sphere with a large radius.
In 2001, a group (Giacomo Bressi, Gianni Carugno, Roberto Onofrio and Giuseppe Ruoso) at the University of
Padua (Italy) finally succeeded in measuring the Casimir force between parallel plates using microresonators.[28]

Regularisation
In order to be able to perform calculations in the general case, it is convenient to introduce a regulator in the
summations. This is an artificial device, used to make the sums finite so that they can be more easily manipulated,
followed by the taking of a limit so as to remove the regulator.
The heat kernel or exponentially regulated sum is

where the limit is taken in the end. The divergence of the sum is typically manifested as

for three-dimensional cavities. The infinite part of the sum is associated with the bulk constant C which does not
depend on the shape of the cavity. The interesting part of the sum is the finite part, which is shape-dependent. The
Gaussian regulator

is better suited to numerical calculations because of its superior convergence properties, but is more difficult to use
in theoretical calculations. Other, suitably smooth, regulators may be used as well. The zeta function regulator

is completely unsuited for numerical calculations, but is quite useful in theoretical calculations. In particular,
divergences show up as poles in the complex s plane, with the bulk divergence at s = 4. This sum may be analytically
continued past this pole, to obtain a finite part at s = 0.
Not every cavity configuration necessarily leads to a finite part (the lack of a pole at s = 0) or shape-independent
infinite parts. In this case, it should be understood that additional physics has to be taken into account. In particular,
at extremely large frequencies (above the plasma frequency), metals become transparent to photons (such as X-rays),
and dielectrics show a frequency-dependent cutoff as well. This frequency dependence acts as a natural regulator.
There are a variety of bulk effects in solid state physics, mathematically very similar to the Casimir effect, where the
cutoff frequency comes into explicit play to keep expressions finite. (These are discussed in greater detail in Landau
and Lifshitz, "Theory of Continuous Media".)
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Generalities
The Casimir effect can also be computed using the mathematical mechanisms of functional integrals of quantum
field theory, although such calculations are considerably more abstract, and thus difficult to comprehend. In addition,
they can be carried out only for the simplest of geometries. However, the formalism of quantum field theory makes it
clear that the vacuum expectation value summations are in a certain sense summations over so-called "virtual
particles".
More interesting is the understanding that the sums over the energies of standing waves should be formally
understood as sums over the eigenvalues of a Hamiltonian. This allows atomic and molecular effects, such as the van
der Waals force, to be understood as a variation on the theme of the Casimir effect. Thus one considers the
Hamiltonian of a system as a function of the arrangement of objects, such as atoms, in configuration space. The
change in the zero-point energy as a function of changes of the configuration can be understood to result in forces
acting between the objects.
In the chiral bag model of the nucleon, the Casimir energy plays an important role in showing the mass of the
nucleon is independent of the bag radius. In addition, the spectral asymmetry is interpreted as a non-zero vacuum
expectation value of the baryon number, cancelling the topological winding number of the pion field surrounding the
nucleon.

Dynamical Casimir effect
The dynamical Casimir effect is the production of particles and energy from a very fast moving mirror. This reaction
was predicted by certain numerical solutions to quantum mechanics equations made in the 1970's.[29] In May 2011
an announcement was made by researchers at the Chalmers University of Technology, in Gothenburg, Sweden, of
the detection of the dynamical Casimir effect. These researchers used a modified SQUID to provide the mirror
moving at the required relativistic velocity. If confirmed this would be the first experimental verification of the
dynamical Casimir effect.[30] [31]

Analogies
A similar analysis can be used to explain Hawking radiation that causes the slow "evaporation" of black holes
(although this is generally visualized as the escape of one particle from a virtual particle-antiparticle pair, the other
particle having been captured by the black hole).
Constructed within the framework of quantum field theory in curved spacetime, the dynamical Casimir effect has
been used to better understand acceleration radiation such as the Unruh effect.

Repulsive forces
There are few instances wherein the Casimir effect can give rise to repulsive forces between uncharged objects. In a
seminal paper, Evgeny Lifshitz showed (theoretically) that in certain circumstances (most commonly involving
liquids), repulsive forces can arise.[32] This has sparked interest in applications of the Casimir effect toward the
development of levitating devices. An experimental demonstration of the Casimir-based repulsion predicted by
Lifshitz was recently carried out by Munday et al.[33] Other scientists have also suggested the use of gain media to
achieve a similar levitation effect,[34] though this is controversial because these materials seem to violate
fundamental causality constraints and the requirement of thermodynamic equilibrium (Kramers-Kronig relations).
Casimir and Casimir-Polder repulsion can in fact occur for sufficiently anisotropic electrical bodies; for a review of
the issues involved with repulsion see Milton et al.[35]
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Applications
It has been suggested that the Casimir forces have application in nanotechnology,[36] in particular silicon integrated
circuit technology based micro- and nanoelectromechanical systems, silicon array propulsion for space drives, and
so-called Casimir oscillators.[37]
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Consciousness

Representation of consciousness from the
seventeenth century.

Consciousness is the quality or state of being aware of an external
object or something within oneself.[1][2] It has been defined as:
subjectivity, awareness, sentience, the ability to experience or to feel,
wakefulness, having a sense of selfhood, and the executive control
system of the mind.[3] Despite the difficulty in definition, many
philosophers believe that there is a broadly shared underlying intuition
about what consciousness is.[4] As Max Velmans and Susan Schneider
wrote in The Blackwell Companion to Consciousness: "Anything that
we are aware of at a given moment forms part of our consciousness,
making conscious experience at once the most familiar and most
mysterious aspect of our lives."[5]

Philosophers since the time of Descartes and Locke have struggled to
comprehend the nature of consciousness and pin down its essential
properties. Issues of concern in the philosophy of consciousness
include whether the concept is fundamentally valid; whether
consciousness can ever be explained mechanistically; whether
non-human consciousness exists and if so how it can be recognized;
how consciousness relates to language; whether consciousness can be
understood in a way that does not require a dualistic distinction
between mental and physical states or properties; and whether it may ever be possible for computers or robots to be
conscious.

In recent years, consciousness has become a significant topic of research in psychology and neuroscience. The 
primary focus is on understanding what it means biologically and psychologically for information to be present in
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consciousness—that is, on determining the neural and psychological correlates of consciousness. The majority of
experimental studies assess consciousness by asking human subjects for a verbal report of their experiences (e.g.,
"tell me if you notice anything when I do this"). Issues of interest include phenomena such as subliminal perception,
blindsight, denial of impairment, and altered states of consciousness produced by psychoactive drugs or spiritual or
meditative techniques.
In medicine, consciousness is assessed by observing a patient's arousal and responsiveness, and can be seen as a
continuum of states ranging from full alertness and comprehension, through disorientation, delirium, loss of
meaningful communication, and finally loss of movement in response to painful stimuli.[6] Issues of practical
concern include how the presence of consciousness can be assessed in severely ill, comatose, or anesthetized people,
and how to treat conditions in which consciousness is impaired or disrupted.[7]

In philosophy
The philosophy of mind has given rise to many stances regarding consciousness. Any attempt to impose an
organization on them is bound to be somewhat arbitrary. Stuart Sutherland exemplified the difficulty in the entry he
wrote for the 1989 version of the Macmillan Dictionary of Psychology:

Consciousness—The having of perceptions, thoughts, and feelings; awareness. The term is impossible to
define except in terms that are unintelligible without a grasp of what consciousness means. Many fall into the
trap of equating consciousness with self-consciousness—to be conscious it is only necessary to be aware of the
external world. Consciousness is a fascinating but elusive phenomenon: it is impossible to specify what it is,
what it does, or why it has evolved. Nothing worth reading has been written on it.[8]

Most writers on the philosophy of consciousness have been concerned to defend a particular point of view, and have
organized their material accordingly. For surveys, the most common approach is to follow a historical path by
associating stances with the philosophers who are most strongly associated with them, for example Descartes, Locke,
Kant, etc. An alternative is to organize philosophical stances according to basic issues.

The validity of the concept
Philosophers and non-philosophers differ in their intuitions about what consciousness is.[9] While most people have a
strong intuition for the existence of what they refer to as consciousness, skeptics argue that this intuition is false,
either because the concept of consciousness is intrinsically incoherent, or because our intuitions about it are based in
illusions. Gilbert Ryle, for example, argued that traditional understanding of consciousness depends on a Cartesian
dualist outlook that improperly distinguishes between mind and body, or between mind and world. He proposed that
we speak not of minds, bodies, and the world, but of individuals, or persons, acting in the world. Thus, by speaking
of 'consciousness' we end up misleading ourselves by thinking that there is any sort of thing as consciousness
separated from behavioral and linguistic understandings.[10] More generally, many philosophers and scientists have
been unhappy about the difficulty of producing a definition that does not involve circularity or fuzziness.[8]

http://en.wikipedia.org/w/index.php?title=Subliminal_stimuli
http://en.wikipedia.org/w/index.php?title=Blindsight
http://en.wikipedia.org/w/index.php?title=Anosognosia
http://en.wikipedia.org/w/index.php?title=Altered_state_of_consciousness
http://en.wikipedia.org/w/index.php?title=Medicine
http://en.wikipedia.org/w/index.php?title=Stimulus_%28physiology%29
http://en.wikipedia.org/w/index.php?title=Philosophy_of_mind
http://en.wikipedia.org/w/index.php?title=Stuart_Sutherland
http://en.wikipedia.org/w/index.php?title=Gilbert_Ryle
http://en.wikipedia.org/w/index.php?title=Dualism_%28philosophy_of_mind%29
http://en.wikipedia.org/w/index.php?title=Dualism_%28philosophy_of_mind%29


Consciousness 308

Types of consciousness
Many philosophers have argued that consciousness is a unitary concept that is understood intuitively by the majority
of people in spite of the difficulty in defining it.[11] Others, though, have argued that the level of disagreement about
the meaning of the word indicates that it either means different things to different people, or else is an umbrella term
encompassing a variety of distinct meanings with no simple element in common.[12]

Ned Block proposed a distinction between two types of consciousness that he called phenomenal (P-consciousness)
and access (A-consciousness).[13] P-consciousness, according to Block, is simply raw experience: it is moving,
colored forms, sounds, sensations, emotions and feelings with our bodies and responses at the center. These
experiences, considered independently of any impact on behavior, are called qualia. A-consciousness, on the other
hand, is the phenomenon whereby information in our minds is accessible for verbal report, reasoning, and the control
of behavior. So, when we perceive, information about what we perceive is access conscious; when we introspect,
information about our thoughts is access conscious; when we remember, information about the past is access
conscious, and so on. Although some philosophers, such as Daniel Dennett, have disputed the validity of this
distinction,[14] others have broadly accepted it. David Chalmers has argued that A-consciousness can in principle be
understood in mechanistic terms, but that understanding P-consciousness is much more challenging: he calls this the
hard problem of consciousness.[15]

Some philosophers believe that Block's two types of consciousness are not the end of the story. William Lycan, for
example, argued in his book Consciousness and Experience that at least eight clearly distinct types of consciousness
can be identified (organism consciousness; control consciousness; consciousness of; state/event consciousness;
reportability; introspective consciousness; subjective consciousness; self-consciousness)—and that even this list
omits several more obscure forms.[16]

Mind–body problem

Illustration of dualism by René Descartes. Inputs are
passed by the sensory organs to the pineal gland and

from there to the immaterial spirit.

The first influential philosopher to discuss this question
specifically was Descartes and the answer he gave is known as
Cartesian dualism. Descartes proposed that consciousness resides
within an immaterial domain he called res cogitans (the realm of
thought), in contrast to the domain of material things which he
called res extensa (the realm of extension).[17] He suggested that
the interaction between these two domains occurs inside the brain,
perhaps in a small midline structure called the pineal gland.[18]

Although it is widely accepted that Descartes explained the
problem cogently, few later philosophers have been happy with his
solution, and his ideas about the pineal gland have especially been
ridiculed.[19] Alternative solutions, however, have been very
diverse. They can be divided broadly into two categories: dualist
solutions that maintain Descartes' rigid distinction between the
realm of consciousness and the realm of matter but give different
answers for how the two realms relate to each other; and monist
solutions that maintain that there is really only one realm of being,
of which consciousness and matter are both aspects. Each of these
categories itself contains numerous variants. The two main types
of dualism are substance dualism (which holds that the mind is formed of a distinct type of substance not governed
by the laws of physics) and property dualism (which holds that the laws of physics are universally valid but cannot
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be used to explain the mind). The three main types of monism are physicalism (which holds that the mind consists of
matter organized in a particular way), idealism (which holds that only thought truly exists and matter is merely an
illusion), and neutral monism (which holds that both mind and matter are aspects of a distinct essence that is itself
identical to neither of them). There are also, however, a large number of idiosyncratic theories that cannot cleanly be
assigned to any of these camps.[20]

Since the dawn of Newtonian science with its vision of simple mechanical principles governing the entire universe,
some philosophers have been tempted by the idea that consciousness could be explained in purely physical terms.
The first influential writer to propose such an idea explicitly was Julien Offray de La Mettrie, in his book Man a
Machine (L'homme machine). His arguments, however, were very abstract.[21] The most influential modern physical
theories of consciousness are based on psychology and neuroscience. Theories proposed by neuroscientists such as
Gerald Edelman[22] and Antonio Damasio,[23] and by philosophers such as Daniel Dennett,[24] seek to explain
consciousness in terms of neural events occurring within the brain. Many other neuroscientists, such as Christof
Koch,[25] have explored the neural basis of consciousness without attempting to frame all-encompassing global
theories. At the same time, computer scientists working in the field of Artificial Intelligence have pursued the goal of
creating digital computer programs that can simulate or embody consciousness.[26]

A few theoretical physicists have argued that classical physics is intrinsically incapable of explaining the holistic
aspects of consciousness, but that quantum theory provides the missing ingredients. Several theorists have therefore
proposed quantum mind (QM) theories of consciousness.[27] Notable theories falling into this category include the
Holonomic brain theory of Karl Pribram and David Bohm, and the Orch-OR theory formulated by Stuart Hameroff
and Roger Penrose. Some of these QM theories offer descriptions of phenomenal consciousness, as well as QM
interpretations of access consciousness. None of the quantum mechanical theories has been confirmed by
experiment. Recent papers by Guerreshi, G., Cia, J., Popescu, S. and Briegel, H.[28] could falsify proposals such as
those of Hameroff which rely on quantum entanglement in protein. At the present time many scientists and
philosophers consider the arguments for an important role of quantum phenomena to be unconvincing.[29]

Apart from the general question of the "hard problem" of consciousness, roughly speaking, the question of how
mental experience arises from a physical basis,[30] a more specialized question is how to square the subjective notion
that we are in control of our decisions (at least in some small measure) with the customary view of causality that
subsequent events are caused by prior events. The topic of free will is the philosophical and scientific examination of
this conundrum.

Problem of other minds
Many philosophers consider experience to be the essence of consciousness, and believe that experience can only
fully be known from the inside, subjectively. But if consciousness is subjective and not visible from the outside, why
do the vast majority of people believe that other people are conscious, but rocks and trees are not?[31] This is called
the problem of other minds.[32] It is particularly acute for people who believe in the possibility of philosophical
zombies, that is, people who think it is possible in principle to have an entity that is physically indistinguishable from
a human being and behaves like a human being in every way but nevertheless lacks consciousness.[33]

The most commonly given answer is that we attribute consciousness to other people because we see that they 
resemble us in appearance and behavior: we reason that if they look like us and act like us, they must be like us in 
other ways, including having experiences of the sort that we do.[34] There are, however, a variety of problems with 
that explanation. For one thing, it seems to violate the principle of parsimony, by postulating an invisible entity that 
is not necessary to explain what we observe.[34] Some philosophers, such as Daniel Dennett in an essay titled The 
Unimagined Preposterousness of Zombies, argue that people who give this explanation do not really understand what 
they are saying.[35] More broadly, philosophers who do not accept the possibility of zombies generally believe that 
consciousness is reflected in behavior (including verbal behavior), and that we attribute consciousness on the basis of 
behavior. A more straightforward way of saying this is that we attribute experiences to people because of what they
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can do, including the fact that they can tell us about their experiences.[36]

Animal consciousness
The topic of animal consciousness is beset by a number of difficulties. It poses the problem of other minds in an
especially severe form, because animals, lacking the ability to express human language, cannot tell us about their
experiences.[37] Also, it is difficult to reason objectively about the question, because a denial that an animal is
conscious is often taken to imply that it does not feel, its life has no value, and that harming it is not morally wrong.
Descartes, for example, has sometimes been blamed for mistreatment of animals due to the fact that he believed only
humans have a non-physical mind.[38] Most people have a strong intuition that some animals, such as dogs, are
conscious, while others, such as insects, are not; but the sources of this intuition are not obvious.[37]

Philosophers who consider subjective experience the essence of consciousness also generally believe, as a correlate,
that the existence and nature of animal consciousness can never rigorously be known. Thomas Nagel spelled out this
point of view in an influential essay titled What Is it Like to Be a Bat?. He said that an organism is conscious "if and
only if there is something that it is like to be that organism — something it is like for the organism"; and he argued
that no matter how much we know about an animal's brain and behavior, we can never really put ourselves into the
mind of the animal and experience its world in the way it does itself.[39] Other thinkers, such as Douglas Hofstadter,
dismiss this argument as incoherent.[40] Several psychologists and ethologists have argued for the existence of
animal consciousness by describing a range of behaviors that appear to show animals holding beliefs about things
they cannot directly perceive — Donald Griffin's 2001 book Animal Minds reviews a substantial portion of the
evidence.[41]

Artifact consciousness
The idea of an artifact made conscious is an ancient theme of mythology, appearing for example in the Greek myth
of Pygmalion, who carved a statue that was magically brought to life, and in medieval Jewish stories of the Golem, a
magically animated homunculus built of clay.[42] However, the possibility of actually constructing a conscious
machine was probably first discussed by Ada Lovelace, in a set of notes written in 1842 about the Analytical Engine
invented by Charles Babbage, a precursor (never built) to modern electronic computers. Lovelace was essentially
dismissive of the idea that a machine such as the Analytical Engine could think in a humanlike way. She wrote:

It is desirable to guard against the possibility of exaggerated ideas that might arise as to the powers of the
Analytical Engine. ... The Analytical Engine has no pretensions whatever to originate anything. It can do
whatever we know how to order it to perform. It can follow analysis; but it has no power of anticipating any
analytical relations or truths. Its province is to assist us in making available what we are already acquainted
with.[43]

One of the most influential contributions to this question was an essay written in 1950 by pioneering computer
scientist Alan Turing, titled Computing Machinery and Intelligence. Turing disavowed any interest in terminology,
saying that even "Can machines think?" is too loaded with spurious connotations to be meaningful; but he proposed
to replace all such questions with a specific operational test, which has become known as the Turing test.[44] To pass
the test a computer must be able to imitate a human well enough to fool interrogators. In his essay Turing discussed a
variety of possible objections, and presented a counterargument to each of them. The Turing test is commonly cited
in discussions of artificial intelligence as a proposed criterion for machine consciousness; it has provoked a great
deal of philosophical debate. For example, Daniel Dennett and Douglas Hofstadter argue that anything capable of
passing the Turing test is necessarily conscious,[45] while David Chalmers argues that a philosophical zombie could
pass the test, yet fail to be conscious.[46]

In a lively exchange over what has come to be referred to as "The Chinese room Argument", John Searle sought to 
refute the claim of proponents of what he calls 'Strong Artificial Intelligence (AI)' that a computer program can be 
conscious, though he does agree with advocates of "Weak AI" that computer programs can be formatted to
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"simulate" conscious states. His own view is that consciousness has subjective, first-person causal powers by being
essentially intentional due simply to the way human brains function biologically; conscious persons can perform
computations, but consciousness is not inherently computational the way computer programs are. To make a Turing
machine that speaks Chinese, Searle gets in a room stocked with algorithms programmed to respond to Chinese
questions, i.e., Turing machines, programmed to correctly answer in Chinese questions asked in Chinese, and he
finds he's able to process the inputs to outputs perfectly without having any understanding of Chinese, nor having
any idea what the questions and answers could possibly mean. And, this is all a current computer program would do.
If the experiment were done in English, since Searle knows English, he would be able to take questions and give
answers without any algorithms for English questions, and he would be affectively aware of what was being said and
the purposes it might serve: Searle passes the Turing test of answering the questions in both languages, but he's only
conscious of what he's doing when he speaks English. Another way of putting the argument is to say computational
computer programs can pass the Turing test for processing the syntax of a language, but that semantics cannot be
reduced to syntax in the way Strong AI advocates hoped: processing semantics is conscious and intentional because
we use semantics to consciously produce meaning by what we say.[47]

In the literature concerning artificial intelligence (AI), Searle's essay has been second only to Turing's in the volume
of debate it has generated.[47] Searle himself was vague about what extra ingredients it would take to make a
machine conscious: all he proposed was that what was needed was "causal powers" of the sort that the brain has and
that computers lack. But other thinkers sympathetic to his basic argument have suggested that the necessary (though
perhaps still not sufficient) extra conditions may include the ability to pass not just the verbal version of the Turing
test, but the robotic version,[48] which requires grounding the robot's words in the robot's sensorimotor capacity to
categorize and interact with the things in the world that its words are about, Turing-indistinguishably from a real
person. Turing-scale robotics is an empirical branch of research on embodied cognition and situated cognition[49]

The transitivity principle
One argument in the field of philosophy of consciousness deals with what it is that makes a mental state “conscious”
in the sense of there being something it is like to experience that state. David Rosenthal posits the “transitivity
principle” as a possible answer to this question. This principle holds that what makes a state conscious is the
individual being aware of being in that state. This happens, on Rosenthal’s account, through the use of a higher-order
thought that is directed on the mental state in question.
Rosenthal cites several empirical paradigms in support of his theory. Blind-sight is one. This is a phenomenon that
occurs in individuals with damage to the visual center of their brains. These individuals are often capable of
relatively simple forms of visual awareness (like being able to spatially locate an x in a picture) but do not report
anything concerning what it is like to experience these visual stimuli. Rosenthal claims that this can only be
explained as a perception which the subject is not aware of experiencing.
Rosenthal also cites masked-priming, in which the individual is presented a priming stimulus which is quickly
replaced by a masking stimulus. The individual does not report having experienced the state even though they clearly
received the visual input. Again, Rosenthal claims that this can only be an instance of a visual stimulus of which the
subject is not aware, and which there is therefore nothing it is like to experience.
Fred Dretske has objected to the transitivity principle on the basis that we often experience mental states that are
consciously different without being aware of the conscious different. For instance, one might look at a picture of two
forests. The pictures might be exactly the same except that there is one tree that is present in one picture but absent in
the other. Dretske points out that what it is like to see the one forest is different from what it is like to see the other.
And yet the individual looking at the pictures can easily fail to be aware that they differ at all.
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Spiritual approaches
To most philosophers, the word "consciousness" connotes the relationship between the mind and the world. To
writers on spiritual or religious topics, it frequently connotes the relationship between the mind and God, or the
relationship between the mind and deeper truths that are thought to be more fundamental than the physical world.
Krishna consciousness, for example, is a term used to mean an intimate linkage between the mind of a worshipper
and the god Krishna.[50] The mystical psychiatrist Richard Maurice Bucke distinguished between three types of
consciousness: Simple Consciousness, awareness of the body, possessed by many animals; Self Consciousness,
awareness of being aware, possessed only by humans; and Cosmic Consciousness, awareness of the life and order of
the universe, possessed only by humans who are enlightened.[51] Many more examples could be given. The most
thorough account of the spiritual approach may be Ken Wilber's book The Spectrum of Consciousness, a comparison
of western and eastern ways of thinking about the mind. Wilber described consciousness as a spectrum with ordinary
awareness at one end, and more profound types of awareness at higher levels.[52]

Scientific approaches
For many decades, consciousness as a research topic was avoided by the majority of mainstream scientists, because
of a general feeling that a phenomenon defined in subjective terms could not properly be studied using objective
experimental methods.[53] In 1975 George Mandler published an influential psychological study which distinguished
between slow, serial, and limited conscious processes and fast, parallel and extensive unconscious ones.[54] Starting
in the 1980s,an expanding community of neuroscientists and psychologists have associated themselves with a field
called Consciousness Studies, giving rise to a stream of experimental work published in books,[55] journals such as
Consciousness and Cognition, and methodological work published in journals such as the Journal of Consciousness
Studies, along with regular conferences organized by groups such as the Association for the Scientific Study of
Consciousness.[56]

Modern scientific investigations into consciousness are based on psychological experiments (including, for example,
the investigation of priming effects using subliminal stimuli), and on case studies of alterations in consciousness
produced by trauma, illness, or drugs. Broadly viewed, scientific approaches are based on two core concepts. The
first identifies the content of consciousness with the experiences that are reported by human subjects; the second
makes use of the concept of consciousness that has been developed by neurologists and other medical professionals
who deal with patients whose behavior is impaired. In either case, the ultimate goals are to develop techniques for
assessing consciousness objectively in humans as well as other animals, and to understand the neural and
psychological mechanisms that underlie it.[25]

Measurement

The Necker Cube, an ambiguous image

Experimental research on consciousness presents special difficulties, due to
the lack of a universally accepted operational definition. In the majority of
experiments that are specifically about consciousness, the subjects are human,
and the criterion that is used is verbal report: in other words, subjects are
asked to describe their experiences, and their descriptions are treated as
observations of the contents of consciousness.[57] For example, subjects who
stare continuously at a Necker Cube usually report that they experience it
"flipping" between two 3D configurations, even though the stimulus itself
remains the same.[58] The objective is to understand the relationship between
the conscious awareness of stimuli (as indicated by verbal report) and the
effects the stimuli have on brain activity and behavior. In several paradigms,
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such as the technique of response priming, the behavior of subjects is clearly influenced by stimuli for which they
report no awareness.[59]

Verbal report is widely considered to be the most reliable indicator of consciousness, but it raises a number of
issues.[60] For one thing, if verbal reports are treated as observations, akin to observations in other branches of
science, then the possibility arises that they may contain errors—but it is difficult to make sense of the idea that
subjects could be wrong about their own experiences, and even more difficult to see how such an error could be
detected.[61] Daniel Dennett has argued for an approach he calls heterophenomenology, which means treating verbal
reports as stories that may or may not be true, but his ideas about how to do this have not been widely adopted.[62]

Another issue with verbal report as a criterion is that it restricts the field of study to humans who have language: this
approach cannot be used to study consciousness in other species, pre-linguistic children, or people with types of
brain damage that impair language. As a third issue, philosophers who dispute the validity of the Turing test may feel
that it is possible, at least in principle, for verbal report to be dissociated from consciousness entirely: a philosophical
zombie may give detailed verbal reports of awareness in the absence of any genuine awareness.[63]

Although verbal report is in practice the "gold standard" for ascribing consciousness, it is not the only possible
criterion.[60] In medicine, consciousness is assessed as a combination of verbal behavior, arousal, brain activity and
purposeful movement. The last three of these can be used as indicators of consciousness when verbal behavior is
absent.[64] The scientific literature regarding the neural bases of arousal and purposeful movement is very extensive.
Their reliability as indicators of consciousness is disputed, however, due to numerous studies showing that alert
human subjects can be induced to behave purposefully in a variety of ways in spite of reporting a complete lack of
awareness.[59] Studies of the neuroscience of free will have also shown that the experiences that people report when
they behave purposefully sometimes do not correspond to their actual behaviors or to the patterns of electrical
activity recorded from their brains.[65]

Another approach applies specifically to the study of self-awareness, that is, the ability to distinguish oneself from
others. In the 1970s Gordon Gallup developed an operational test for self-awareness, known as the mirror test. The
test examines whether animals are able to differentiate between seeing themselves in a mirror versus seeing other
animals. The classic example involves placing a spot of coloring on the skin or fur near the individual's forehead and
seeing if they attempt to remove it or at least touch the spot, thus indicating that they recognize that the individual
they are seeing in the mirror is themselves.[66] Humans (older than 18 months) and other great apes, bottlenose
dolphins, pigeons, and elephants have all been observed to pass this test.[67]

Neural correlates

Schema of the neural processes underlying consciousness, from Christof Koch

A major part of the scientific literature
on consciousness consists of studies
that examine the relationship between
the experiences reported by subjects
and the activity that simultaneously
takes place in their brains—that is,
studies of the neural correlates of
consciousness. The hope is to find that
activity in a particular part of the brain,
or a particular pattern of global brain
activity, will be strongly predictive of conscious awareness. Several brain imaging techniques, such as EEG and
fMRI, have been used for physical measures of brain activity in these studies.[68]

One idea that has drawn attention for several decades is that consciousness is associated with high-frequency 
(gamma band) oscillations in brain activity. This idea arose from proposals in the 1980s, by Christof von der 
Malsburg and Wolf Singer, that gamma oscillations could solve the so-called binding problem, by linking
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information represented in different parts of the brain into a unified experience.[69] Rodolfo Llinás, for example,
proposed that consciousness results from recurrent thalamo-cortical resonance where the specific thalamocortical
systems (content) and the non-specific (centromedial thalamus) thalamocortical systems (context) interact in the
gamma band frequency via synchronous oscillations.[70]

A number of studies have shown that activity in primary sensory areas of the brain is not sufficient to produce
consciousness: it is possible for subjects to report a lack of awareness even when areas such as the primary visual
cortex show clear electrical responses to a stimulus.[71] Higher brain areas are seen as more promising, especially the
prefrontal cortex, which is involved in a range of higher cognitive functions collectively known as executive
functions. There is substantial evidence that a "top-down" flow of neural activity (i.e., activity propagating from the
frontal cortex to sensory areas) is more predictive of conscious awareness than a "bottom-up" flow of activity.[72]

The prefrontal cortex is not the only candidate area, however: studies by Nikos Logothetis and his colleagues have
shown, for example, that visually responsive neurons in parts of the temporal lobe reflect the visual perception in the
situation when conflicting visual images are presented to different eyes (i.e., bistable percepts during binocular
rivalry).[73]

In 2011 Graziano and Kastner[74] proposed the “attention schema” theory of awareness. In that theory specific
cortical machinery, notably in the superior temporal sulcus and the temporo-parietal junction, is used to build the
construct of awareness and attribute it to other people. The same cortical machinery is also used to attribute
awareness to oneself. Damage to this cortical machinery can lead to deficits in consciousness such as hemispatial
neglect. In the attention schema theory, the value of constructing the feature of awareness and attributing it to a
person is to gain a useful predictive model of that person’s attentional processing. Attention is a style of information
processing in which a brain focuses its resources on a limited set of interrelated signals. Awareness, in this theory, is
a useful, simplified schema that represents attentional state. To be aware of X is to construct a model of one’s
attentional focus on X.

Defining consciousness
"The evolution of the capacity to simulate seems to have culminated in subjective consciousness. Why this should
have happened is, to me, the most profound mystery facing modern biology" Richard Dawkins, The Selfish Gene.
Since 1976, it has remained so.
In 2004, eight neuroscientists felt it was too soon for a definition. They wrote an apology in "Human Brain
Function":[75]

"We have no idea how consciousness emerges from the physical activity of the brain and we do not
know whether consciousness can emerge from non-biological systems, such as computers... At this point
the reader will expect to find a careful and precise definition of consciousness. You will be
disappointed. Consciousness has not yet become a scientific term that can be defined in this way.
Currently we all use the term consciousness in many different and often ambiguous ways. Precise
definitions of different aspects of consciousness will emerge ... but to make precise definitions at this
stage is premature."

In contrast to philosophical definitions, an operational definition can be tested experimentally, and is useful for 
current research. A current definition for self-awareness, proposed in the 1970s by Gordon Gallup, is known as the 
mirror test. An operational definition proposed in 2012 [76] states "consciousness is the sum of the electrical 
discharges occurring throughout the nervous system of a being at any given instant". What many consider 
consciousness may simply be the personal awareness of all the neurons delivering messages to the mind, but 
operational consciousness can include all neuronal activity. Extending this concept to all sentient beings, one can 
measure a range of consciousness based on how many and how powerfully neurons are actually firing, varying from 
worms to humans. One can answer the question, is someone asleep less conscious than someone thinking about a 
difficult problem. Although technology does not exist currently to measure this, it can be estimated by determining
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oxygen consumption by the brain.
To properly understand the definition of consciousness, three principal meanings have been developed and it is
critical to distinguish them. Firstly, consciousness can be defined as the waking state. This essentially means that to
be conscious, one needs to be awake, aroused, alert or vigilant. The stages of consciousness can range from
wakefulness, to sleep to coma even. Secondly, consciousness is defined as experience, a far more subjective
approach. This notion suggests that consciousness is the content of experience from one moment to another.
Consciousness is highly personal, involving a conscious subject with a limited point of view. Thirdly, consciousness
can be defined as the mind. Any mental state with a propositional content is considered conscious. Thus this includes
beliefs, fears, hopes, intentions, expectations and desires [77]

Christof Koch lists the following four definitions of consciousness in his latest book,[78] which can be summarized as
follows:
•• Consciousness is the inner mental life that we lose each night when we fall into dreamless sleep.
•• Consciousness can be measured with the Glasgow Coma Scale that assesses the reactions of patients.
•• An active cortico-thalamic complex is necessary for consciousness in humans, and
•• Put philosophically, consciousness is what it is like to feel something.

Biological function and evolution
Regarding the primary function of conscious processing, a recurring idea in recent theories is that phenomenal states
somehow integrate neural activities and information-processing that would otherwise be independent.[79] This has
been called the integration consensus. Another example has been proposed by Gerald Edelman called dynamic core
hypothesis which puts emphasis on reentrant connections that reciprocally link areas of the brain in a massively
parallel manner.[80] These theories of integrative function present solutions to two classic problems associated with
consciousness: differentiation and unity. They show how our conscious experience can discriminate between
infinitely different possible scenes and details (differentiation) because it integrates those details from our sensory
systems, while the integrative nature of consciousness in this view easily explains how our experience can seem
unified as one whole despite all of these individual parts. However, it remains unspecified which kinds of
information are integrated in a conscious manner and which kinds can be integrated without consciousness. Nor is it
explained what specific causal role conscious integration plays, nor why the same functionality cannot be achieved
without consciousness. Obviously not all kinds of information are capable of being disseminated consciously (e.g.,
neural activity related to vegetative functions, reflexes, unconscious motor programs, low-level perceptual analyses,
etc.) and many kinds of information can be disseminated and combined with other kinds without consciousness, as in
intersensory interactions such as the ventriloquism effect.[81] Hence it remains unclear why any of it is conscious.
For a review of the differences between conscious and unconscious integrations, see [81]

As noted earlier, even among writers who consider consciousness to be a well-defined thing, there is widespread
dispute about which animals other than humans can be said to possess it.[82] Thus, any examination of the evolution
of consciousness is faced with great difficulties. Nevertheless, some writers have argued that consciousness can be
viewed from the standpoint of evolutionary biology as an adaptation in the sense of a trait that increases fitness.[83]

In his paper "Evolution of consciousness," John Eccles argued that special anatomical and physical properties of the
mammalian cerebral cortex gave rise to consciousness.[84] Bernard Baars proposed that once in place, this
"recursive" circuitry may have provided a basis for the subsequent development of many of the functions that
consciousness facilitates in higher organisms.[85] Peter Carruthers has put forth one such potential adaptive
advantage gained by conscious creatures by suggesting that consciousness allows an individual to make distinctions
between appearance and reality.[86] This ability would enable a creature to recognize the likelihood that their
perceptions are deceiving them (e.g. that water in the distance may be a mirage) and behave accordingly, and it could
also facilitate the manipulation of others by recognizing how things appear to them for both cooperative and devious
ends.
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Other philosophers, however, have suggested that consciousness would not be necessary for any functional
advantage in evolutionary processes.[87][88] No one has given a causal explanation, they argue, of why it would not
be possible for a functionally equivalent non-conscious organism (i.e., a philosophical zombie) to achieve the very
same survival advantages as a conscious organism. If evolutionary processes are blind to the difference between
function F being performed by conscious organism O and non-conscious organism O*, it is unclear what adaptive
advantage consciousness could provide.[89] As a result, an exaptive explanation of consciousness has gained favor
with some theorists that posit consciousness did not evolve as an adaptation but was an exaptation arising as a
consequence of other developments such as increases in brain size or cortical rearrangement.

States of consciousness

A Buddhist monk meditating

There are some states in which consciousness seems to be abolished,
including sleep, coma, and death. There are also a variety of circumstances
that can change the relationship between the mind and the world in less
drastic ways, producing what are known as altered states of consciousness.
Some altered states occur naturally; others can be produced by drugs or brain
damage.[90] Altered states can be accompanied by changes in thinking,
disturbances in the sense of time, feelings of loss of control, changes in
emotional expression, alternations in body image and changes in meaning or
significance.[91]

The two most widely accepted altered states are sleep and dreaming.
Although dream sleep and non-dream sleep appear very similar to an outside
observer, each is associated with a distinct pattern of brain activity, metabolic
activity, and eye movement; each is also associated with a distinct pattern of
experience and cognition. During ordinary non-dream sleep, people who are awakened report only vague and
sketchy thoughts, and their experiences do not cohere into a continuous narrative. During dream sleep, in contrast,
people who are awakened report rich and detailed experiences in which events form a continuous progression, which
may however be interrupted by bizarre or fantastic intrusions. Thought processes during the dream state frequently
show a high level of irrationality. Both dream and non-dream states are associated with severe disruption of memory:
it usually disappears in seconds during the non-dream state, and in minutes after awakening from a dream unless
actively refreshed.[92]

A variety of psychoactive drugs have notable effects on consciousness. These range from a simple dulling of
awareness produced by sedatives, to increases in the intensity of sensory qualities produced by stimulants, cannabis,
or most notably by the class of drugs known as psychedelics.[90] LSD, mescaline, psilocybin, and others in this group
can produce major distortions of perception, including hallucinations; some users even describe their drug-induced
experiences as mystical or spiritual in quality. The brain mechanisms underlying these effects are not well
understood, but there is substantial evidence that alterations in the brain system that uses the chemical
neurotransmitter serotonin play an essential role.[93]

There has been some research into physiological changes in yogis and people who practise various techniques of
meditation. Some research with brain waves during meditation has reported differences between those corresponding
to ordinary relaxation and those corresponding to meditation. It has been disputed, however, whether there is enough
evidence to count these as physiologically distinct states of consciousness.[94]

The most extensive study of the characteristics of altered states of consciousness was made by psychologist Charles 
Tart in the 1960s and 1970s. Tart analyzed a state of consciousness as made up of a number of component processes, 
including exteroception (sensing the external world); interoception (sensing the body); input-processing (seeing 
meaning); emotions; memory; time sense; sense of identity; evaluation and cognitive processing; motor output; and 
interaction with the environment.[95] Each of these, in his view, could be altered in multiple ways by drugs or other
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manipulations. The components that Tart identified have not, however, been validated by empirical studies. Research
in this area has not yet reached firm conclusions, but a recent questionnaire-based study identified eleven significant
factors contributing to drug-induced states of consciousness: experience of unity; spiritual experience; blissful state;
insightfulness; disembodiment; impaired control and cognition; anxiety; complex imagery; elementary imagery;
audio-visual synesthesia; and changed meaning of percepts.[96]

Phenomenology
Phenomenology is a method of inquiry that attempts to examine the structure of consciousness in its own right,
putting aside problems regarding the relationship of consciousness to the physical world. This approach was first
proposed by the philosopher Edmund Husserl, and later elaborated by other philosophers and scientists.[97] Husserl's
original concept gave rise to two distinct lines of inquiry, in philosophy and psychology. In philosophy,
phenomenology has largely been devoted to fundamental metaphysical questions, such as the nature of intentionality
("aboutness"). In psychology, phenomenology largely has meant attempting to investigate consciousness using the
method of introspection, which means looking into one's own mind and reporting what one observes. This method
fell into disrepute in the early twentieth century because of grave doubts about its reliability, but has been
rehabilitated to some degree, especially when used in combination with techniques for examining brain activity.[98]

Neon color spreading effect. The
apparent bluish tinge of the white areas

inside the circle is an illusion.

Introspectively, the world of conscious experience seems to have considerable
structure. Immanuel Kant asserted that the world as we perceive it is
organized according to a set of fundamental "intuitions", which include object
(we perceive the world as a set of distinct things); shape; quality (color,
warmth, etc.); space (distance, direction, and location); and time.[99] Some of
these constructs, such as space and time, correspond to the way the world is
structured by the laws of physics; for others the correspondence is not as
clear. Understanding the physical basis of qualities, such as redness or pain,
has been particularly challenging. David Chalmers has called this the hard
problem of consciousness.[15] Some philosophers have argued that it is
intrinsically unsolvable, because qualities ("qualia") are ineffable; that is,
they are "raw feels", incapable of being analyzed into component
processes.[100] Most psychologists and neuroscientists have not accepted
these arguments — nevertheless it is clear that the relationship between a physical entity such as light and a
perceptual quality such as color is extraordinarily complex and indirect, as demonstrated by a variety of optical
illusions such as neon color spreading.[101]

In neuroscience, a great deal of effort has gone into investigating how the perceived world of conscious awareness is
constructed inside the brain. The process is generally thought to involve two primary mechanisms: (1) hierarchical
processing of sensory inputs, (2) memory. Signals arising from sensory organs are transmitted to the brain and then
processed in a series of stages, which extract multiple types of information from the raw input. In the visual system,
for example, sensory signals from the eyes are transmitted to the thalamus and then to the primary visual cortex;
inside the cerebral cortex they are sent to areas that extract features such as three-dimensional structure, shape, color,
and motion.[102] Memory comes into play in at least two ways. First, it allows sensory information to be evaluated in
the context of previous experience. Second, and even more importantly, working memory allows information to be
integrated over time so that it can generate a stable representation of the world—Gerald Edelman expressed this
point vividly by titling one of his books about consciousness The Remembered Present.[103]

Despite the large amount of information available, the most important aspects of perception remain mysterious. A 
great deal is known about low-level signal processing in sensory systems, but the ways by which sensory systems 
interact with each other, with "executive" systems in the frontal cortex, and with the language system are very 
incompletely understood. At a deeper level, there are still basic conceptual issues that remain unresolved.[102] Many
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scientists have found it difficult to reconcile the fact that information is distributed across multiple brain areas with
the apparent unity of consciousness: this is one aspect of the so-called binding problem.[104] There are also some
scientists who have expressed grave reservations about the idea that the brain forms representations of the outside
world at all: influential members of this group include psychologist J. J. Gibson and roboticist Rodney Brooks, who
both argued in favor of "intelligence without representation".[105]

Medical aspects
The medical approach to consciousness is practically oriented. It derives from a need to treat people whose brain
function has been impaired as a result of disease, brain damage, toxins, or drugs. In medicine, conceptual distinctions
are considered useful to the degree that they can help to guide treatments. Whereas the philosophical approach to
consciousness focuses on its fundamental nature and its contents, the medical approach focuses on the amount of
consciousness a person has: in medicine, consciousness is assessed as a "level" ranging from coma and brain death at
the low end, to full alertness and purposeful responsiveness at the high end.[106]

Consciousness is of concern to patients and physicians, especially neurologists and anesthesiologists. Patients may
suffer from disorders of consciousness, or may need to be anesthetized for a surgical procedure. Physicians may
perform consciousness-related interventions such as instructing the patient to sleep, administering general anesthesia,
or inducing medical coma.[106] Also, bioethicists may be concerned with the ethical implications of consciousness in
medical cases of patients such as Karen Ann Quinlan,[107] while neuroscientists may study patients with impaired
consciousness in hopes of gaining information about how the brain works.[108]

Assessment
In medicine, consciousness is examined using a set of procedures known as neuropsychological assessment.[64]

There are two commonly used methods for assessing the level of consciousness of a patient: a simple procedure that
requires minimal training, and a more complex procedure that requires substantial expertise. The simple procedure
begins by asking whether the patient is able to move and react to physical stimuli. If so, the next question is whether
the patient can respond in a meaningful way to questions and commands. If so, the patient is asked for name, current
location, and current day and time. A patient who can answer all of these questions is said to be "oriented times
three" (sometimes denoted "Ox3" on a medical chart), and is usually considered fully conscious.[109]

The more complex procedure is known as a neurological examination, and is usually carried out by a neurologist in a
hospital setting. A formal neurological examination runs through a precisely delineated series of tests, beginning
with tests for basic sensorimotor reflexes, and culminating with tests for sophisticated use of language. The outcome
may be summarized using the Glasgow Coma Scale, which yields a number in the range 3—15, with a score of 3
indicating brain death (the lowest defined level of consciousness), and 15 indicating full consciousness. The
Glasgow Coma Scale has three subscales, measuring the best motor response (ranging from "no motor response" to
"obeys commands"), the best eye response (ranging from "no eye opening" to "eyes opening spontaneously") and the
best verbal response (ranging from "no verbal response" to "fully oriented"). There is also a simpler pediatric version
of the scale, for children too young to be able to use language.[106]

Disorders of consciousness
Medical conditions that inhibit consciousness are considered disorders of consciousness.[110] This category generally
includes minimally conscious state and persistent vegetative state, but sometimes also includes the less severe
locked-in syndrome and more severe chronic coma.[110][111] Differential diagnosis of these disorders is an active
area of biomedical research.[112][113][114] Finally, brain death results in an irreversible disruption of
consciousness.[110] While other conditions may cause a moderate deterioration (e.g., dementia and delirium) or
transient interruption (e.g., grand mal and petit mal seizures) of consciousness, they are not included in this category.
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Disorder Description

Locked-in syndrome The patient has awareness, sleep-wake cycles, and meaningful behavior (viz., eye-movement), but is isolated due to
quadriplegia and pseudobulbar palsy.

Minimally conscious
state

The patient has intermittent periods of awareness and wakefulness and displays some meaningful behavior.

Persistent vegetative
state

The patient has sleep-wake cycles, but lacks awareness and only displays reflexive and non-purposeful behavior.

Chronic coma The patient lacks awareness and sleep-wake cycles and only displays reflexive behavior.

Brain death The patient lacks awareness, sleep-wake cycles, and brain-mediated reflexive behavior.

Anosognosia
One of the most striking disorders of consciousness goes by the name anosognosia, a Greek-derived term meaning
unawareness of disease. This is a condition in which patients are disabled in some way, most commonly as a result
of a stroke, but either misunderstand the nature of the problem or deny that there is anything wrong with them.[115]

The most frequently occurring form is seen in people who have experienced a stroke damaging the parietal lobe in
the right hemisphere of the brain, giving rise to a syndrome known as hemispatial neglect, characterized by an
inability to direct action or attention toward objects located to the right with respect to their bodies. Patients with
hemispatial neglect are often paralyzed on the right side of the body, but sometimes deny being unable to move.
When questioned about the obvious problem, the patient may avoid giving a direct answer, or may give an
explanation that doesn't make sense. Patients with hemispatial neglect may also fail to recognize paralyzed parts of
their bodies: one frequently mentioned case is of a man who repeatedly tried to throw his own paralyzed right leg out
of the bed he was lying in, and when asked what he was doing, complained that somebody had put a dead leg into
the bed with him. An even more striking type of anosognosia is Anton–Babinski syndrome, a rarely occurring
condition in which patients become blind but claim to be able to see normally, and persist in this claim in spite of all
evidence to the contrary.[116]

Etymology and early history

John Locke, British philosopher active in
the 17th century

The origin of the modern concept of consciousness is often attributed to John
Locke's Essay Concerning Human Understanding, published in 1690.[117]

Locke defined consciousness as "the perception of what passes in a man's
own mind."[118] His essay influenced the 18th century view of consciousness,
and his definition appeared in Samuel Johnson's celebrated Dictionary
(1755).[119]

The earliest English language uses of "conscious" and "consciousness" date
back, however, to the 1500s. The English word "conscious" originally derived
from the Latin conscius (con- "together" + scire "to know"), but the Latin
word did not have the same meaning as our word—it meant knowing with, in
other words having joint or common knowledge with another.[120] There
were, however, many occurrences in Latin writings of the phrase conscius
sibi, which translates literally as "knowing with oneself", or in other words
sharing knowledge with oneself about something. This phrase had the
figurative meaning of knowing that one knows, as the modern English word

"conscious" does. In its earliest uses in the 1500s, the English word "conscious" retained the meaning of the Latin 
conscius. For example Thomas Hobbes in Leviathan wrote: "Where two, or more men, know of one and the same
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fact, they are said to be Conscious of it one to another."[121] The Latin phrase conscius sibi, whose meaning was
more closely related to the current concept of consciousness, was rendered in English as "conscious to oneself" or
"conscious unto oneself". For example, Archbishop Ussher wrote in 1613 of "being so conscious unto myself of my
great weakness".[122] Locke's definition from 1690 illustrates that a gradual shift in meaning had taken place.
A related word was conscientia, which primarily means moral conscience. In the literal sense, "conscientia" means
knowledge-with, that is, shared knowledge. The word first appears in Latin juridical texts by writers such as
Cicero.[123] Here, conscientia is the knowledge that a witness has of the deed of someone else.[124] René Descartes
(1596–1650) is generally taken to be the first philosopher to use "conscientia" in a way that does not fit this
traditional meaning.[125] Descartes used "conscientia" the way modern speakers would use "conscience." In Search
after Truth he says "conscience or internal testimony" (conscientia vel interno testimonio).[126]

Stream of consciousness
William James is usually credited with popularizing the idea that human consciousness flows like a stream, in his
Principles of Psychology of 1890. According to James, the "stream of thought" is governed by five characteristics:
"(1) Every thought tends to be part of a personal consciousness. (2) Within each personal consciousness thought is
always changing. (3) Within each personal consciousness thought is sensibly continuous. (4) It always appears to
deal with objects independent of itself. (5) It is interested in some parts of these objects to the exclusion of
others".[127] A similar concept appears in Buddhist philosophy, expressed by the Sanskrit term Citta-saṃtāna, which
is usually translated as mindstream or "mental continuum". In the Buddhist view, though, the "mindstream" is
viewed primarily as a source of noise that distracts attention from a changeless underlying reality.[128]

In the west, the primary impact of the idea has been on literature rather than science: stream of consciousness as a
narrative mode means writing in a way that attempts to portray the moment-to-moment thoughts and experiences of
a character. This technique perhaps had its beginnings in the monologues of Shakespeare's plays, and reached its
fullest development in the novels of James Joyce and Virginia Woolf, although it has also been used by many other
noted writers.[129]

Here for example is a passage from Joyce's Ulysses about the thoughts of Molly Bloom:
Yes because he never did a thing like that before as ask to get his breakfast in bed with a couple of eggs since
the City Arms hotel when he used to be pretending to be laid up with a sick voice doing his highness to make
himself interesting for that old faggot Mrs Riordan that he thought he had a great leg of and she never left us a
farthing all for masses for herself and her soul greatest miser ever was actually afraid to lay out 4d for her
methylated spirit telling me all her ailments she had too much old chat in her about politics and earthquakes
and the end of the world let us have a bit of fun first God help the world if all the women were her sort down
on bathingsuits and lownecks of course nobody wanted her to wear them I suppose she was pious because no
man would look at her twice I hope Ill never be like her a wonder she didnt want us to cover our faces but she
was a welleducated woman certainly and her gabby talk about Mr Riordan here and Mr Riordan there I
suppose he was glad to get shut of her.[130]
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Stuart Hameroff (born on July 16, 1947) is an anesthesiologist and professor at the University of Arizona known
for his studies of consciousness.

Career
Hameroff received his BS degree from the University of Pittsburgh and his MD degree from Hahnemann University
Hospital, where he studied before it became part of the Drexel University College of Medicine. He took an
internship at the Tucson Medical Center in 1973. From 1975 onwards, he has spent the whole of his career at the
University of Arizona, becoming professor in the Department of Anesthesiology and Psychology and associate
director for the Center for Consciousness Studies, both in 1999, and finally Emeritus professor for Anesthesiology
and Psychology in 2003.
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Hypotheses
At the very beginning of Dr. Hameroff's career, while he was at Hahnemann, cancer-related research work piqued
his interest in the part played by microtubules in cell division, and led him to speculate that they were controlled by
some form of computing. It also suggested to him that part of the solution of the problem of consciousness might lie
in understanding the operations of microtubules in brain cells, operations at the molecular and supramolecular
level[1].
The operations of microtubules are remarkably complex and their role pervasive in cellular operations; these facts
led to the speculation that computation sufficient for consciousness might somehow be occurring there. These ideas
are discussed in Hameroff's first book Ultimate Computing (1987)[2]. The main substance of this book dealt with the
scope for information processing in biological tissue and especially in microtubules and other parts of the
cytoskeleton. Hameroff argued that these subneuronal cytoskeleton components could be the basic units of
processing rather than the neurons themselves. The book was primarily concerned with information processing, with
consciousness secondary at this stage.
Separately from Hameroff, Roger Penrose had published his first book on consciousness, The Emperor's New
Mind[3]. On the basis of Godel's incompleteness theorems, he argued that the brain could perform functions that no
computer or system of algorithms could. From this it could follow that consciousness itself might be fundamentally
non-algorithmic, and incapable of being modelled as a classical Turing machine type of computer. By contrast, the
idea that it could be explained mechanistically was prevalent in the field of Artificial Intelligence at that time.
Penrose saw the principles of quantum theory as providing an alternative process through which consciousness could
arise. He further argued that this non-algorithmic process in the brain required a new form of the quantum wave
reduction, later given the name objective reduction (OR), which could link the brain to the fundamental spacetime
geometry. At this stage, he had no precise ideas as to how such a quantum process might be instantiated in the brain.
Moreover, Penrose's ideas were widely criticized by neuroscientists, logicians and philosophers, notably Grush and
Churchland (Grush and Churchland, 1995) [4].
Hameroff was inspired by Penrose's book to contact Penrose regarding his own theories about the mechanism of
anesthesia, and how it specifically targets consciousness via action on neural microtubules. The two met in 1992, and
Hameroff suggested that the microtubules were a good candidate site for a quantum mechanism in the brain. Penrose
was interested in the mathematical features of the microtubule lattice, and over the next two years the two
collaborated in formulating the orchestrated objective reduction (Orch-OR) model of consciousness [1]. Following
this collaboration, Penrose published his second consciousness book, Shadows of the Mind[5].
This more developed version of their ideas was also widely attacked, and notably by the physicist Max Tegmark,
who calculated that quantum states in microtubules would survive for only 10−13 seconds, too brief to be of any
significance for neural processes (Tegmark, 2000)[6]. Hameroff and the physicists Scott Hagan and Jack Tuszynski
(Hagan, Hameroff & Tuszynski, 2002)[7] replied to Tegmark arguing that microtubules could be shielded against the
environment of the brain. To date, there is no experimental confirmation of these proposed methods of shielding, but
Hameroff has proposed tests that could falsify the theory[8].
Over the years since 1994, Hameroff has been active in promoting the Orch-OR model of consciousness through his
web site [1], conferences and lectures. He was the lead organizer of the first Tucson consciousness meeting in 1994
that brought together approximately 300 people interested in consciousness studies (e.g., David Chalmers, Christof
Koch, Bernard Baars, Roger Penrose, Benjamin Libet). This conference is widely regarded as a landmark event
within the field of consciousness studies, and by bringing researchers from various disciplines together led to various
useful synergies, resulting indirectly, for instance, in the formation of the Association for the Scientific Study of
Consciousness, and more directly in the creation of the Center for Consciousness Studies at the University of
Arizona, of which Hameroff is now the director. The Center for Consciousness Studies hosts meetings on the study
of consciousness every two years, as well as sponsoring seminars on consciousness theory.
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Hameroff appeared as himself in the documentary film What tнe ♯$*! Do ωΣ (k)πow!? (2004). He also participated
in the first Beyond Belief conference, where his theories were sharply criticized by Lawrence Krauss, among
others.[1]

Hameroff serves as producer, writer and scientific advisor to an independent feature film called Mindville. Mindville
is a feature-length motion picture that combines live action with animation and effects to present a journey into the
mysteries of human consciousness.

Notes
[1] "TSN: Session 4" (http:/ / thesciencenetwork. org/ programs/ beyond-belief-science-religion-reason-and-survival/ session-4-1).

Thesciencenetwork.org. . Retrieved 2012-08-13.
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Notes
He is the brother of Jonathan Penrose and Oliver Penrose, and son of Lionel Penrose. He is the nephew of Roland Penrose.

Sir Roger Penrose OM FRS (born 8 August 1931), is an English mathematical physicist, recreational mathematician
and philosopher. He is the Emeritus Rouse Ball Professor of Mathematics at the Mathematical Institute of the
University of Oxford, as well as an Emeritus Fellow of Wadham College.
Penrose is internationally renowned for his scientific work in mathematical physics, in particular for his
contributions to general relativity and cosmology. He has received a number of prizes and awards, including the
1988 Wolf Prize for physics, which he shared with Stephen Hawking for their contribution to our understanding of
the universe.[1]

Early life and academia
Born in Colchester, Essex, England, Roger Penrose is a son of Lionel S. Penrose and Margaret Leathes.[2] Penrose is
the brother of mathematician Oliver Penrose and of chess Grandmaster Jonathan Penrose. Penrose attended
University College School and University College, London, where he graduated with a first class degree in
mathematics. In 1955, while still a student, Penrose reintroduced the E. H. Moore generalized matrix inverse, also
known as the Moore–Penrose inverse,[3] after it had been reinvented by Arne Bjerhammar (1951). Penrose earned
his Ph.D. at Cambridge (St John's College) in 1958, writing a thesis on "tensor methods in algebraic geometry" under
algebraist and geometer John A. Todd. He devised and popularised the Penrose triangle in the 1950s, describing it as
"impossibility in its purest form" and exchanged material with the artist M. C. Escher, whose earlier depictions of
impossible objects partly inspired it. Escher's Waterfall, and Ascending and Descending were in turn inspired by
Penrose. As reviewer Manjit Kumar puts it:

As a student in 1954, Penrose was attending a conference in Amsterdam when by chance he came across an
exhibition of Escher's work. Soon he was trying to conjure up impossible figures of his own and discovered
the tri-bar – a triangle that looks like a real, solid three-dimensional object, but isn't. Together with his father,
a physicist and mathematician, Penrose went on to design a staircase that simultaneously loops up and down.
An article followed and a copy was sent to Escher. Completing a cyclical flow of creativity, the Dutch master
of geometrical illusions was inspired to produce his two masterpieces.[4]

In 1965, at Cambridge, Penrose proved that singularities (such as black holes) could be formed from the gravitational 
collapse of immense, dying stars.[5] This work was extended by Hawking to prove the Penrose–Hawking singularity
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theorems.

Oil painting by Urs Schmid (1995) of a Penrose tiling using fat and
thin rhombi.

In 1967, Penrose invented the twistor theory which
maps geometric objects in Minkowski space into the
4-dimensional complex space with the metric signature
(2,2). In 1969, he conjectured the cosmic censorship
hypothesis. This proposes (rather informally) that the
universe protects us from the inherent unpredictability
of singularities (such as the one in the centre of a black
hole) by hiding them from our view behind an event
horizon. This form is now known as the "weak
censorship hypothesis"; in 1979, Penrose formulated a
stronger version called the "strong censorship
hypothesis". Together with the BKL conjecture and
issues of nonlinear stability, settling the censorship
conjectures is one of the most important outstanding
problems in general relativity. Also from 1979 dates

Penrose's influential Weyl curvature hypothesis on the initial conditions of the observable part of the Universe and
the origin of the second law of thermodynamics.[6] Penrose and James Terrell independently realized that objects
travelling near the speed of light will appear to undergo a peculiar skewing or rotation. This effect has come to be
called the Terrell rotation or Penrose–Terrell rotation.[7][8]

Penrose is well known for his 1974 discovery of Penrose tilings, which are formed from two tiles that can only tile
the plane nonperiodically, and are the first tilings to exhibit fivefold rotational symmetry. Penrose developed these
ideas based on the article Deux types fondamentaux de distribution statistique[9] (1938; an English translation Two
Basic Types of Statistical Distribution) by Czech geographer, demographer and statistician Jaromír Korčák. In 1984,
such patterns were observed in the arrangement of atoms in quasicrystals.[10] Another noteworthy contribution is his
1971 invention of spin networks, which later came to form the geometry of spacetime in loop quantum gravity. He
was influential in popularizing what are commonly known as Penrose diagrams (causal diagrams).
In 2004 Penrose released The Road to Reality: A Complete Guide to the Laws of the Universe, a 1,099-page book
aimed at giving a comprehensive guide to the laws of physics. He has proposed a novel interpretation of quantum
mechanics.[11] In 2010, Penrose reported possible evidence, based on concentric circles found in WMAP data of the
CMB sky, of an earlier universe existing before the Big Bang of our own present universe.[12]

Penrose is the Francis and Helen Pentz Distinguished (visiting) Professor of Physics and Mathematics at
Pennsylvania State University.[13] He is also a member of the Astronomical Review Editorial Board. Penrose is
married to Vanessa Thomas, head of mathematics at Abingdon School,[14][15] with whom he has one son.[14] He has
three sons from a previous marriage to American Joan Isabel Wedge, whom he married in 1959.
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Physics and consciousness

Prof. Penrose at a conference.

Penrose has written books on the connection between fundamental
physics and human (or animal) consciousness. In The Emperor's New
Mind (1989), he argues that known laws of physics are inadequate to
explain the phenomenon of consciousness. Penrose proposes the
characteristics this new physics may have and specifies the
requirements for a bridge between classical and quantum mechanics
(what he calls correct quantum gravity). Penrose uses a variant of
Turing's halting theorem to demonstrate that a system can be
deterministic without being algorithmic. (E.g., imagine a system with
only two states, ON and OFF. If the system's state is ON if a given
Turing machine halts, and OFF if the Turing machine does not halt,
then the system's state is completely determined by the Turing
machine, however there is no algorithmic way to determine whether
the Turing machine stops.)

Penrose believes that such deterministic yet non-algorithmic processes
may come in play in the quantum mechanical wave function reduction,
and may be harnessed by the brain. He argues that the present
computer is unable to have intelligence because it is an algorithmically
deterministic system. He argues against the viewpoint that the rational processes of the mind are completely
algorithmic and can thus be duplicated by a sufficiently complex computer. This contrasts with supporters of strong
artificial intelligence, who contend that thought can be simulated algorithmically. He bases this on claims that
consciousness transcends formal logic because things such as the insolubility of the halting problem and Gödel's
incompleteness theorem prevent an algorithmically based system of logic from reproducing such traits of human
intelligence as mathematical insight. These claims were originally espoused by the philosopher John Lucas of
Merton College, Oxford.

The Penrose/Lucas argument about the implications of Gödel's incompleteness theorem for computational theories of
human intelligence has been widely criticized by mathematicians, computer scientists and philosophers, and the
consensus among experts in these fields seems to be that the argument fails, though different authors may choose
different aspects of the argument to attack.[16] Marvin Minsky, a leading proponent of artificial intelligence, was
particularly critical, stating that Penrose "tries to show, in chapter after chapter, that human thought cannot be based
on any known scientific principle." Minsky's position is exactly the opposite - he believes that humans are, in fact,
machines, whose functioning, although complex, is fully explainable by current physics. Minsky maintains that "one
can carry that quest [for scientific explanation] too far by only seeking new basic principles instead of attacking the
real detail. This is what I see in Penrose's quest for a new basic principle of physics that will account for
consciousness."[17]

Penrose responded to criticism of The Emperor's New Mind with his follow up 1994 book Shadows of the Mind, and
in 1997 with The Large, the Small and the Human Mind. In those works, he also combined his observations with that
of anesthesiologist Stuart Hameroff.
Penrose and Hameroff have argued that consciousness is the result of quantum gravity effects in microtubules, which 
they dubbed Orch-OR (orchestrated objective reduction). Max Tegmark, in a paper in Physical Review E,[18] 

calculated that the time scale of neuron firing and excitations in microtubules is slower than the decoherence time by 
a factor of at least 10,000,000,000. The reception of the paper is summed up by this statement in Tegmark's support: 
"Physicists outside the fray, such as IBM's John A. Smolin, say the calculations confirm what they had suspected all 
along. 'We're not working with a brain that's near absolute zero. It's reasonably unlikely that the brain evolved
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quantum behavior'".[19] Tegmark's paper has been widely cited by critics of the Penrose–Hameroff position.
In their reply to Tegmark's paper, also published in Physical Review E, the physicists Scott Hagan, Jack Tuszynski
and Hameroff[20][21] claimed that Tegmark did not address the Orch-OR model, but instead a model of his own
construction. This involved superpositions of quanta separated by 24 nm rather than the much smaller separations
stipulated for Orch-OR. As a result, Hameroff's group claimed a decoherence time seven orders of magnitude greater
than Tegmark's, but still well short of the 25 ms required if the quantum processing in the theory was to be linked to
the 40 Hz gamma synchrony, as Orch-OR suggested. To bridge this gap, the group made a series of proposals. It was
supposed that the interiors of neurons could alternate between liquid and gel states. In the gel state, it was further
hypothesized that the water electrical dipoles are oriented in the same direction, along the outer edge of the
microtubule tubulin subunits. Hameroff et al. proposed that this ordered water could screen any quantum coherence
within the tubulin of the microtubules from the environment of the rest of the brain. Each tubulin also has a tail
extending out from the microtubules, which is negatively charged, and therefore attracts positively charged ions. It is
suggested that this could provide further screening. Further to this, there was a suggestion that the microtubules
could be pumped into a coherent state by biochemical energy.

Roger Penrose in the University of Santiago de
Compostela to receive the Fonseca Prize.

Finally, it is suggested that the configuration of the microtubule lattice
might be suitable for quantum error correction, a means of holding
together quantum coherence in the face of environmental interaction.
In the last decade, some researchers who are sympathetic to Penrose's
ideas have proposed an alternative scheme for quantum processing in
microtubules based on the interaction of tubulin tails with
microtubule-associated proteins, motor proteins and presynaptic
scaffold proteins. These proposed alternative processes have the
advantage of taking place within Tegmark's time to decoherence.
In 2011 W. Christensen [22] argued that the universe can be shown to
be conscious via a cosmological model based on Maxwell's demon and
information theory.

Hameroff, in a lecture in part of a Google Tech talks series exploring quantum biology, gave an overview of current
research in the area, and responded to subsequent criticisms of the Orch-OR model.[23] In addition to this, a recent
2011 paper by Roger Penrose and Stuart Hameroff gives an updated model of their Orch-OR theory, in light of
criticisms, and discusses the place of consciousness within the universe.[24]

Phillip Tetlow, although himself supportive of Penrose's views, acknowledges that Penrose's ideas about the human
thought process are at present a minority view in scientific circles, citing Minsky's criticisms and quoting science
journalist Charles Seife's description of Penrose as "one of a handful of scientists" who believe that the nature of
consciousness suggests a quantum process.[19]

Religious views
Penrose does not hold to any religious doctrine,[25] and refers to himself as an atheist.[26] In the film A Brief History
of Time, he said, "I think I would say that the universe has a purpose, it's not somehow just there by chance ... some
people, I think, take the view that the universe is just there and it runs along – it's a bit like it just sort of computes,
and we happen somehow by accident to find ourselves in this thing. But I don't think that's a very fruitful or helpful
way of looking at the universe, I think that there is something much deeper about it."[27] Penrose is a Distinguished
Supporter of the British Humanist Association.
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Awards and honours

Roger Penrose during a lecture

Penrose has been awarded many prizes for his contributions to science.
He was elected a Fellow of the Royal Society of London in 1972. In
1975, Stephen Hawking and Penrose were jointly awarded the
Eddington Medal of the Royal Astronomical Society. In 1985, he was
awarded the Royal Society Royal Medal. Along with Stephen
Hawking, he was awarded the prestigious Wolf Foundation Prize for
Physics in 1988. In 1989 he was awarded the Dirac Medal and Prize of
the British Institute of Physics. In 1990 Penrose was awarded the
Albert Einstein Medal for outstanding work related to the work of
Albert Einstein by the Albert Einstein Society. In 1991, he was
awarded the Naylor Prize of the London Mathematical Society. From
1992 to 1995 he served as President of the International Society on General Relativity and Gravitation [28]. In 1994,
Penrose was knighted for services to science.[29] In the same year he was also awarded an Honorary Degree (Doctor
of Science) by the University of Bath.[30] In 1998, he was elected Foreign Associate of the United States National
Academy of Sciences. In 2000 he was appointed to the Order of Merit. In 2004 he was awarded the De Morgan
Medal for his wide and original contributions to mathematical physics. To quote the citation from the London
Mathematical Society:

His deep work on General Relativity has been a major factor in our understanding of black holes. His
development of Twistor Theory has produced a beautiful and productive approach to the classical equations of
mathematical physics. His tilings of the plane underlie the newly discovered quasi-crystals.[31]

In 2005 Penrose was awarded an honorary doctorate by Warsaw University and Katholieke Universiteit Leuven
(Belgium), and in 2006 by the University of York. In 2008 Penrose was awarded the Copley Medal. He is also a
Distinguished Supporter of the British Humanist Association and one of the patrons of the Oxford University
Scientific Society. In 2011, Penrose was awarded the Fonseca Prize by the University of Santiago de Compostela. In
2012 Penrose was awarded the Richard R. Ernst Medal by ETH Zürich for his contributions to science and
strengthening the connection between science and society.

Works
• Techniques of Differential Topology in Relativity (1972, ISBN 0-89871-005-7)
• Spinors and Space-Time: Volume 1, Two-Spinor Calculus and Relativistic Fields (with Wolfgang Rindler, 1987)

ISBN 0-521-33707-0 (paperback)
• Spinors and Space-Time: Volume 2, Spinor and Twistor Methods in Space-Time Geometry (with Wolfgang

Rindler, 1988) (reprint), ISBN 0-521-34786-6 (paperback)
• The Emperor's New Mind: Concerning Computers, Minds, and The Laws of Physics (1989, ISBN 0-14-014534-6

(paperback); it received the Rhone-Poulenc science book prize in 1990)
• Shadows of the Mind: A Search for the Missing Science of Consciousness (1994, ISBN 0-19-853978-9

(hardback))
• The Nature of Space and Time (with Stephen Hawking, 1996, ISBN 0-691-03791-4 (hardback), ISBN

0-691-05084-8 (paperback))
• The Large, the Small, and the Human Mind (with Abner Shimony, Nancy Cartwright, and Stephen Hawking,

1997, ISBN 0-521-56330-5 (hardback), ISBN 0-521-65538-2 (paperback), Canto edition: ISBN 0-521-78572-3)
• White Mars or, The Mind Set Free (with Brian W. Aldiss, 1999, ISBN 978-0-316-85243-2 (hardback))
• The Road to Reality: A Complete Guide to the Laws of the Universe (2004, ISBN 0-224-04447-8 (hardcover),

ISBN 0-09-944068-7 (paperback))
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• Cycles of Time: An Extraordinary New View of the Universe (Bodley Head (23 Sep 2010) ISBN
978-0-224-08036-1)

Penrose also wrote forewords to Quantum Aspects of Life and Zee's book Fearful Symmetry.

References
[1] Penrose, R (2005). The Road to Reality: A Complete guide to the Laws of the Universe. Vintage Books. ISBN 0-09-944068-7
[2] Penrose and his father shared mathematical concepts with Dutch graphic artist M. C. Escher which were incorporated into a lot of pieces,

including Waterfall, which is based on the 'Penrose triangle', and Up and Down.
[3] Penrose, R. "A Generalized Inverse for Matrices" Proc. Cambridge Phil. Soc. 51, 406–413, 1955
[4] Cycles of Time: An Extraordinary New View of the Universe by Roger Penrose – review | Books | The Guardian (http:/ / www. guardian. co.

uk/ books/ 2010/ oct/ 16/ cycles-time-roger-penrose-review)
[5][5] Ferguson, 1991: 66
[6] R. Penrose (1979). "Singularities and Time-Asymmetry". In S. W. Hawking and W. Israel. General Relativity: An Einstein Centenary Survey.

Cambridge University Press. pp. 581–638.
[7] Terrell, James (1959). "Invisibility of the Lorentz Contraction". Physical Review 116 (4): 1041–1045. Bibcode 1959PhRv..116.1041T.

doi:10.1103/PhysRev.116.1041
[8] Penrose, Roger (1959). "The Apparent Shape of a Relativistically Moving Sphere". Proceedings of the Cambridge Philosophical Society 55:

137–139. Bibcode 1959PCPS...55..137P. doi:10.1017/S0305004100033776
[9] Jaromír Korčák (1938): Deux types fondamentaux de distribution statistique. Prague, Comité d’organisation, Bull. de l'Institute Int'l de

Statistique, vol. 3, pp. 295–299.
[10] Steinhardt, Paul (1996). "New perspectives on forbidden symmetries, quasicrystals, and Penrose tilings" (http:/ / www. pnas. org/ content/

93/ 25/ 14267. full). PNAS 93 (25): 14267–14270. Bibcode 1996PNAS...9314267S. doi:10.1073/pnas.93.25.14267. PMC 34472.
PMID 8962037.

[11] "If an Electron Can Be in Two Places at once, Why Can't You?" (http:/ / discovermagazine. com/ 2005/ jun/ cover/
article_view?b_start:int=0& -C=). . Retrieved 2008-10-27.

[12][12] Gurzadyan, V.G.; Penrose, R. (2010). "Concentric circles in WMAP data may provide evidence of violent pre-Big-Bang activity".
arXiv:1011.3706 [astro-ph.CO].

[13] "Dr. Roger Penrose at Penn State University" (http:/ / www. phys. psu. edu/ people/ display/ index. html?person_id=233& mode=contact. ). .
Retrieved 2007-07-09.

[14] "The Peter & Patricia Gruber Foundation, St. Thomas US Virgin Islands - Grants and International Awards" (http:/ / www. gruberprizes.
org/ SelectingRecipients/ SelectionAdvisoryBoard_Bio. php?id=4). Gruberprizes.org. 1931-08-08. . Retrieved 2012-08-13.

[15] "Vanessa Penrose | Abingdon School" (http:/ / www. abingdon. org. uk/ vanessa_penrose/ ). Abingdon.org.uk. 2012-07-06. . Retrieved
2012-08-13.

[16][16] Criticism of the Lucas/Penrose argument that intelligence can not be entirely algorithmic:

• MindPapers: 6.1b. Godelian arguments (http:/ / consc. net/ mindpapers/ 6. 1b)
• References for Criticisms of the Gödelian Argument (http:/ / users. ox. ac. uk/ ~jrlucas/ Godel/ referenc. html)*
• Boolos, George, et al. 1990. An Open Peer Commentary on The Emperor's New Mind. Behavioral and Brain Sciences 13 (4) 655.
• Davis, Martin 1993. How subtle is Gödel's theorem? More on Roger Penrose. Behavioral and Brain Sciences, 16, 611-612. Online version

at Davis' faculty page at http:/ / cs. nyu. edu/ cs/ faculty/ davism/
• Feferman, Solomon (1996). "Penrose's Gödelian argument". PSYCHE 2: 21–32. CiteSeerX: 10.1.1.130.7027 (http:/ / citeseerx. ist. psu.

edu/ viewdoc/ summary?doi=10. 1. 1. 130. 7027).
• Krajewski, Stanislaw 2007. On Gödel's Theorem and Mechanism: Inconsistency or Unsoundness is Unavoidable in any Attempt to

'Out-Gödel' the Mechanist. Fundamenta Informaticae 81, 173–181. Reprinted in Topics in Logic, Philosophy and Foundations of
Mathematics and Computer Science:In Recognition of Professor Andrzej Grzegorczyk (2008), p. 173 (http:/ / books. google. com/
books?id=0jSS-3Bl06cC& lpg=PP1& pg=PA173#v=onepage& q& f=false)

• LaForte, Geoffrey, Patrick J. Hayes, and Kenneth M. Ford 1998. Why Gödel's Theorem Cannot Refute Computationalism (http:/ / www.
cs. uwf. edu/ ~glaforte/ papers/ whyGodel. ps). Artificial Intelligence, 104:265–286.

• Lewis, David K. 1969. Lucas against mechanism (http:/ / www2. units. it/ etica/ 2003_1/ 7_monographica. doc). Philosophy 44 231–233.
• Putnam, Hilary 1995. Review of Shadows of the Mind. In Bulletin of the American Mathematical Society 32, 370–373 (also see Putnam's

less technical criticisms in his New York Times review (http:/ / www. nytimes. com/ books/ 97/ 04/ 27/ nnp/ 17540. html))
Sources that indicate Penrose's argument is generally rejected:

• Bringsford, S. and Xiao, H. 2000. A Refutation of Penrose's Gödelian Case Against Artificial Intelligence (http:/ / kryten. mm. rpi. edu/
refute. penrose. pdf). Journal of Experimental and Theoretical Artificial Intelligence 12: 307–329. The authors write that it is "generally
agreed" that Penrose "failed to destroy the computational conception of mind."

• In an article at http:/ / www. mth. kcl. ac. uk/ ~llandau/ Homepage/ Math/ penrose. html L.J. Landau at the Mathematics Department of
King's College London writes that "Penrose's argument, its basis and implications, is rejected by experts in the fields which it touches."

Sources that also note that different sources attack different points of the argument:

http://en.wikipedia.org/w/index.php?title=Cycles_of_Time_%28book%29
http://en.wikipedia.org/w/index.php?title=Quantum_Aspects_of_Life
http://en.wikipedia.org/w/index.php?title=Anthony_Zee
http://en.wikipedia.org/w/index.php?title=Lionel_Penrose
http://en.wikipedia.org/w/index.php?title=M._C._Escher
http://en.wikipedia.org/w/index.php?title=Waterfall_%28M._C._Escher%29
http://en.wikipedia.org/w/index.php?title=Penrose_triangle
http://en.wikipedia.org/w/index.php?title=Ascending_and_Descending
http://www.guardian.co.uk/books/2010/oct/16/cycles-time-roger-penrose-review
http://www.guardian.co.uk/books/2010/oct/16/cycles-time-roger-penrose-review
http://en.wikipedia.org/w/index.php?title=Physical_Review
http://www.pnas.org/content/93/25/14267.full
http://www.pnas.org/content/93/25/14267.full
http://en.wikipedia.org/w/index.php?title=Proceedings_of_the_National_Academy_of_Sciences
http://discovermagazine.com/2005/jun/cover/article_view?b_start:int=0&-C=
http://discovermagazine.com/2005/jun/cover/article_view?b_start:int=0&-C=
http://www.phys.psu.edu/people/display/index.html?person_id=233&mode=contact.
http://www.gruberprizes.org/SelectingRecipients/SelectionAdvisoryBoard_Bio.php?id=4
http://www.gruberprizes.org/SelectingRecipients/SelectionAdvisoryBoard_Bio.php?id=4
http://www.abingdon.org.uk/vanessa_penrose/
http://consc.net/mindpapers/6.1b
http://users.ox.ac.uk/~jrlucas/Godel/referenc.html
http://en.wikipedia.org/w/index.php?title=George_Boolos
http://en.wikipedia.org/w/index.php?title=Martin_Davis
http://cs.nyu.edu/cs/faculty/davism/
http://en.wikipedia.org/w/index.php?title=Solomon_Feferman
http://en.wikipedia.org/w/index.php?title=CiteSeer%23CiteSeerX
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.130.7027
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.130.7027
http://books.google.com/books?id=0jSS-3Bl06cC&lpg=PP1&pg=PA173#v=onepage&q&f=false
http://books.google.com/books?id=0jSS-3Bl06cC&lpg=PP1&pg=PA173#v=onepage&q&f=false
http://www.cs.uwf.edu/~glaforte/papers/whyGodel.ps
http://www.cs.uwf.edu/~glaforte/papers/whyGodel.ps
http://en.wikipedia.org/w/index.php?title=David_Kellogg_Lewis
http://www2.units.it/etica/2003_1/7_monographica.doc
http://en.wikipedia.org/w/index.php?title=Hilary_Putnam
http://www.nytimes.com/books/97/04/27/nnp/17540.html
http://kryten.mm.rpi.edu/refute.penrose.pdf
http://kryten.mm.rpi.edu/refute.penrose.pdf
http://www.mth.kcl.ac.uk/~llandau/Homepage/Math/penrose.html


Roger Penrose 335

• Princeton Philosophy professor John Burgess writes in On the Outside Looking In: A Caution about Conservativeness (http:/ / www.
princeton. edu/ ~jburgess/ Montreal. doc) (published in Kurt Gödel: Essays for his Centennial, with the following comments found on pp.
131–132 (http:/ / books. google. com/ books?id=83Attf6BsJ4C& lpg=PP1& pg=PA131#v=onepage& q& f=false)) that "the consensus
view of logicians today seems to be that the Lucas–Penrose argument is fallacious, though as I have said elsewhere, there is at least this
much to be said for Lucas and Penrose, that logicians are not unanimously agreed as to where precisely the fallacy in their argument lies.
There are at least three points at which the argument may be attacked."

• Dershowitz, Nachum 2005. The Four Sons of Penrose (http:/ / www. cs. tau. ac. il/ ~nachumd/ papers/ FourSonsOfPenrose. pdf), in
Proceedings of the Eleventh Conference on Logic Programming for Artificial Intelligence and Reasoning (LPAR; Jamaica), G. Sutcliffe
and A. Voronkov, eds., Lecture Notes in Computer Science, vol. 3835, Springer-Verlag, Berlin, pp. 125–138.

[17][17] Marvin Minsky. "Conscious Machines." Machinery of Consciousness, Proceedings, National Research Council of Canada, 75th Anniversary
Symposium on Science in Society, June 1991.

[18] Tegmark, Max. 2000. "The importance of quantum decoherence in brain processes". Physical Review E. vol 61. pp. 4194–4206.
[19] Tetlow, Philip (2007). The Web's Awake: An Introduction to the Field of Web Science and the Concept of Web Life (http:/ / books. google.

com/ ?id=3mPI9rUuhJ8C& printsec=frontcover& dq=penrose+ "thought+ process"& q=penrose ). Hoboken, NJ: John Wiley & Sons. p. 166.
ISBN 978-0-470-13794-9. .

[20] Hagan, S., Hameroff, S., and Tuszyński, J. (2002). "Quantum Computation in Brain Microtubules? Decoherence and Biological Feasibility".
Physical Review E 65: 061901. arXiv:quant-ph/0005025. Bibcode 2002PhRvE..65f1901H. doi:10.1103/PhysRevE.65.061901.

[21] Hameroff, S. (2006). "Consciousness, Neurobiology and Quantum Mechanics". In Tuszynski, Jack. The Emerging Physics of
Consciousness. Springer. pp. 193–253

[22] Sir Roger Penrose & Dr. Stuart Hameroff (2011). "Consciousness and the Universe: Quantum Physics, Evolution, Brain and Mind,"
Chapter XIV Does the Universe have Cosmological Memory? If so does this imply Cosmic Consciousness?. Oxford University Press.

[23] "Clarifying the Tubulin bit/qubit - Defending the Penrose-Hameroff Orch OR Model (Quantum Biology)" (http:/ / www. youtube. com/
watch?v=LXFFbxoHp3s). YouTube. 2010-10-22. . Retrieved 2012-08-13.

[24] Journal of Cosmology.com (1992-07-04). "Journal of Cosmology" (http:/ / www. quantumconsciousness. org/ Cosmology160. html).
Quantumconsciousness.org. . Retrieved 2012-08-13.

[25] Harris, Sam. "Letter to A Christian Nation" (http:/ / www. samharris. org/ site/ book_letter_to_christian_nation/ ). SamHarrisOrg. .
Retrieved 5 June 2010. Quoting Penrose's blurb for Harris's book Letter to a Christian Nation.

[26] "Big Bang follows Big Bang follows Big Bang" (http:/ / news. bbc. co. uk/ today/ hi/ today/ newsid_9032000/ 9032626. stm). BBC News. 25
September 2010. . Retrieved 1 Dec 2010.

[27] See A Brief History of Time (http:/ / video. google. com/ videoplay?docid=-5382609196671955257#), quote starts at about 1:12:43 in the
video.

[28] http:/ / grg. maths. qmul. ac. uk/ grgsoc/
[29] Official announcement knighthood. (http:/ / www. gazettes-online. co. uk/ ViewPDF. aspx?pdf=53696& geotype=London& gpn=2&

type=ArchivedSupplementPage& exact=Roger Penrose) The London Gazette 11 June 1994.
[30] "Honorary Graduates 1989 to present" (http:/ / www. bath. ac. uk/ ceremonies/ hongrads/ ). bath.ac.uk. University of Bath. . Retrieved 18

February 2012.
[31] London Mathematical Society (http:/ / www. lms. ac. uk/ activities/ prizes_com/ citations04. html)

Further reading
• Ferguson, Kitty (1991). Stephen Hawking: Quest For A Theory of Everything. Franklin Watts. ISBN

0-553-29895-X.
• Misner, Charles; Thorne, Kip S. & Wheeler, John Archibald (1973). Gravitation. San Francisco: W. H. Freeman.

ISBN 0-7167-0344-0. (See Box 34.2.)

External links
• Dangerous Knowledge (http:/ / www. youtube. com/ watch?v=Cw-zNRNcF90) – Penrose was one of the

principal interviewees in a BBC documentary about the mathematics of infinity directed by David Malone
•• Penrose's new theory "Aeons Before the Big Bang?":

• Original 2005 lecture: "Before the Big Bang? A new perspective on the Weyl curvature hypothesis" (http:/ /
www. newton. ac. uk/ webseminars/ pg+ ws/ 2005/ gmr/ gmrw04/ 1107/ penrose/ frames. html) (Isaac Newton
Institute for Mathematical Sciences, Cambridge, Nov 11, 2005).

• Original publication: "Before the Big Bang: an outrageous new perspective and its implications for particle 
physics". (http:/ / accelconf. web. cern. ch/ AccelConf/ e06/ PAPERS/ THESPA01. PDF) Proceedings of

http://www.princeton.edu/~jburgess/Montreal.doc
http://www.princeton.edu/~jburgess/Montreal.doc
http://books.google.com/books?id=83Attf6BsJ4C&lpg=PP1&pg=PA131#v=onepage&q&f=false
http://www.cs.tau.ac.il/~nachumd/papers/FourSonsOfPenrose.pdf
http://books.google.com/?id=3mPI9rUuhJ8C&printsec=frontcover&dq=penrose+%22thought+process%22&q=penrose%20
http://books.google.com/?id=3mPI9rUuhJ8C&printsec=frontcover&dq=penrose+%22thought+process%22&q=penrose%20
http://en.wikipedia.org/w/index.php?title=Oxford_University_Press
http://www.youtube.com/watch?v=LXFFbxoHp3s
http://www.youtube.com/watch?v=LXFFbxoHp3s
http://www.quantumconsciousness.org/Cosmology160.html
http://en.wikipedia.org/w/index.php?title=Sam_Harris_%28author%29
http://www.samharris.org/site/book_letter_to_christian_nation/
http://en.wikipedia.org/w/index.php?title=Letter_to_a_Christian_Nation
http://news.bbc.co.uk/today/hi/today/newsid_9032000/9032626.stm
http://video.google.com/videoplay?docid=-5382609196671955257#
http://grg.maths.qmul.ac.uk/grgsoc/
http://www.gazettes-online.co.uk/ViewPDF.aspx?pdf=53696&geotype=London&gpn=2&type=ArchivedSupplementPage&exact=Roger%20Penrose
http://www.gazettes-online.co.uk/ViewPDF.aspx?pdf=53696&geotype=London&gpn=2&type=ArchivedSupplementPage&exact=Roger%20Penrose
http://en.wikipedia.org/w/index.php?title=The_London_Gazette
http://www.bath.ac.uk/ceremonies/hongrads/
http://en.wikipedia.org/w/index.php?title=University_of_Bath
http://www.lms.ac.uk/activities/prizes_com/citations04.html
http://www.youtube.com/watch?v=Cw-zNRNcF90
http://en.wikipedia.org/w/index.php?title=David_Malone_%28independent_filmmaker%29
http://www.newton.ac.uk/webseminars/pg+ws/2005/gmr/gmrw04/1107/penrose/frames.html
http://www.newton.ac.uk/webseminars/pg+ws/2005/gmr/gmrw04/1107/penrose/frames.html
http://accelconf.web.cern.ch/AccelConf/e06/PAPERS/THESPA01.PDF


Roger Penrose 336

EPAC 2006. Edinburgh. 2759–2762 (cf. also Hill, C.D. & Nurowski, P. (2007) "On Penrose's 'Before the Big
Bang' ideas" (http:/ / arxiv. org/ pdf/ 0710. 3879v2). Ithaca)

• Revised 2009 lecture: "Aeons Before the Big Bang?" (http:/ / smartech. gatech. edu/ handle/ 1853/ 27632)
(Georgia Institute of Technology, Center for Relativistic Astrophysics)

• BBC interview (http:/ / www. youtube. com/ watch?v=pEIj9zcLzp0) on the new theory
• Roger Penrose on The Forum (http:/ / www. bbc. co. uk/ worldservice/ programmes/ 2009/ 03/ 000000_forum.

shtml)
• Penrose on sidestepping reason (http:/ / www. youtube. com/ watch?v=xiYDc1LA0I4& feature=user)
• O'Connor, John J.; Robertson, Edmund F., "Roger Penrose" (http:/ / www-history. mcs. st-andrews. ac. uk/

Biographies/ Penrose. html), MacTutor History of Mathematics archive, University of St Andrews.
• Shaking Up Foundations of Math: Roger Penrose on Kurt Gödel's Groundbreaking Work (http:/ / simplycharly.

com/ godel/ roger_penrose_godel_interview. html)
• Hilary Putnam's review of Penrose's 'Shadows of the Mind' claiming that Penrose's use of Godel's Incompleteness

Theorem is fallacious (http:/ / www. ams. org/ bull/ pre-1996-data/ 199507/ 199507015. pdf)
• Beyond the Doubting of a Shadow: A Reply to Commentaries on Shadows of the Mind (http:/ / web. archive.

org/ web/ 20080618195657/ http:/ / psyche. csse. monash. edu. au/ v2/ psyche-2-23-penrose. html)
• Penrose Tiling found in Islamic Architecture (http:/ / www. sciencenews. org/ articles/ 20070224/ mathtrek. asp)
• Two theories for the formation of quasicrystals resembling Penrose tilings (http:/ / www. sciencenews. org/

sn_arch/ 10_12_96/ bob1. htm)
• Tegmark, Max. 2000. " The importance of quantum decoherence in brain processes (http:/ / www. arxiv. org/ abs/

quant-ph/ 9907009)". Physical Review E. vol 61. pp. 4194–4206.
• " Biological feasibility of quantum states in the brain (http:/ / www. quantumconsciousness. org/ pdfs/

decoherence. pdf)" – (a disputation of Tegmark's result by Hagan, Hameroff, and Tuszyński)
• Tegmarks's rejoinder to Hagan et al. (http:/ / space. mit. edu/ home/ tegmark/ brain. html)

• "Toilet Paper Plagiarism" (http:/ / web. archive. org/ web/ 20050312084035/ http:/ / www. parascope. com/
articles/ slips/ fs_151. htm) – D. Trull about Penrose's lawsuit concerning the use of his Penrose tilings on toilet
paper

• Roger Penrose: A Knight on the tiles (Plus magazine) (http:/ / plus. maths. org/ issue18/ features/ penrose/ index.
html)

• Penrose's Gifford Lecture biography (http:/ / www. giffordlectures. org/ Author. asp?AuthorID=254)
• Quantum-Mind (http:/ / www. quantum-mind. co. uk)
• Audio: Roger Penrose in conversation on the BBC World Service discussion show (http:/ / www. bbc. co. uk/

worldservice/ documentaries/ 2009/ 04/ 090427_theforum_260409. shtml)
The Forum

• Roger Penrose speaking about Hawking's new book on Premier Christian Radio (http:/ / www. premierradio. org.
uk/ listen/ ondemand. aspx?mediaid={320D8898-A8F0-4433-8934-D64DDEB8A21C})
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Holography

Two photographs of a single hologram taken
from different viewpoints

Holography is a technique which enables three-dimensional images to
be made. It involves the use of a laser, interference, diffraction, light
intensity recording and suitable illumination of the recording. The
image changes as the position and orientation of the viewing system
changes in exactly the same way as if the object were still present, thus
making the image appear three-dimensional.

The holographic recording itself is not an image; it consists of an
apparently random structure of either varying intensity, density or
profile.

Overview and history

The Hungarian-British physicist Dennis Gabor (Hungarian name:
Gábor Dénes),[1][2] was awarded the Nobel Prize in Physics in 1971
"for his invention and development of the holographic method".[3] His
work, done in the late 1940s, built on pioneering work in the field of
X-ray microscopy by other scientists including Mieczysław Wolfke in
1920 and WL Bragg in 1939.[4] The discovery was an unexpected
result of research into improving electron microscopes at the British
Thomson-Houston Company in Rugby, England, and the company filed a patent in December 1947 (patent
GB685286). The technique as originally invented is still used in electron microscopy, where it is known as electron
holography, but optical holography did not really advance until the development of the laser in 1960. The word
holography comes from the Greek words ὅλος (hólos; "whole") and γραφή (grafē; "writing" or "drawing").

Portrait of Yuri Denisyuk, by Dieter
Jung

The development of the laser enabled the first practical optical holograms that
recorded 3D objects to be made in 1962 by Yuri Denisyuk in the Soviet Union[5]

and by Emmett Leith and Juris Upatnieks at the University of Michigan, USA.[6]

Early holograms used silver halide photographic emulsions as the recording
medium. They were not very efficient as the grating produced absorbed much of
the incident light. Various methods of converting the variation in transmission to
a variation in refractive index (known as "bleaching") were developed which
enabled much more efficient holograms to be produced.[7][8][9]

Several types of holograms can be made. Transmission holograms, such as those
produced by Leith and Upatnieks, are viewed by shining laser light through them
and looking at the reconstructed image from the side of the hologram opposite
the source.[10] A later refinement, the "rainbow transmission" hologram, allows
more convenient illumination by white light rather than by lasers.[11] Rainbow
holograms are commonly used for security and authentication, for example, on
credit cards and product packaging.[12]

Another kind of common hologram, the reflection or Denisyuk hologram, can also be viewed using a white-light
illumination source on the same side of the hologram as the viewer and is the type of hologram normally seen in
holographic displays. They are also capable of multicolour-image reproduction.[13]

Specular holography is a related technique for making three-dimensional images by controlling the motion of 
specularities on a two-dimensional surface.[14] It works by reflectively or refractively manipulating bundles of light
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rays, whereas Gabor-style holography works by diffractively reconstructing wavefronts.
Most holograms produced are of static objects but systems for displaying changing scenes on a holographic
volumetric display are now being developed.[15][16][17]

Holograms can also be used to store, retrieve, and process information optically.[18]

In its early days, holography required high-power expensive lasers, but nowadays, mass-produced low-cost
semi-conductor or diode lasers, such as those found in millions of DVD recorders and used in other common
applications, can be used to make holograms and have made holography much more accessible to low-budget
researchers, artists and dedicated hobbyists.
It was thought that it would be possible to use X-rays to make holograms of molecules and view them using visible
light. However, X-ray holograms have not been created to date.[19]

How holography works

Recording a hologram

Holography is a technique that enables
a light field, which is generally the
product of a light source scattered off
objects, to be recorded and later
reconstructed when the original light
field is no longer present, due to the
absence of the original objects.[20]

Holography can be thought of as
somewhat similar to sound recording,
whereby a sound field created by
vibrating matter like musical
instruments or vocal cords, is encoded
in such a way that it can be reproduced
later, without the presence of the
original vibrating matter.

Laser

Holograms are recorded using a flash of light that illuminates a scene and then imprints on a recording medium,
much in the way a photograph is recorded. In addition, however, part of the light beam must be shone directly onto
the recording medium - this second light beam is known as the reference beam. A hologram requires a laser as the
sole light source. Lasers can be precisely controlled and have a fixed wavelength, unlike sunlight or light from
conventional sources, which contain many different wavelengths.
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Reconstructing a hologram

Close-up photograph of a hologram's surface. The
object in the hologram is a toy van. It is no more

possible to discern the subject of a hologram from
this pattern than it is to identify what music has
been recorded by looking at a CD surface. Note

that the hologram is described by the speckle
pattern, rather than the "wavy" line pattern.

To prevent external light from interfering,
holograms are usually taken in darkness, or
in low level light of a different colour from
the laser light used in making the hologram.

Holography requires a specific exposure
time (just like photography), which can be
controlled using a shutter, or by
electronically timing the laser

Apparatus

A hologram can be made by shining part of
the light beam directly onto the recording
medium, and the other part onto the object
in such a way that some of the scattered
light falls onto the recording medium.
A more flexible arrangement for recording a
hologram requires the laser beam to be
aimed through a series of elements that
change it in different ways. The first
element is a beam splitter that divides the
beam into two identical beams, each aimed
in different directions:

• One beam (known as the illumination or
object beam) is spread using lenses and
directed onto the scene using mirrors.
Some of the light scattered (reflected)
from the scene then falls onto the
recording medium.

• The second beam (known as the
reference beam) is also spread through
the use of lenses, but is directed so that it
doesn't come in contact with the scene,
and instead travels directly onto the
recording medium.

Several different materials can be used as the recording medium. One of the most common is a film very similar to
photographic film (silver halide photographic emulsion), but with a much higher concentration of light-reactive
grains, making it capable of the much higher resolution that holograms require. A layer of this recording medium
(e.g. silver halide) is attached to a transparent substrate, which is commonly glass, but may also be plastic.
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Process
When the two laser beams reach the recording medium, their light waves intersect and interfere with each other. It is
this interference pattern that is imprinted on the recording medium. The pattern itself is seemingly random, as it
represents the way in which the scene's light interfered with the original light source — but not the original light
source itself. The interference pattern can be considered an encoded version of the scene, requiring a particular key
— the original light source — in order to view its contents.
This missing key is provided later by shining a laser, identical to the one used to record the hologram, onto the
developed film. When this beam illuminates the hologram, it is diffracted by the hologram's surface pattern. This
produces a light field identical to the one originally produced by the scene and scattered onto the hologram. The
image this effect produces in a person's retina is known as a virtual image.

Holography vs. photography
Holography may be better understood via an examination of its differences from ordinary photography:
•• A hologram represents a recording of information regarding the light that came from the original scene as

scattered in a range of directions rather than from only one direction, as in a photograph. This allows the scene to
be viewed from a range of different angles, as if it were still present.

•• A photograph can be recorded using normal light sources (sunlight or electric lighting) whereas a laser is required
to record a hologram.

•• A lens is required in photography to record the image, whereas in holography, the light from the object is
scattered directly onto the recording medium.

•• A holographic recording requires a second light beam (the reference beam) to be directed onto the recording
medium.

•• A photograph can be viewed in a wide range of lighting conditions, whereas holograms can only be viewed with
very specific forms of illumination.

• When a photograph is cut in half, each piece shows half of the scene. When a hologram is cut in half, the whole
scene can still be seen in each piece. This is because, whereas each point in a photograph only represents light
scattered from a single point in the scene, each point on a holographic recording includes information about light
scattered from every point in the scene. Think of viewing a street outside your house through a 4 ft x 4 ft window,
and then through a 2 ft x 2 ft window. You can see all of the same things through the smaller window (by moving
your head to change your viewing angle), but you can see more at once through the 4 ft window.

• A photograph is a two-dimensional representation that can only reproduce a rudimentary three-dimensional effect,
whereas the reproduced viewing range of a hologram adds many more depth perception cues that were present in
the original scene. These cues are recognized by the human brain and translated into the same perception of a
three-dimensional image as when the original scene might have been viewed.

•• A photograph clearly maps out the light field of the original scene. The developed hologram's surface consists of
a very fine, seemingly random pattern, which appears to bear no relationship to the scene it recorded.
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Physics of holography
For a better understanding of the process, it is necessary to understand interference and diffraction. Interference
occurs when one or more wavefronts are superimposed. Diffraction occurs whenever a wavefront encounters an
object. The process of producing a holographic reconstruction is explained below purely in terms of interference and
diffraction. It is somewhat simplified but is accurate enough to provide an understanding of how the holographic
process works.
For those unfamiliar with these concepts, it is worthwhile to read the respective articles before reading further in this
article.

Plane wavefronts
A diffraction grating is a structure with a repeating pattern. A simple example is a metal plate with slits cut at regular
intervals. A light wave incident on a grating is split into several waves; the direction of these diffracted waves is
determined by the grating spacing and the wavelength of the light.
A simple hologram can be made by superimposing two plane waves from the same light source on a holographic
recording medium. The two waves interfere giving a straight line fringe pattern whose intensity varies sinusoidally
across the medium. The spacing of the fringe pattern is determined by the angle between the two waves, and on the
wavelength of the light.
The recorded light pattern is a diffraction grating. When it is illuminated by only one of the waves used to create it, it
can be shown that one of the diffracted waves emerges at the same angle as that at which the second wave was
originally incident so that the second wave has been 'reconstructed'. Thus, the recorded light pattern is a holographic
recording as defined above.

Point sources

Sinusoidal zone plate

If the recording medium is illuminated with a point source and a normally
incident plane wave, the resulting pattern is a sinusoidal zone plate which acts as
a negative Fresnel lens whose focal length is equal to the separation of the point
source and the recording plane.

When a plane wavefront illuminates a negative lens, it is expanded into a wave
which appears to diverge from the focal point of the lens. Thus, when the
recorded pattern is illuminated with the original plane wave, some of the light is
diffracted into a diverging beam equivalent to the original plane wave; a
holographic recording of the point source has been created.
When the plane wave is incident at a non-normal angle, the pattern formed is
more complex but still acts as a negative lens provided it is illuminated at the original angle.
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Complex objects
To record a hologram of a complex object, a laser beam is first split into two separate beams of light. One beam
illuminates the object, which then scatters light onto the recording medium. According to diffraction theory, each
point in the object acts as a point source of light so the recording medium can be considered to be illuminated by a
set of point sources located at varying distances from the medium.
The second (reference) beam illuminates the recording medium directly. Each point source wave interferes with the
reference beam, giving rise to its own sinusoidal zone plate in the recording medium. The resulting pattern is the sum
of all these 'zone plates' which combine to produce a random (speckle) pattern as in the photograph above.
When the hologram is illuminated by the original reference beam, each of the individual zone plates reconstructs the
object wave which produced it, and these individual wavefronts add together to reconstruct the whole of the object
beam. The viewer perceives a wavefront that is identical to the wavefront scattered from the object onto the
recording medium, so that it appears to him or her that the object is still in place even if it has been removed. This
image is known as a "virtual" image, as it is generated even though the object is no longer there.

Mathematical model
A single-frequency light wave can be modelled by a complex number U, which represents the electric or magnetic
field of the light wave. The amplitude and phase of the light are represented by the absolute value and angle of the
complex number. The object and reference waves at any point in the holographic system are given by UO and UR.
The combined beam is given by UO + UR. The energy of the combined beams is proportional to the square of
magnitude of the combined waves as:

If a photographic plate is exposed to the two beams and then developed, its transmittance, T, is proportional to the
light energy that was incident on the plate and is given by

where k is a constant.
When the developed plate is illuminated by the reference beam, the light transmitted through the plate, UH is equal to
the transmittance T multiplied by the reference beam amplitude UR, giving

It can be seen that UH has four terms, each representing a light beam emerging from the hologram. The first of these
is proportional to UO. This is the reconstructed object beam which enables a viewer to 'see' the original object even
when it is no longer present in the field of view.
The second and third beams are modified versions of the reference beam. The fourth term is known as the "conjugate
object beam". It has the reverse curvature to the object beam itself and forms a real image of the object in the space
beyond the holographic plate.
When the reference and object beams are incident on the holographic recording medium at significantly different
angles, the virtual, real and reference wavefronts all emerge at different angles, enabling the reconstructed object to
be seen clearly.

http://en.wikipedia.org/w/index.php?title=Diffraction
http://en.wikipedia.org/w/index.php?title=Speckle
http://en.wikipedia.org/w/index.php?title=Complex_number
http://en.wikipedia.org/w/index.php?title=Electric
http://en.wikipedia.org/w/index.php?title=Magnetic_field
http://en.wikipedia.org/w/index.php?title=Magnetic_field
http://en.wikipedia.org/w/index.php?title=Electromagnetic_radiation%23Properties
http://en.wikipedia.org/w/index.php?title=Amplitude
http://en.wikipedia.org/w/index.php?title=Phase_%28waves%29
http://en.wikipedia.org/w/index.php?title=Polar_form
http://en.wikipedia.org/w/index.php?title=Polar_form
http://en.wikipedia.org/w/index.php?title=Real_image


Holography 343

Recording a hologram

Items required

An optical table being used to make a hologram

To make a hologram, the following are required:
•• a suitable object or set of objects
•• a suitable laser beam
•• part of the laser beam to be directed so that it illuminates the object

(the object beam) and another part so that it illuminates the
recording medium directly (the reference beam), enabling the
reference beam and the light which is scattered from the object onto
the recording medium to form an intereference pattern

•• a recording medium which converts this interference pattern into an optical element which modifies either the
amplitude or the phase of an incident light beam according to the intensity of the interference pattern.

• an environment which provides sufficient mechanical and thermal stability that the interference pattern is stable
during the time in which the interference pattern is recorded[21]

These requirements are inter-related, and it is essential to understand the nature of optical interference to see this.
Interference is the variation in intensity which can occur when two light waves are superimposed. The intensity of
the maxima exceeds the sum of the individual intensities of the two beams, and the intensity at the minima is less
than this and may be zero. The interference pattern maps the relative phase between the two waves, and any change
in the relative phases causes the interference pattern to move across the field of view. If the relative phase of the two
waves changes by one cycle, then the pattern drifts by one whole fringe. One phase cycle corresponds to a change in
the relative distances travelled by the two beams of one wavelength. Since the wavelength of light is of the order of
0.5μm, it can be seen that very small changes in the optical paths travelled by either of the beams in the holographic
recording system lead to movement of the interference pattern which is the holographic recording. Such changes can
be caused by relative movements of any of the optical components or the object itself, and also by local changes in
air-temperature. It is essential that any such changes are significantly less than the wavelength of light if a clear
well-defined recording of the interference is to be created.
The exposure time required to record the hologram depends on the laser power available, on the particular medium
used and on the size and nature of the object(s) to be recorded, just as in conventional photography. This determines
the stability requirements. Exposure times of several minutes are typical when using quite powerful gas lasers and
silver halide emulsions. All the elements within the optical system have to be stable to fractions of a μm over that
period. It is possible to make holograms of much less stable objects by using a pulsed laser which produces a large
amount of energy in a very short time (μs or less).[22] These systems have been used to produce holograms of live
people. A holographic portrait of Dennis Gabor was produced in 1971 using a pulsed ruby laser.[23][24]

Thus, the laser power, recording medium sensitivity, recording time and mechanical and thermal stability
requirements are all interlinked. Generally, the smaller the object, the more compact the optical layout, so that the
stability requirements are significantly less than when making holograms of large objects.
Another very important laser parameter is its coherence.[25] This can be envisaged by considering a laser producing a
sine wave whose frequency drifts over time; the coherence length can then be considered to be the distance over
which it maintains a single frequency. This is important because two waves of different frequencies do not produce a
stable interference pattern. The coherence length of the laser determines the depth of field which can be recorded in
the scene. A good holography laser will typically have a coherence length of several meters, ample for a deep
hologram.
The objects that form the scene must, in general, have optically rough surfaces so that they scatter light over a wide 
range of angles. A specularly reflecting (or shiny) surface reflects the light in only one direction at each point on its
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surface, so in general, most of the light will not be incident on the recording medium. A hologram of a shiny object
can be made by locating it very close to the recording plate.[26]

Hologram classifications
There are three important properties of a hologram which are defined in this section. A given hologram will have one
or other of each of these three properties, e.g. we can have an amplitude modulated thin transmission hologram, or a
phase modulated, volume reflection hologram.

Amplitude and phase modulation holograms

An amplitude modulation hologram is one where the amplitude of light diffracted by the hologram is proportional to
the intensity of the recorded light. A straightforward example of this is photographic emulsion on a transparent
substrate. The emulsion is exposed to the interference pattern, and is subsequently developed giving a transmittance
which varies with the intensity of the pattern - the more light that fell on the plate at a given point, the darker the
developed plate at that point.
A phase hologram is made by changing either the thickness or the refractive index of the material in proportion to
the intensity of the holographic interference pattern. This is a phase grating and it can be shown that when such a
plate is illuminated by the original reference beam, it reconstructs the original object wavefront. The efficiency (i.e.
the fraction of the illuminated beam which is converted to reconstructed object beam) is greater for phase than for
amplitude modulated holograms.

Thin holograms and thick (volume) holograms

A thin hologram is one where the thickness of the recording medium is much less than the spacing of the
interference fringes which make up the holographic recording.
A thick or volume hologram is one where the thickness of the recording medium is greater than the spacing of the
interference pattern. The recorded hologram is now a three dimensional structure, and it can be shown that incident
light is diffracted by the grating only at a particular angle, known as the Bragg angle.[27] If the hologram is
illuminated with a light source incident at the original reference beam angle but a broad spectrum of wavelengths,
reconstruction occurs only at the wavelength of the original laser used. If the angle of illumination is changed,
reconstruction will occur at a different wavelength and the colour of the re-constructed scene changes. A volume
hologram effectively acts as a colour filter.

Transmission and reflection holograms

A transmission hologram is one where the object and reference beams are incident on the recording medium from
the same side. In practice, several more mirrors may be used to direct the beams in the required directions.
Normally, transmission holograms can only be reconstructed using a laser or a quasi-monochromatic source, but a
particular type of transmission hologram, known as a rainbow hologram, can be viewed with white light.
In a reflection hologram, the object and reference beams are incident on the plate from opposite sides of the plate.
The reconstructed object is then viewed from the same side of the plate as that at which the re-constructing beam is
incident.
Only volume holograms can be used to make reflection holograms, as only a very low intensity diffracted beam
would be reflected by a thin hologram.
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Holographic recording media
The recording medium has to convert the original interference pattern into an optical element that modifies either the
amplitude or the phase of an incident light beam in proportion to the intensity of the original light field.
The recording medium should be able to resolve fully all the fringes arising from interference between object and
reference beam. These fringe spacings can range from tens of microns to less than one micron, i.e. spatial
frequencies ranging from a few hundred to several thousand cycles/mm, and ideally, the recording medium should
have a response which is flat over this range. If the response of the medium to these spatial frequencies is low, the
diffraction efficiency of the hologram will be poor, and a dim image will be obtained. It should be noted that
standard photographic film has a very low, or even zero, response at the frequencies involved and cannot be used to
make a hologram - see, for example, Kodak's professional black and white film[28] whose resolution starts falling off
at 20 lines/mm — it is unlikely that any reconstructed beam could be obtained using this film.
If the response is not flat over the range of spatial frequencies in the interference pattern, then the resolution of the
reconstructed image may also be degraded.[29][30]

The table below shows the principal materials used for holographic recording. Note that these do not include the
materials used in the mass replication of an existing hologram, which are discussed in the next section. The
resolution limit given in the table indicates the maximal number of interference lines/mm of the gratings. The
required exposure, expressed as millijoules (mJ) of photon energy impacting the surface area, is for a long exposure
time. Short exposure times (less than 1/1000 of a second, such as with a pulsed laser) require much higher exposure
energies, due to reciprocity failure.

General properties of recording materials for holography. Source:[31]

Material Reusable Processing Type of
hologram

Theoretical maximum
efficiency

Required exposure
[mJ/cm2]

Resolution limit
[mm−1]

Photographic
emulsions

No Wet Amplitude 6% 1.5 5000

Phase
(bleached)

60%

Dichromated gelatin No Wet Phase 100% 100 10,000

Photoresists No Wet Phase 30% 100 3,000

Photothermoplastics Yes Charge and
heat

Phase 33% 0.1 500–1,200

Photopolymers No Post exposure Phase 100% 10000 5,000

Photorefractives Yes None Phase 100% 10 10,000

Copying and mass production
An existing hologram can be copied by embossing[32] or optically.[33]

Most holographic recordings (e.g. bleached silver halide, photoresist, and photopolymers) have surface relief
patterns which conform with the original illumination intensity. Embossing, which is similar to the method used to
stamp out plastic discs from a master in audio recording, involves copying this surface relief pattern by impressing it
onto another material.
The first step in the embossing process is to make a stamper by electrodeposition of nickel on the relief image
recorded on the photoresist or photothermoplastic. When the nickel layer is thick enough, it is separated from the
master hologram and mounted on a metal backing plate. The material used to make embossed copies consists of a
polyester base film, a resin separation layer and a thermoplastic film constituting the holographic layer.
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The embossing process can be carried out with a simple heated press. The bottom layer of the duplicating film (the
thermoplastic layer) is heated above its softening point and pressed against the stamper, so that it takes up its shape.
This shape is retained when the film is cooled and removed from the press. In order to permit the viewing of
embossed holograms in reflection, an additional reflecting layer of aluminum is usually added on the hologram
recording layer. This method is particularly suited to mass production.
The first book to feature a hologram on the front cover was The Skook (Warner Books, 1984) by JP Miller, featuring
an illustration by Miller. That same year, "Telstar" by Ad Infinitum became the first record with a hologram cover
and National Geographic published the first magazine with a hologram cover.[34] Embossed holograms are used
widely on credit cards, banknotes, and high value products for authentication purposes.[35]

It is possible to print holograms directly into steel using a sheet explosive charge to create the required surface
relief.[36] The Royal Canadian Mint produces holographic gold and silver coinage through a complex stamping
process.[37]

A hologram can be copied optically by illuminating it with a laser beam, and locating a second hologram plate so
that it is illuminated both by the reconstructed object beam, and the illuminating beam. Stability and coherence
requirements are significantly reduced if the two plates are located very close together.[38] An index matching fluid
is often used between the plates to minimize spurious interference between the plates. Uniform illumination can be
obtained by scanning point-by-point or with a beam shaped into a thin line.

Reconstructing and viewing the holographic image
When the hologram plate is illuminated by a laser beam identical to the reference beam which was used to record the
hologram, an exact reconstruction of the original object wavefront is obtained. An imaging system (an eye or a
camera) located in the reconstructed beam 'sees' exactly the same scene as it would have done when viewing the
original. When the lens is moved, the image changes in the same way as it would have done when the object was in
place. If several objects were present when the hologram was recorded, the reconstructed objects move relative to
one another, i.e. exhibit parallax, in the same way as the original objects would have done. It was very common in
the early days of holography to use a chess board as the object and then take photographs at several different angles
using the reconstructed light to show how the relative positions of the chess pieces appeared to change.
A holographic image can also be obtained using a different laser beam configuration to the original recording object
beam, but the reconstructed image will not match the original exactly.[39] When a laser is used to reconstruct the
hologram, the image is speckled just as the original image will have been. This can be a major drawback in viewing
a hologram.
White light consists of light of a wide range of wavelengths. Normally, if a hologram is illuminated by a white light
source, each wavelength can be considered to generate its own holographic reconstruction, and these will vary in
size, angle, and distance. These will be superimposed, and the summed image will wipe out any information about
the original scene, just as if you superimposed a set of photographs of the same object of different sizes and
orientations. However, a holographic image can be obtained using white light in specific circumstances, e.g. with
volume holograms and rainbow holograms. The white light source used to view these holograms should always
approximate to a point source, i.e. a spot light or the sun. An extended source (e.g. a fluorescent lamp) will not
reconstruct a hologram since it light is incident at each point at a wide range of angles, giving multiple
reconstructions which will "wipe" one another out.
White light reconstructions do not contain speckles.
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Volume holograms
A volume hologram can give a reconstructed beam using white light, as the hologram structure effectively filters out
colours other than those equal to or very close to the colour of the laser used to make the hologram so that the
reconstructed image will appear to be approximately the same colour as the laser light used to create the holographic
recording.

Rainbow holograms

Rainbow hologram showing the change in colour
in the vertical direction

In this method, parallax in the vertical plane is sacrificed to allow a
bright well-defined single colour re-constructed image to be obtained
using white light. The rainbow holography recording process uses a
horizontal slit to eliminate vertical parallax in the output image. The
viewer is then effectively viewing the holographic image through a
narrow horizontal slit. Horizontal parallax information is preserved but
movement in the vertical direction produces colour rather than
different vertical perspectives.[40] Stereopsis and horizontal motion
parallax, two relatively powerful cues to depth, are preserved.

The holograms found on credit cards are examples of rainbow
holograms. These are technically transmission holograms mounted
onto a reflective surface like a metalized polyethylene terephthalate substrate commonly known as PET.

Fidelity of the reconstructed beam

Reconstructions from two parts of a broken
hologram. Note the different viewpoints required

to see the whole object

To replicate the original object beam exactly, the reconstructing
reference beam must be identical to the original reference beam and the
recording medium must be able to fully resolve the interference pattern
formed between the object and reference beams. Exact reconstruction
is required in holographic interferometry, where the holographically
reconstructed wavefront interferes with the wavefront coming from the
actual object, giving a null fringe if there has been no movement of the
object and mapping out the displacement if the object has moved. This
requires very precise relocation of the developed holographic plate.

Any change in the shape, orientation or wavelength of the reference
beam gives rise to aberrations in the reconstructed image. For instance,
the reconstructed image is magnified if the laser used to reconstruct the
hologram has a shorter wavelength than the original laser. Nonetheless,
good reconstruction is obtained using a laser of a different wavelength,
quasi-monochromatic light or white light, in the right circumstances.
Since each point in the object illuminates all of the hologram, the
whole object can be reconstructed from a small part of the hologram.
Thus, a hologram can be broken up into small pieces and each one will
enable the whole of the original object to be imaged. One does, however, lose information and the spatial resolution
gets worse as the size of the hologram is decreased — the image becomes "fuzzier". The field of view is also
reduced, and the viewer will have to change position to see different parts of the scene.
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Applications

Art
Early on, artists saw the potential of holography as a medium and gained access to science laboratories to create their
work. Holographic art is often the result of collaborations between scientists and artists, although some holographers
would regard themselves as both an artist and a scientist.
Salvador Dalí claimed to have been the first to employ holography artistically. He was certainly the first and
best-known surrealist to do so, but the 1972 New York exhibit of Dalí holograms had been preceded by the
holographic art exhibition that was held at the Cranbrook Academy of Art in Michigan in 1968 and by the one at the
Finch College gallery in New York in 1970, which attracted national media attention.[41]

During the 1970s, a number of art studios and schools were established, each with their particular approach to
holography. Notably, there was the San Francisco School of Holography established by Lloyd Cross, The Museum
of Holography in New York founded by Rosemary (Possie) H. Jackson, the Royal College of Art in London and the
Lake Forest College Symposiums organised by Tung Jeong (T.J.).[42] None of these studios still exist; however,
there is the Center for the Holographic Arts in New York[43] and the HOLOcenter in Seoul,[44] which offers artists a
place to create and exhibit work.
During the 1980s, many artists who worked with holography helped the diffusion of this so-called "new medium" in
the art world, such as Harriet Casdin-Silver of the USA, Dieter Jung of Germany, and Moysés Baumstein of Brazil,
each one searching for a proper "language" to use with the three-dimensional work, avoiding the simple holographic
reproduction of a sculpture or object. For instance, in Brazil, many concrete poets (Augusto de Campos, Décio
Pignatari, Julio Plaza and José Wagner Garcia, associated with Moysés Baumstein) found in holography a way to
express themselves and to renew Concrete Poetry.
A small but active group of artists still use holography as their main medium, and many more artists integrate
holographic elements into their work.[45] Some are associated with novel holographic techniques; for example, artist
Matt Brand[46] employed computational mirror design to eliminate image distortion from specular holography.
The MIT Museum[47] and Jonathan Ross[48] both have extensive collections of holography and on-line catalogues of
art holograms.

Data storage
Holography can be put to a variety of uses other than recording images. Holographic data storage is a technique that
can store information at high density inside crystals or photopolymers. The ability to store large amounts of
information in some kind of media is of great importance, as many electronic products incorporate storage devices.
As current storage techniques such as Blu-ray Disc reach the limit of possible data density (due to the
diffraction-limited size of the writing beams), holographic storage has the potential to become the next generation of
popular storage media. The advantage of this type of data storage is that the volume of the recording media is used
instead of just the surface. Currently available SLMs can produce about 1000 different images a second at
1024×1024-bit resolution. With the right type of media (probably polymers rather than something like LiNbO3), this
would result in about one-gigabit-per-second writing speed. Read speeds can surpass this, and experts believe
one-terabit-per-second readout is possible. In 2005, companies such as Optware and Maxell produced a 120 mm disc
that uses a holographic layer to store data to a potential 3.9 TB, which they plan to market under the name
Holographic Versatile Disc. Another company, InPhase Technologies, is developing a competing format. While
many holographic data storage models have used "page-based" storage, where each recorded hologram holds a large
amount of data, more recent research into using submicrometre-sized "microholograms" has resulted in several
potential 3D optical data storage solutions. While this approach to data storage can not attain the high data rates of
page-based storage, the tolerances, technological hurdles, and cost of producing a commercial product are
significantly lower.
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Dynamic holography
In static holography, recording, developing and reconstructing occur sequentially, and a permanent hologram is
produced.
There also exist holographic materials that do not need the developing process and can record a hologram in a very
short time. This allows one to use holography to perform some simple operations in an all-optical way. Examples of
applications of such real-time holograms include phase-conjugate mirrors ("time-reversal" of light), optical cache
memories, image processing (pattern recognition of time-varying images), and optical computing.
The amount of processed information can be very high (terabits/s), since the operation is performed in parallel on a
whole image. This compensates for the fact that the recording time, which is in the order of a microsecond, is still
very long compared to the processing time of an electronic computer. The optical processing performed by a
dynamic hologram is also much less flexible than electronic processing. On one side, one has to perform the
operation always on the whole image, and on the other side, the operation a hologram can perform is basically either
a multiplication or a phase conjugation. In optics, addition and Fourier transform are already easily performed in
linear materials, the latter simply by a lens. This enables some applications, such as a device that compares images in
an optical way.[49]

The search for novel nonlinear optical materials for dynamic holography is an active area of research. The most
common materials are photorefractive crystals, but in semiconductors or semiconductor heterostructures (such as
quantum wells), atomic vapors and gases, plasmas and even liquids, it was possible to generate holograms.
A particularly promising application is optical phase conjugation. It allows the removal of the wavefront distortions a
light beam receives when passing through an aberrating medium, by sending it back through the same aberrating
medium with a conjugated phase. This is useful, for example, in free-space optical communications to compensate
for atmospheric turbulence (the phenomenon that gives rise to the twinkling of starlight).

Hobbyist use

Peace Within Reach, a Denisyuk DCG hologram
by amateur Dave Battin

Since the beginning of holography, experimenters have explored its
uses. Starting in 1971, Lloyd Cross started the San Francisco School of
Holography and started to teach amateurs the methods of making
holograms with inexpensive equipment. This method relied on the use
of a large table of deep sand to hold the optics rigid and damp
vibrations that would destroy the image.

Many of these holographers would go on to produce art holograms. In
1983, Fred Unterseher published the Holography Handbook, a
remarkably easy-to-read description of making holograms at home.
This brought in a new wave of holographers and gave simple methods
to use the then-available AGFA silver halide recording materials.

In 2000, Frank DeFreitas published the Shoebox Holography Book and
introduced the use of inexpensive laser pointers to countless hobbyists.
This was a very important development for amateurs, as the cost for a 5 mW laser dropped from $1200 to $5 as
semiconductor laser diodes reached mass market. Now, there are hundreds to thousands of amateur holographers
worldwide.

In 2006, a large number of surplus Holography Quality Green Lasers (Coherent C315) became available and put
Dichromated Gelatin (DCG) within the reach of the amateur holographer. The holography community was surprised
at the amazing sensitivity of DCG to green light. It had been assumed that the sensitivity would be non-existent. Jeff
Blyth responded with the G307 formulation of DCG to increase the speed and sensitivity to these new lasers.[50]
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Many film suppliers have come and gone from the silver-halide market. While more film manufactures have filled in
the voids, many amateurs are now making their own film. The favorite formulations are Dichromated Gelatin,
Methylene Blue Sensitised Dichromated Gelatin and Diffusion Method Silver Halide preparations. Jeff Blyth has
published very accurate methods for making film in a small lab or garage.[51]

A small group of amateurs are even constructing their own pulsed lasers to make holograms of moving objects.[52]

Holography kits with self-developing film plates have now entered the consumer market. The kits make holographs
and have been found to be fairly error tolerant,[53] and enable holograms to be made without any other specialized
equipment.

Holographic interferometry
Holographic interferometry (HI) is a technique that enables static and dynamic displacements of objects with
optically rough surfaces to be measured to optical interferometric precision (i.e. to fractions of a wavelength of
light).[54][55] It can also be used to detect optical-path-length variations in transparent media, which enables, for
example, fluid flow to be visualized and analyzed. It can also be used to generate contours representing the form of
the surface.
It has been widely used to measure stress, strain, and vibration in engineering structures.

Interferometric microscopy
The hologram keeps the information on the amplitude and phase of the field . Several holograms may keep
information about the same distribution of light, emitted to various directions. The numerical analysis of such
holograms allows one to emulate large numerical aperture, which, in turn, enables enhancement of the resolution of
optical microscopy. The corresponding technique is called interferometric microscopy. Recent achievements of
interferometric microscopy allow one to approach the quarter-wavelength limit of resolution.[56]

Sensors or biosensors
The hologram is made with a modified material that interacts with certain molecules generating a change in the
fringe periodicity or refractive index, therefore, the color of the holographic reflection.[57]

Security

Identigram as a security element in a German
identity card

Security holograms are very difficult to forge, because they are
replicated from a master hologram that requires expensive, specialized
and technologically advanced equipment. They are used widely in
many currencies, such as the Brazilian 20, 50, and 100-reais notes;
British 5, 10, and 20-pound notes; South Korean 5000, 10000, and
50000-won notes; Japanese 5000 and 10000 yen notes; and all the
currently-circulating banknotes of the Canadian dollar, Danish krone,
and Euro. They can also be found in credit and bank cards as well as
passports, ID cards, books, DVDs, and sports equipment.
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Other applications
Holographic scanners are in use in post offices, larger shipping firms, and automated conveyor systems to determine
the three-dimensional size of a package. They are often used in tandem with checkweighers to allow automated
pre-packing of given volumes, such as a truck or pallet for bulk shipment of goods. Holograms produced in
elastomers can be used as stress-strain reporters due to its elasticity and compressibility, the pressure and force
applied are correlated to the reflected wavelength, therefore its color.[58]

Non-optical holography
In principle, it is possible to make a hologram for any wave.
Electron holography is the application of holography techniques to electron waves rather than light waves. Electron
holography was invented by Dennis Gabor to improve the resolution and avoid the aberrations of the transmission
electron microscope. Today it is commonly used to study electric and magnetic fields in thin films, as magnetic and
electric fields can shift the phase of the interfering wave passing through the sample.[59] The principle of electron
holography can also be applied to interference lithography.[60]

Acoustic holography is a method used to estimate the sound field near a source by measuring acoustic parameters
away from the source via an array of pressure and/or particle velocity transducers. Measuring techniques included
within acoustic holography are becoming increasingly popular in various fields, most notably those of transportation,
vehicle and aircraft design, and NVH. The general idea of acoustic holography has led to different versions such as
near-field acoustic holography (NAH) and statistically optimal near-field acoustic holography (SONAH). For audio
rendition, the wave field synthesis is the most related procedure.
Atomic holography has evolved out of the development of the basic elements of atom optics. With the Fresnel
diffraction lens and atomic mirrors atomic holography follows a natural step in the development of the physics (and
applications) of atomic beams. Recent developments including atomic mirrors and especially ridged mirrors have
provided the tools necessary for the creation of atomic holograms,[61] although such holograms have not yet been
commercialized.

Things often confused with holograms
Effects produced by lenticular printing, the Pepper's Ghost illusion (or modern variants such as the Musion
Eyeliner), tomography and volumetric displays are often confused with holograms.[62][63]

The Pepper's ghost technique, being the easiest to implement of these methods, is most prevalent in 3D displays that
claim to be (or are referred to as) "holographic". While the original illusion, used in theater, recurred to actual
physical objects and persons, located offstage, modern variants replace the source object with a digital screen, which
displays imagery generated with 3D computer graphics to provide the necessary depth cues. The reflection, which
seems to float mid-air, is still flat, however, thus less realistic than if an actual 3D object was being reflected.
Examples of this digital version of Pepper's ghost illusion include the Gorillaz performances in the 2005 MTV
Europe Music Awards and the 48th Grammy Awards; and Tupac Shakur's virtual performance at Coachella Valley
Music and Arts Festival in 2012, rapping alongside Snoop Dogg during the latter's set with Dr. Dre.[64]

During the 2008 American presidential election, CNN debuted its tomograms to "beam in" correspondents including
musician will.i.am as "holograms".
An even simpler illusion can be created by rear-projecting realistic images into semi-transparent screens. The rear
projection is necessary because otherwise the semi-transparency of the screen would allow the background to be
illuminated by the projection, which would break the illusion.
Crypton Future Media, a music software company that produced Hatsune Miku,[65] one of many Vocaloid singing 
synthesizer applications, has produced concerts that have Miku, along with other Crypton Vocaloids, performing on
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stage as "holographic" characters. These concerts use rear projection onto a semi-transparent DILAD screen[66][67] to
achieve its "holographic" effect.[68][69][70]

In 2011, in Beijing, apparel company Burberry produced the "Burberry Prorsum Autumn/Winter 2011 Hologram
Runway Show", which included life size 2-D projections of models. The company's own video[71] shows several
centered and off-center shots of the main 2-dimensional projection screen, the latter revealing the flatness of the
virtual models. The claim that holography was used was reported as fact in the trade media.[72]

Holography in fiction
Holograms are often used as plot devices in science fiction. However, very often, sci-fi movies and TV shows
incorrectly present different 3D-projection technologies as "holography" (see the above section).
• The Carpathian Castle (1893 novel by Jules Verne), the plot revolves around prima donna La Stilla, represented

at the times of the events as a projected image.
• The Jetsons (1962-3 television series), holograms used as entertainment devices, replacing the television in many

episodes
• Star Trek: The Animated Series (1974 television series) episode "The Practical Joker", the holodeck is introduced
• Star Wars (1977 film), use of the hologram in the movies and video games of the series to display people

remotely communicating with each another. It is also present in several other of the films of the series, including
the Phantom Menace, Attack of the Clones, and Revenge of the Sith to communicate across the galaxy.

• Hello America (1981 book by J.G. Ballard), holographic technology is used by president Charles Manson to
scare nomad peoples along the United States of America, showing images of American pop culture icons such as
Gary Cooper, Mickey Mouse, or the Enterprise space ship.

• Jem and the Holograms (1985 television series), Jerrica Benton, the lead singer of a band uses hologram
projections to help create her alter-ego persona, Jem; micro-projectors in her earrings allow her to project a
hologram over herself and produce hologram objects and images in her surroundings

• Star Trek: The Next Generation (1987-1994 television series), uses the holodeck extensively; beginning with this
series, various episodes and films throughout the Star Trek series feature holographic characters and ships

• Red Dwarf (1988 television series), after a catastrophic radiation leak inside the Jupiter Mining Corporation
spaceship Red Dwarf, crew member Second Technician Arnold Rimmer is resurrected as a hologram. Because he
is a "soft-light” hologram, he cannot touch anything and objects just pass right through him. However, much later
- in series VI - the Red Dwarf crew meet 'Legion', a being with advanced technology, who upgrades Rimmer's
light bee – the small object that projects his hologram by hovering around inside him – changing his projection to
what is called in the show "hard-light" giving him a hologramatic equivalent of a physical body.

• Back to the Future Part II (1989 film), a giant projection hologram is used as an advertisement for the (fictional)
2015 film Jaws 19

• Total Recall (1990 film), the main character uses a device, similar to a wrist watch, to produce a hologram of
himself and deceive his foes

• Star Trek: Voyager (1995–2001 television series), introduced the Emergency Medical Hologram (EMH) doctor
• Yu-Gi-Oh! (1996–present manga, film, television series, video games), use of holographic technology used in

order to make a game called Duel Monsters appear to be more life like; Duel Monsters is a game where players
using a wrist mounted Duel Disk summon monsters and cast spells and traps in order to bring a players life points
to 0 or diminish all the cards in a players deck; used throughout the entire series.

• Stargate: SG-1 (1997–2007 television series), various characters appear as holograms in various episodes: The 
Asgard masquerade themselves holographically as Norse gods to the primitive peoples under their protection, 
Morgan le Fay in "The Pegasus Project" and Myrddin as a Merlin in "Avalon" and "Camelot" as a holographic 
sentry; Heliopolis "Book"; the puddle jumper starship has a holographic HUD. After the Goa'uld leader Anubis 
probed the mind of Asgard leader Thor, he was able to acquire their hologram technology and he used it
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frequently.
• Half-Life (1998 video game), the scientific research company Black Mesa is known to use holograms as recorded

messages in their facility
• Lost in Space (1998 film), June Lockhart (Maureen Robinson) appeared as Will's school principal "Cartwright" in

a hologram
• Power Rangers Time Force (2001 television series), their chrono morphers use holographic communication
• Halo (2001 video game) uses "holotanks" to display the avatar of an artificial intelligence construct called

Cortana; in Halo: Reach, an armor ability called the hologram allows the user to create an identical decoy
• Vanilla Sky (2001 film), a holographic projection of jazz musician John Coltrane appears in the main character's

apartment during his birthday party
• The First $20 Million Is Always the Hardest (2002 film), computer geeks develop a $99 computer using a

holographic projector as both the display and user interface
• Treasure Planet (2002 film), Jim as a little boy reads from a 3D hologram book the story about Captain Flint and

Treasure Planet; later, Jim as a teenager finds a sphere map and uses it to look at the galaxy map to Treasure
Planet

• Pinocchio 3000 (2004 film), Mayor Scamboli owns a 3D hologram map on his table; Cabby and Roto change
channels on it; later, at Scamboland, Mayor Scamboli welcomes kids as a giant 3D hologram version for
Scamboland carnival opening

• Stargate: Atlantis (2004–2009 television series), the Atlantis city-starship features a hologram room that allows
access to the Ancient database in the form of holograms; an Ancient Control Chair contains holographic
projectors; in the episode "Rising", Melia (a member of the Atlantean High Council during the first siege of
Atlantis some ten millennia ago) is first seen as a hologram describing the history of the Ancients in the Pegasus
Galaxy; Aurora-class battleship can project holograms remotely for communication purposes

• The Island (2005 film), a holographic projector surrounded the military compound where clones were kept to give
the illusion of a tropical environment; holographic displays are present on various terminals, including the MSN
information terminal in Los Angeles

• Meet the Robinsons (2007 film), Bowler Hat Michael Goob Yagoobian has a discussion with the Bowler Hat
Robot about getting revenge and Bowler Hat robot shows him a 3D hologram image of a flying car-plane time
machine

• Mass Effect series (2007-12 video game series), computer GUIs are explained in the codex to consist of a
projected holographic display, combined with the use of force feedback gloves that allow the user to experience
simulated tactile sensations when manipulating them; the game's "omni-tools" are holographic user-interfaces that
act as a cell-phone-like device, serving as a port between computers, tablets, and other devices, giving the user
many capabilities, including the ability to transfer information via wireless technology to others with an omni-tool

• Dead Space (2008 video game), to replace the player's HUD, a holographic display shows up in front of the
player's character

• Iron Man (2008 film) and Iron Man 2 (2010 film), holographic displays appear in Iron Man's suit
• Avatar (2009 film), holographic displays are used extensively on terminals and HUDs
• G.I. Joe: The Rise of Cobra (2009 film), Hawk, Destro, Baroness, and Storm Shadow appear as holographic

projections
• Enthiran (2010 film), Chitti the robot can be telecommunicated with using a "virtual calling" where each caller

can be seen as a holographic projection in front of the robot during the call
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Mathematics

Euclid, Greek mathematician, 3rd century BC, as
imagined by Raphael in this detail from The

School of Athens.[1]

Mathematics (from Greek μάθημα máthēma, "knowledge, study,
learning") is the abstract study of topics encompassing quantity,[2]

structure,[3] space,[2] change,[4][5] and other properties;[6] it has no
generally accepted definition.[7][8]

Mathematicians seek out patterns[9][10] and formulate new conjectures.
Mathematicians resolve the truth or falsity of conjectures by
mathematical proof. The research required to solve mathematical
problems can take years or even centuries of sustained inquiry. Since
the pioneering work of Giuseppe Peano (1858–1932), David Hilbert
(1862–1943), and others on axiomatic systems in the late 19th century,
it has become customary to view mathematical research as establishing
truth by rigorous deduction from appropriately chosen axioms and
definitions. When those mathematical structures are good models of
real phenomena, then mathematical reasoning can provide insight or predictions about nature.

Through the use of abstraction and logical reasoning, mathematics developed from counting, calculation,
measurement, and the systematic study of the shapes and motions of physical objects. Practical mathematics has
been a human activity for as far back as written records exist. Rigorous arguments first appeared in Greek
mathematics, most notably in Euclid's Elements. Mathematics developed at a relatively slow pace until the
Renaissance, when mathematical innovations interacting with new scientific discoveries led to a rapid increase in the
rate of mathematical discovery that has continued to the present day.[11]

Galileo Galilei (1564–1642) said, "The universe cannot be read until we have learned the language and become
familiar with the characters in which it is written. It is written in mathematical language, and the letters are triangles,
circles and other geometrical figures, without which means it is humanly impossible to comprehend a single word.
Without these, one is wandering about in a dark labyrinth."[12] Carl Friedrich Gauss (1777–1855) referred to
mathematics as "the Queen of the Sciences."[13] Benjamin Peirce (1809–1880) called mathematics "the science that
draws necessary conclusions."[14] David Hilbert said of mathematics: "We are not speaking here of arbitrariness in
any sense. Mathematics is not like a game whose tasks are determined by arbitrarily stipulated rules. Rather, it is a
conceptual system possessing internal necessity that can only be so and by no means otherwise."[15] Albert Einstein
(1879–1955) stated that "as far as the laws of mathematics refer to reality, they are not certain; and as far as they are
certain, they do not refer to reality."[16] French mathematician Claire Voisin states “There is creative drive in
mathematics, it's all about movement trying to express itself." [17]

Mathematics is used throughout the world as an essential tool in many fields, including natural science, engineering,
medicine, and the social sciences. Applied mathematics, the branch of mathematics concerned with application of
mathematical knowledge to other fields, inspires and makes use of new mathematical discoveries, which has led to
the development of entirely new mathematical disciplines, such as statistics and game theory. Mathematicians also
engage in pure mathematics, or mathematics for its own sake, without having any application in mind. There is no
clear line separating pure and applied mathematics, and practical applications for what began as pure mathematics
are often discovered.[18]
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Etymology
The word mathematics comes from the Greek μάθημα (máthēma), which, in the ancient Greek language, means
"what one learns", "what one gets to know", hence also "study" and "science", and in modern Greek just "lesson".
The word máthēma is derived from μανθάνω (manthano), while the modern Greek equivalent is μαθαίνω
(mathaino), both of which mean "to learn". In Greece, the word for "mathematics" came to have the narrower and
more technical meaning "mathematical study", even in Classical times.[19] Its adjective is μαθηματικός
(mathēmatikós), meaning "related to learning" or "studious", which likewise further came to mean "mathematical".
In particular, μαθηματικὴ τέχνη (mathēmatikḗ tékhnē), Latin: ars mathematica, meant "the mathematical art".
In Latin, and in English until around 1700, the term mathematics more commonly meant "astrology" (or sometimes
"astronomy") rather than "mathematics"; the meaning gradually changed to its present one from about 1500 to 1800.
This has resulted in several mistranslations: a particularly notorious one is Saint Augustine's warning that Christians
should beware of mathematici meaning astrologers, which is sometimes mistranslated as a condemnation of
mathematicians.
The apparent plural form in English, like the French plural form les mathématiques (and the less commonly used
singular derivative la mathématique), goes back to the Latin neuter plural mathematica (Cicero), based on the Greek
plural τα μαθηματικά (ta mathēmatiká), used by Aristotle (384–322 BC), and meaning roughly "all things
mathematical"; although it is plausible that English borrowed only the adjective mathematic(al) and formed the noun
mathematics anew, after the pattern of physics and metaphysics, which were inherited from the Greek.[20] In English,
the noun mathematics takes singular verb forms. It is often shortened to maths or, in English-speaking North
America, math.[21]

Definitions of mathematics
Aristotle defined mathematics as "the science of quantity", and this definition prevailed until the 18th century.[22]

Starting in the 19th century, when the study of mathematics increased in rigor and began to address abstract topics
such as group theory and projective geometry, which have no clear-cut relation to quantity and measurement,
mathematicians and philosophers began to propose a variety of new definitions.[23] Some of these definitions
emphasize the deductive character of much of mathematics, some emphasize its abstractness, some emphasize
certain topics within mathematics. Today, no consensus on the definition of mathematics prevails, even among
professionals.[7] There is not even consensus on whether mathematics is an art or a science.[8] A great many
professional mathematicians take no interest in a definition of mathematics, or consider it undefinable.[7] Some just
say, "Mathematics is what mathematicians do."[7]

Three leading types of definition of mathematics are called logicist, intuitionist, and formalist, each reflecting a
different philosophical school of thought.[24] All have severe problems, none has widespread acceptance, and no
reconciliation seems possible.[24]

An early definition of mathematics in terms of logic was Benjamin Peirce's "the science that draws necessary
conclusions" (1870).[25] In the Principia Mathematica, Bertrand Russell and Alfred North Whitehead advanced the
philosophical program known as logicism, and attempted to prove that all mathematical concepts, statements, and
principles can be defined and proven entirely in terms of symbolic logic. A logicist definition of mathematics is
Russell's "All Mathematics is Symbolic Logic" (1903).[26]

Intuitionist definitions, developing from the philosophy of mathematician L.E.J. Brouwer, identify mathematics with
certain mental phenomena. An example of an intuitionist definition is "Mathematics is the mental activity which
consists in carrying out constructs one after the other."[24] A peculiarity of intuitionism is that it rejects some
mathematical ideas considered valid according to other definitions. In particular, while other philosophies of
mathematics allow objects that can be proven to exist even though they cannot be constructed, intuitionism allows
only mathematical objects that one can actually construct.
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Formalist definitions identify mathematics with its symbols and the rules for operating on them. Haskell Curry
defined mathematics simply as "the science of formal systems".[27] A formal system is a set of symbols, or tokens,
and some rules telling how the tokens may be combined into formulas. In formal systems, the word axiom has a
special meaning, different from the ordinary meaning of "a self-evident truth". In formal systems, an axiom is a
combination of tokens that is included in a given formal system without needing to be derived using the rules of the
system.

History

Greek mathematician Pythagoras
(c. 570 – c. 495 BC), commonly

credited with discovering the
Pythagorean theorem.

The evolution of mathematics might be seen as an ever-increasing series of
abstractions, or alternatively an expansion of subject matter. The first abstraction,
which is shared by many animals,[28] was probably that of numbers: the
realization that a collection of two apples and a collection of two oranges (for
example) have something in common, namely quantity of their members.

In addition to recognizing how to count physical objects, prehistoric peoples also
recognized how to count abstract quantities, like time – days, seasons, years.[29]

Elementary arithmetic (addition, subtraction, multiplication and division)
naturally followed.

Since numeracy pre-dated writing, further steps were needed for recording
numbers such as tallies or the knotted strings called quipu used by the Inca to
store numerical data. Numeral systems have been many and diverse, with the
first known written numerals created by Egyptians in Middle Kingdom texts such
as the Rhind Mathematical Papyrus.

Mayan numerals

The earliest uses of mathematics were in trading, land measurement,
painting and weaving patterns and the recording of time. More
complex mathematics did not appear until around 3000 BC, when the
Babylonians and Egyptians began using arithmetic, algebra and
geometry for taxation and other financial calculations, for building and
construction, and for astronomy.[30] The systematic study of
mathematics in its own right began with the Ancient Greeks between
600 and 300 BC.[31]

Mathematics has since been greatly extended, and there has been a
fruitful interaction between mathematics and science, to the benefit of
both. Mathematical discoveries continue to be made today. According
to Mikhail B. Sevryuk, in the January 2006 issue of the Bulletin of the
American Mathematical Society, "The number of papers and books
included in the Mathematical Reviews database since 1940 (the first
year of operation of MR) is now more than 1.9 million, and more than
75 thousand items are added to the database each year. The overwhelming majority of works in this ocean contain
new mathematical theorems and their proofs."[32]
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Inspiration, pure and applied mathematics, and aesthetics

Sir Isaac Newton (1643–1727), an
inventor of infinitesimal calculus.

Mathematics arises from many different kinds of problems. At first these were
found in commerce, land measurement, architecture and later astronomy; today,
all sciences suggest problems studied by mathematicians, and many problems
arise within mathematics itself. For example, the physicist Richard Feynman
invented the path integral formulation of quantum mechanics using a
combination of mathematical reasoning and physical insight, and today's string
theory, a still-developing scientific theory which attempts to unify the four
fundamental forces of nature, continues to inspire new mathematics.[33] Some
mathematics is only relevant in the area that inspired it, and is applied to solve
further problems in that area. But often mathematics inspired by one area proves
useful in many areas, and joins the general stock of mathematical concepts. A
distinction is often made between pure mathematics and applied mathematics.
However pure mathematics topics often turn out to have applications, e.g.
number theory in cryptography. This remarkable fact that even the "purest"
mathematics often turns out to have practical applications is what Eugene

Wigner has called "the unreasonable effectiveness of mathematics".[34] As in most areas of study, the explosion of
knowledge in the scientific age has led to specialization: there are now hundreds of specialized areas in mathematics
and the latest Mathematics Subject Classification runs to 46 pages.[35] Several areas of applied mathematics have
merged with related traditions outside of mathematics and become disciplines in their own right, including statistics,
operations research, and computer science.

For those who are mathematically inclined, there is often a definite aesthetic aspect to much of mathematics. Many
mathematicians talk about the elegance of mathematics, its intrinsic aesthetics and inner beauty. Simplicity and
generality are valued. There is beauty in a simple and elegant proof, such as Euclid's proof that there are infinitely
many prime numbers, and in an elegant numerical method that speeds calculation, such as the fast Fourier transform.
G.H. Hardy in A Mathematician's Apology expressed the belief that these aesthetic considerations are, in themselves,
sufficient to justify the study of pure mathematics. He identified criteria such as significance, unexpectedness,
inevitability, and economy as factors that contribute to a mathematical aesthetic.[36] Mathematicians often strive to
find proofs that are particularly elegant, proofs from "The Book" of God according to Paul Erdős.[37][38] The
popularity of recreational mathematics is another sign of the pleasure many find in solving mathematical questions.
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Notation, language, and rigor

Leonhard Euler, who created and
popularized much of the

mathematical notation used today

Most of the mathematical notation in use today was not invented until the 16th
century.[39] Before that, mathematics was written out in words, a painstaking
process that limited mathematical discovery.[40] Euler (1707–1783) was
responsible for many of the notations in use today. Modern notation makes
mathematics much easier for the professional, but beginners often find it
daunting. It is extremely compressed: a few symbols contain a great deal of
information. Like musical notation, modern mathematical notation has a strict
syntax (which to a limited extent varies from author to author and from discipline
to discipline) and encodes information that would be difficult to write in any
other way.

Mathematical language can be difficult to understand for beginners. Words such
as or and only have more precise meanings than in everyday speech. Moreover,
words such as open and field have been given specialized mathematical
meanings. Technical terms such as homeomorphism and integrable have precise
meanings in mathematics. Additionally, shorthand phrases such as iff for "if and only if" belong to mathematical
jargon. There is a reason for special notation and technical vocabulary: mathematics requires more precision than
everyday speech. Mathematicians refer to this precision of language and logic as "rigor".

Mathematical proof is fundamentally a matter of rigor. Mathematicians want their theorems to follow from axioms
by means of systematic reasoning. This is to avoid mistaken "theorems", based on fallible intuitions, of which many
instances have occurred in the history of the subject.[41] The level of rigor expected in mathematics has varied over
time: the Greeks expected detailed arguments, but at the time of Isaac Newton the methods employed were less
rigorous. Problems inherent in the definitions used by Newton would lead to a resurgence of careful analysis and
formal proof in the 19th century. Misunderstanding the rigor is a cause for some of the common misconceptions of
mathematics. Today, mathematicians continue to argue among themselves about computer-assisted proofs. Since
large computations are hard to verify, such proofs may not be sufficiently rigorous.[42]

Axioms in traditional thought were "self-evident truths", but that conception is problematic. At a formal level, an
axiom is just a string of symbols, which has an intrinsic meaning only in the context of all derivable formulas of an
axiomatic system. It was the goal of Hilbert's program to put all of mathematics on a firm axiomatic basis, but
according to Gödel's incompleteness theorem every (sufficiently powerful) axiomatic system has undecidable
formulas; and so a final axiomatization of mathematics is impossible. Nonetheless mathematics is often imagined to
be (as far as its formal content) nothing but set theory in some axiomatization, in the sense that every mathematical
statement or proof could be cast into formulas within set theory.[43]

Fields of mathematics

An abacus, a simple calculating tool used since
ancient times.

Mathematics can, broadly speaking, be subdivided into the study of
quantity, structure, space, and change (i.e. arithmetic, algebra,
geometry, and analysis). In addition to these main concerns, there are
also subdivisions dedicated to exploring links from the heart of
mathematics to other fields: to logic, to set theory (foundations), to the
empirical mathematics of the various sciences (applied mathematics),
and more recently to the rigorous study of uncertainty.
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Foundations and philosophy
In order to clarify the foundations of mathematics, the fields of mathematical logic and set theory were developed.
Mathematical logic includes the mathematical study of logic and the applications of formal logic to other areas of
mathematics; set theory is the branch of mathematics that studies sets or collections of objects. Category theory,
which deals in an abstract way with mathematical structures and relationships between them, is still in development.
The phrase "crisis of foundations" describes the search for a rigorous foundation for mathematics that took place
from approximately 1900 to 1930.[44] Some disagreement about the foundations of mathematics continues to the
present day. The crisis of foundations was stimulated by a number of controversies at the time, including the
controversy over Cantor's set theory and the Brouwer–Hilbert controversy.
Mathematical logic is concerned with setting mathematics within a rigorous axiomatic framework, and studying the
implications of such a framework. As such, it is home to Gödel's incompleteness theorems which (informally) imply
that any effective formal system that contains basic arithmetic, if sound (meaning that all theorems that can be
proven are true), is necessarily incomplete (meaning that there are true theorems which cannot be proved in that
system). Whatever finite collection of number-theoretical axioms is taken as a foundation, Gödel showed how to
construct a formal statement that is a true number-theoretical fact, but which does not follow from those axioms.
Therefore no formal system is a complete axiomatization of full number theory. Modern logic is divided into
recursion theory, model theory, and proof theory, and is closely linked to theoretical computer science, as well as to
category theory.
Theoretical computer science includes computability theory, computational complexity theory, and information
theory. Computability theory examines the limitations of various theoretical models of the computer, including the
most well-known model – the Turing machine. Complexity theory is the study of tractability by computer; some
problems, although theoretically solvable by computer, are so expensive in terms of time or space that solving them
is likely to remain practically unfeasible, even with the rapid advancement of computer hardware. A famous problem
is the "P = NP?" problem, one of the Millennium Prize Problems.[45] Finally, information theory is concerned with
the amount of data that can be stored on a given medium, and hence deals with concepts such as compression and
entropy.

Mathematical logic Set theory Category theory Theory of computation

Pure mathematics

Quantity

The study of quantity starts with numbers, first the familiar natural numbers and integers ("whole numbers") and
arithmetical operations on them, which are characterized in arithmetic. The deeper properties of integers are studied
in number theory, from which come such popular results as Fermat's Last Theorem. The twin prime conjecture and
Goldbach's conjecture are two unsolved problems in number theory.
As the number system is further developed, the integers are recognized as a subset of the rational numbers
("fractions"). These, in turn, are contained within the real numbers, which are used to represent continuous
quantities. Real numbers are generalized to complex numbers. These are the first steps of a hierarchy of numbers that
goes on to include quarternions and octonions. Consideration of the natural numbers also leads to the transfinite
numbers, which formalize the concept of "infinity". Another area of study is size, which leads to the cardinal
numbers and then to another conception of infinity: the aleph numbers, which allow meaningful comparison of the
size of infinitely large sets.
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Natural numbers Integers Rational numbers Real numbers Complex numbers

Structure

Many mathematical objects, such as sets of numbers and functions, exhibit internal structure as a consequence of
operations or relations that are defined on the set. Mathematics then studies properties of those sets that can be
expressed in terms of that structure; for instance number theory studies properties of the set of integers that can be
expressed in terms of arithmetic operations. Moreover, it frequently happens that different such structured sets (or
structures) exhibit similar properties, which makes it possible, by a further step of abstraction, to state axioms for a
class of structures, and then study at once the whole class of structures satisfying these axioms. Thus one can study
groups, rings, fields and other abstract systems; together such studies (for structures defined by algebraic operations)
constitute the domain of abstract algebra. By its great generality, abstract algebra can often be applied to seemingly
unrelated problems; for instance a number of ancient problems concerning compass and straightedge constructions
were finally solved using Galois theory, which involves field theory and group theory. Another example of an
algebraic theory is linear algebra, which is the general study of vector spaces, whose elements called vectors have
both quantity and direction, and can be used to model (relations between) points in space. This is one example of the
phenomenon that the originally unrelated areas of geometry and algebra have very strong interactions in modern
mathematics. Combinatorics studies ways of enumerating the number of objects that fit a given structure.

Combinatorics Number theory Group theory Graph theory Order theory Algebra

Space

The study of space originates with geometry – in particular, Euclidean geometry. Trigonometry is the branch of
mathematics that deals with relationships between the sides and the angles of triangles and with the trigonometric
functions; it combines space and numbers, and encompasses the well-known Pythagorean theorem. The modern
study of space generalizes these ideas to include higher-dimensional geometry, non-Euclidean geometries (which
play a central role in general relativity) and topology. Quantity and space both play a role in analytic geometry,
differential geometry, and algebraic geometry. Convex and discrete geometry were developed to solve problems in
number theory and functional analysis but now are pursued with an eye on applications in optimization and computer
science. Within differential geometry are the concepts of fiber bundles and calculus on manifolds, in particular,
vector and tensor calculus. Within algebraic geometry is the description of geometric objects as solution sets of
polynomial equations, combining the concepts of quantity and space, and also the study of topological groups, which
combine structure and space. Lie groups are used to study space, structure, and change. Topology in all its many
ramifications may have been the greatest growth area in 20th century mathematics; it includes point-set topology,
set-theoretic topology, algebraic topology and differential topology. In particular, instances of modern day topology
are metrizability theory, axiomatic set theory, homotopy theory, and Morse theory. Topology also includes the now
solved Poincaré conjecture, and the still unsolved areas of the Hodge conjecture. Other results in geometry and
topology, including the four color theorem and Kepler conjecture, have been proved only with the help of computers.
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Geometry Trigonometry Differential geometry Topology Fractal geometry Measure theory

Change

Understanding and describing change is a common theme in the natural sciences, and calculus was developed as a
powerful tool to investigate it. Functions arise here, as a central concept describing a changing quantity. The rigorous
study of real numbers and functions of a real variable is known as real analysis, with complex analysis the equivalent
field for the complex numbers. Functional analysis focuses attention on (typically infinite-dimensional) spaces of
functions. One of many applications of functional analysis is quantum mechanics. Many problems lead naturally to
relationships between a quantity and its rate of change, and these are studied as differential equations. Many
phenomena in nature can be described by dynamical systems; chaos theory makes precise the ways in which many of
these systems exhibit unpredictable yet still deterministic behavior.

Calculus Vector calculus Differential equations Dynamical systems Chaos theory Complex analysis

Applied mathematics
Applied mathematics concerns itself with mathematical methods that are typically used in science, engineering,
business, and industry. Thus, "applied mathematics" is a mathematical science with specialized knowledge. The term
applied mathematics also describes the professional specialty in which mathematicians work on practical problems;
as a profession focused on practical problems, applied mathematics focuses on the "formulation, study, and use of
mathematical models" in science, engineering, and other areas of mathematical practice.
In the past, practical applications have motivated the development of mathematical theories, which then became the
subject of study in pure mathematics, where mathematics is developed primarily for its own sake. Thus, the activity
of applied mathematics is vitally connected with research in pure mathematics.

Statistics and other decision sciences

Applied mathematics has significant overlap with the discipline of statistics, whose theory is formulated
mathematically, especially with probability theory. Statisticians (working as part of a research project) "create data
that makes sense" with random sampling and with randomized experiments;[46] the design of a statistical sample or
experiment specifies the analysis of the data (before the data be available). When reconsidering data from
experiments and samples or when analyzing data from observational studies, statisticians "make sense of the data"
using the art of modelling and the theory of inference – with model selection and estimation; the estimated models
and consequential predictions should be tested on new data.[47]

Statistical theory studies decision problems such as minimizing the risk (expected loss) of a statistical action, such as 
using a procedure in, for example, parameter estimation, hypothesis testing, and selecting the best. In these 
traditional areas of mathematical statistics, a statistical-decision problem is formulated by minimizing an objective 
function, like expected loss or cost, under specific constraints: For example, designing a survey often involves 
minimizing the cost of estimating a population mean with a given level of confidence.[48] Because of its use of 
optimization, the mathematical theory of statistics shares concerns with other decision sciences, such as operations
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research, control theory, and mathematical economics.[49]

Computational mathematics

Computational mathematics proposes and studies methods for solving mathematical problems that are typically too
large for human numerical capacity. Numerical analysis studies methods for problems in analysis using functional
analysis and approximation theory; numerical analysis includes the study of approximation and discretization
broadly with special concern for rounding errors. Numerical analysis and, more broadly, scientific computing also
study non-analytic topics of mathematical science, especially algorithmic matrix and graph theory. Other areas of
computational mathematics include computer algebra and symbolic computation.

Mathematical physics Fluid dynamics Numerical analysis Optimization Probability theory Statistics Cryptography

Mathematical finance Game theory Mathematical biology Mathematical chemistry Mathematical economics Control theory

Mathematics as profession
Arguably the most prestigious award in mathematics is the Fields Medal,[50][51] established in 1936 and now
awarded every four years. The Fields Medal is often considered a mathematical equivalent to the Nobel Prize.
The Wolf Prize in Mathematics, instituted in 1978, recognizes lifetime achievement, and another major international
award, the Abel Prize, was introduced in 2003. The Chern Medal was introduced in 2010 to recognize lifetime
achievement. These accolades are awarded in recognition of a particular body of work, which may be innovational,
or provide a solution to an outstanding problem in an established field.
A famous list of 23 open problems, called "Hilbert's problems", was compiled in 1900 by German mathematician
David Hilbert. This list achieved great celebrity among mathematicians, and at least nine of the problems have now
been solved. A new list of seven important problems, titled the "Millennium Prize Problems", was published in 2000.
A solution to each of these problems carries a $1 million reward, and only one (the Riemann hypothesis) is
duplicated in Hilbert's problems.
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Mathematics as science

Carl Friedrich Gauss, known as the
"prince of mathematicians".[52]

Gauss referred to mathematics as "the Queen of the Sciences".[13] In the original
Latin Regina Scientiarum, as well as in German Königin der Wissenschaften, the
word corresponding to science means a "field of knowledge", and this was the
original meaning of "science" in English, also. Of course, mathematics is in this
sense a field of knowledge. The specialization restricting the meaning of
"science" to natural science follows the rise of Baconian science, which
contrasted "natural science" to scholasticism, the Aristotelean method of
inquiring from first principles. Of course, the role of empirical experimentation
and observation is negligible in mathematics, compared to natural sciences such
as psychology, biology, or physics. Albert Einstein stated that "as far as the laws
of mathematics refer to reality, they are not certain; and as far as they are certain,
they do not refer to reality."[16] More recently, Marcus du Sautoy has called
mathematics "the Queen of Science ... the main driving force behind scientific
discovery".[53]

Many philosophers believe that mathematics is not experimentally falsifiable, and thus not a science according to the
definition of Karl Popper.[54] However, in the 1930s Gödel's incompleteness theorems convinced many
mathematicians that mathematics cannot be reduced to logic alone, and Karl Popper concluded that "most
mathematical theories are, like those of physics and biology, hypothetico-deductive: pure mathematics therefore
turns out to be much closer to the natural sciences whose hypotheses are conjectures, than it seemed even
recently."[55] Other thinkers, notably Imre Lakatos, have applied a version of falsificationism to mathematics itself.

An alternative view is that certain scientific fields (such as theoretical physics) are mathematics with axioms that are
intended to correspond to reality. In fact, the theoretical physicist, J.M. Ziman, proposed that science is public
knowledge and thus includes mathematics.[56] In any case, mathematics shares much in common with many fields in
the physical sciences, notably the exploration of the logical consequences of assumptions. Intuition and
experimentation also play a role in the formulation of conjectures in both mathematics and the (other) sciences.
Experimental mathematics continues to grow in importance within mathematics, and computation and simulation are
playing an increasing role in both the sciences and mathematics, weakening the objection that mathematics does not
use the scientific method.
The opinions of mathematicians on this matter are varied. Many mathematicians feel that to call their area a science
is to downplay the importance of its aesthetic side, and its history in the traditional seven liberal arts; others feel that
to ignore its connection to the sciences is to turn a blind eye to the fact that the interface between mathematics and its
applications in science and engineering has driven much development in mathematics. One way this difference of
viewpoint plays out is in the philosophical debate as to whether mathematics is created (as in art) or discovered (as
in science). It is common to see universities divided into sections that include a division of Science and Mathematics,
indicating that the fields are seen as being allied but that they do not coincide. In practice, mathematicians are
typically grouped with scientists at the gross level but separated at finer levels. This is one of many issues considered
in the philosophy of mathematics.
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Language

A mural in Teotihuacan, Mexico (ca. 200 AD) depicting a person emitting a speech scroll from his mouth, symbolizing speech.

Cuneiform is the first known form of written language, but spoken language predates writing by at least tens of thousands of years.

Two girls learning American Sign Language.

Braille writing represents language in a tactile form.

Language is the human capacity for acquiring and using complex systems of communication, and a language is any 
specific example of such a system. The scientific study of language is called linguistics. Any estimate of the precise 
number of languages in the world depends on a partly arbitrary distinction between languages and dialects. However, 
estimates vary between 6,000 and 7,000 languages in number. Natural languages are spoken or signed, but any 
language can be encoded into secondary media using auditory, visual, or tactile stimuli, for example, in graphic 
writing, braille, or whistling. This is because human language is modality-independent. When used as a general 
concept, "language" may refer to the cognitive ability to learn and use systems of complex communication, or to 
describe the set of rules that makes up these systems, or the set of utterances that can be produced from those rules. 
All languages rely on the process of semiosis to relate signs with particular meanings. Oral and sign languages
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contain a phonological system that governs how symbols are used to form sequences known as words or morphemes,
and a syntactic system that governs how words and morphemes are combined to form phrases and utterances.
Human language is unique because it has the properties of productivity, recursivity, and displacement, and because it
relies entirely on social convention and learning. Its complex structure therefore affords a much wider range of
possible expressions and uses than any known system of animal communication. Language is thought to have
originated when early hominins started gradually changing their primate communication systems, acquiring the
ability to form a theory of other minds and a shared intentionality.
This development is sometimes thought to have coincided with an increase in brain volume, and many linguists see
the structures of language as having evolved to serve specific communicative and social functions. Language is
processed in many different locations in the human brain, but especially in Broca’s and Wernicke’s areas. Humans
acquire language through social interaction in early childhood, and children generally speak fluently when they are
approximately three years old. The use of language is deeply entrenched in human culture. Therefore, in addition to
its strictly communicative uses, language also has many social and cultural uses, such as signifying group identity,
social stratification, as well as for social grooming and entertainment.
Languages evolve and diversify over time, and the history of their evolution can be reconstructed by comparing
modern languages to determine which traits their ancestral languages must have had in order for the later stages to
have occurred. A group of languages that descend from a common ancestor is known as a language family. The
languages that are most spoken in the world today belong to the Indo-European family, which includes languages
such as English, Spanish, Portuguese, Russian, and Hindi; the Sino-Tibetan languages, which include Mandarin
Chinese, Cantonese, and many others; Semitic languages, which include Arabic, Amharic, and Hebrew; and the
Bantu languages, which include Swahili, Zulu, Shona, and hundreds of other languages spoken throughout Africa.
The general consensus is that between 50 and 90% of languages spoken today will probably have become extinct by
the year 2100.[1][2]

Definitions
The English word "language" derives ultimately from Indo-European dn̥ǵʰwéh₂s "tongue, speech, language" through
Latin lingua, "language, tongue," and Old French langage "language."[3] The word is sometimes used to refer to
codes, ciphers, and other kinds of artificially constructed communication systems such as those used for computer
programming. A language in this sense is a system of signs for encoding and decoding information. This article
specifically concerns the properties of natural human language as it is studied in the discipline of linguistics.
As an object of linguistic study, "language" has two primary meanings: an abstract concept, and a specific linguistic
system, e.g. "French." The Swiss linguist Ferdinand de Saussure, who defined the modern discipline of linguistics,
first explicitly formulated the distinction using the French word langage for language as a concept, langue as a
specific instance of a language system, and parole for the concrete usage of speech in a particular language.[4]

When speaking of language as a general concept, definitions can be used which stress different aspects of the
phenomenon.[5] These definitions also entail different approaches and understandings of language, and they inform
different and often incompatible schools of linguistic theory.[6]

Mental faculty, organ or instinct
One definition sees language primarily as the mental faculty that allows humans to undertake linguistic behaviour: to 
learn languages and to produce and understand utterances. This definition stresses the universality of language to all 
humans and it emphasizes the biological basis for the human capacity for language as a unique development of the 
human brain. Proponents of the view that the drive to language acquisition is innate in humans often argue that this is 
supported by the fact that all cognitively normal children raised in an environment where language is accessible will 
acquire language without formal instruction. Languages may even spontaneously develop in environments where
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people live or grow up together without a common language, for example, creole languages and spontaneously
developed sign languages such as Nicaraguan Sign Language. This view, which can be traced back to Kant and
Descartes, often understands language to be largely innate, for example, in Chomsky's theory of Universal Grammar,
or American philosopher Jerry Fodor’s extreme innatist theory. These kinds of definitions are often applied by
studies of language within a cognitive science framework and in neurolinguistics.[7][8]

Formal symbolic system
Another definition sees language as a formal system of signs governed by grammatical rules of combination to
communicate meaning. This definition stresses that human languages can be described as closed structural systems
consisting of rules that relate particular signs to particular meanings.[9] This structuralist view of language was first
introduced by Ferdinand de Saussure,[10] and his structuralism remains foundational for most approaches to language
today.[11]

Some proponents of this view of language have advocated a formal approach which studies language structure by
identifying its basic elements and then by formulating a formal account of the rules according to which the elements
combine in order to form words and sentences. The main proponent of such a theory is Noam Chomsky, the
originator of the generative theory of grammar, who has defined language as a particular set of sentences that can be
generated from a particular set of rules.[12] Chomsky considers these rules to be an innate feature of the human mind
and to constitute the essence of what language is.[13] Formal definitions of language are commonly used in formal
logic, in formal theories of grammar, and in applied computational linguistics.[14][15]

Tool for communication

Two men and a woman having a conversation in American Sign
Language.

Yet another definition sees language as a system of
communication that enables humans to cooperate. This
definition stresses the social functions of language and
the fact that humans use it to express themselves and to
manipulate objects in their environment. Functional
theories of grammar explain grammatical structures by
their communicative functions, and understand the
grammatical structures of language to be the result of
an adaptive process by which grammar was "tailored"
to serve the communicative needs of its users.[16][17]

This view of language is associated with the study of
language in pragmatic, cognitive, and interactive
frameworks, as well as in socio-linguistics and
linguistic anthropology. Functionalist theories tend to
study grammar as dynamic phenomena, as structures that are always in the process of changing as they are employed
by their speakers. This view places importance on the study of linguistic typology, or the classification of languages
according to structural features, as it can be shown that processes of grammaticalization tend to follow trajectories
that are partly dependent on typology. In the philosophy of language, these views are often associated with
Wittgenstein’s later works and with ordinary language philosophers such as Paul Grice, John Searle and J. L.
Austin.[15]
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What makes human language unique
Human language is unique in comparison to other forms of communication, such as those used by non-human
animals. Communication systems used by other animals such as bees or non-human apes are closed systems that
consist of a closed number of possible things that can be expressed.[18]

In contrast, human language is open-ended and productive, meaning that it allows humans to produce an infinite set
of utterances from a finite set of elements and to create new words and sentences. This is possible because human
language is based on a dual code, where a finite number of meaningless elements (e.g. sounds, letters or gestures)
can be combined to form units of meaning (words and sentences).[19] Furthermore, the symbols and grammatical
rules of any particular language are largely arbitrary, meaning that the system can only be acquired through social
interaction.[20] The known systems of communication used by animals, on the other hand, can only express a finite
number of utterances that are mostly genetically transmitted.[21]

Several species of animals have proven able to acquire forms of communication through social learning, such as the
Bonobo Kanzi, which learned to express itself using a set of symbolic lexigrams. Similarly, many species of birds
and whales learn their songs by imitating other members of their species. However, while some animals may acquire
large numbers of words and symbols,[22] none have been able to learn as many different signs as is generally known
by an average 4 year old human, nor have any acquired anything resembling the complex grammar of human
language.[23]

Human languages also differ from animal communication systems in that they employ grammatical and semantic
categories, such as noun and verb, present and past, to express exceedingly complex meanings.[23] Human language
is also unique in having the property of recursivity: the way in which, for example, a noun phrase is able to contain
another noun phrase (as in "[[the chimpanzee]'s lips]") or a clause is able to contain a clause (as in "[I see [the dog is
running]]").[24] Human language is also the only known natural communication system that is modality independent,
meaning that it can be used not only for communication through one channel or medium, but through several - for
example, spoken language uses the auditive modality, whereas sign languages and writing use the visual modality,
and braille writing uses the tactile modality.[25]

With regard to the meaning that it may convey and the cognitive operations that it builds on, human language is also
unique in being able to refer to abstract concepts and to imagined or hypothetical events as well as events that took
place in the past or may happen in the future. This ability to refer to events that are not at the same time or place as
the speech event is called displacement, and while some animal communication systems can use displacement (such
as the communication of bees that can communicate the location of sources of nectar that are out of sight), the degree
to which it is used in human language is also considered unique.[19]

Origin

75-80,000 year old artefacts from Blombos cave, South Africa, including a piece of ochre engraved with diagonal cross-hatch patterns, perhaps the
oldest known example of symbols.
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"The Tower of Babel" by Pieter Bruegel the Elder. Oil on board, 1563.
Humans have speculated about the origins of language throughout history. The Biblical myth of the Tower of Babel is one such account; other

cultures have different stories of how language arose.[26]

Theories about the origin of language can be divided according to their basic assumptions. Some theories are based
on the idea that language is so complex that one cannot imagine it simply appearing from nothing in its final form,
but that it must have evolved from earlier pre-linguistic systems among our pre-human ancestors. These theories can
be called continuity-based theories. The opposite viewpoint is that language is such a unique human trait that it
cannot be compared to anything found among non-humans and that it must therefore have appeared suddenly in the
transition from pre-hominids to early man. These theories can be defined as discontinuity-based. Similarly, theories
based on Chomsky's Generative view of language see language mostly as an innate faculty that is largely genetically
encoded, whereas functionalist theories see it as a system that is largely cultural, learned through social
interaction.[27]

Currently, the only prominent proponent of a discontinuity-based theory of human language origins is linguist and
philosopher Noam Chomsky. Chomsky proposes that "some random mutation took place, maybe after some strange
cosmic ray shower, and it reorganized the brain, implanting a language organ in an otherwise primate brain."[28]

While cautioning against taking this story too literally, Chomsky insists that "it may be closer to reality than many
other fairy tales that are told about evolutionary processes, including language."[28]

Continuity-based theories are currently held by a majority of scholars, but they vary in how they envision this
development. Those who see language as being mostly innate, for example, psychologist Steven Pinker, hold the
precedents to be animal cognition,[8] whereas those who see language as a socially learned tool of communication,
such as psychologist Michael Tomasello, see it as having developed from animal communication, either primate
gestural or vocal communication to assist in cooperation.[21] Other continuity-based models see language as having
developed from music, a view already espoused by Rousseau, Herder, Humboldt, and Charles Darwin. A prominent
proponent of this view today is archaeologist Steven Mithen.[29]

Because the emergence of language is located in the early prehistory of man, the relevant developments have left no
direct historical traces, and no comparable processes can be observed today. Theories that stress continuity often
look at animals to see if, for example, primates display any traits that can be seen as analogous to what pre-human
language must have been like. Alternatively, early human fossils can be inspected to look for traces of physical
adaptation to language use or for traces of pre-linguistic forms of symbolic behaviour.[30]

It is mostly undisputed that pre-human australopithecines did not have communication systems significantly different
from those found in great apes in general, but scholarly opinions vary as to the developments since the appearance of
the genus Homo some 2.5 million years ago. Some scholars assume the development of primitive language-like
systems (proto-language) as early as Homo habilis (2.3 million years ago), while others place the development of
primitive symbolic communication only with Homo erectus (1.8 million years ago) or Homo heidelbergensis (0.6
million years ago), and the development of language proper with Anatomically Modern Homo sapiens with the
Upper Paleolithic revolution less than 100,000 years ago.[31][32]
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The study of language

William Jones discovered the family relation between Latin and Sanskrit, laying the ground for the discipline of Historical linguistics.

Ferdinand de Saussure developed the structuralist approach to studying language.

Noam Chomsky is one of the most important linguistic theorists of the 20th century.

The study of language, linguistics, has been developing into a science since the first grammatical descriptions of
particular languages in India more than 2000 years ago. Today, linguistics is a science that concerns itself with all
aspects of language, examining it from all of the theoretical viewpoints described above.[33]

Sub-disciplines
The academic study of language is conducted within many different disciplinary areas and from different theoretical 
angles, all of which inform modern approaches to linguistics. For example, descriptive linguistics examines the 
grammar of single languages, theoretical linguistics develops theories on how best to conceptualize and define the 
nature of language based on data from the various extant human languages, sociolinguistics studies how languages 
are used for social purposes informing in turn the study of the social functions of language and grammatical 
description, neurolinguistics studies how language is processed in the human brain and allows the experimental 
testing of theories, computational linguistics builds on theoretical and descriptive linguistics to construct 
computational models of language often aimed at processing natural language or at testing linguistic hypotheses, and 
historical linguistics relies on grammatical and lexical descriptions of languages to trace their individual histories and
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reconstruct trees of language families by using the comparative method.[34]

Early history
The formal study of language is often considered to have started in India with Pāṇini, the 5th century BC
grammarian who formulated 3,959 rules of Sanskrit morphology. However, Sumerian scribes already studied the
differences between Sumerian and Akkadian grammar around 1900 BC. Subsequent grammatical traditions
developed in all of the ancient cultures that adopted writing.[35]

In the 17th century AD, the French Port-Royal Grammarians developed the idea that the grammars of all languages
were a reflection of the universal basics of thought, and therefore that grammar was universal. In the 18th century,
the first use of the comparative method by British philologist and expert on ancient India William Jones sparked the
rise of comparative linguistics.[36] The scientific study of language was broadened from Indo-European to language
in general by Wilhelm von Humboldt. Early in the 20th century, Ferdinand de Saussure introduced the idea of
language as a static system of interconnected units, defined through the oppositions between them.[10]

By introducing a distinction between diachronic and synchronic analyses of language, he laid the foundation of the
modern discipline of linguistics. Saussure also introduced several basic dimensions of linguistic analysis that are still
fundamental in many contemporary linguistic theories, such as the distinctions between syntagm and paradigm, and
the Langue-parole distinction, distinguishing language as an abstract system (langue), from language as a concrete
manifestation of this system (parole).[37]

Contemporary linguistics
In the 1960s, Noam Chomsky formulated the generative theory of language. According to this theory, the most basic
form of language is a set of syntactic rules that is universal for all humans and which underlies the grammars of all
human languages. This set of rules is called Universal Grammar; for Chomsky, describing it is the primary objective
of the discipline of linguistics. Thus, he considered that the grammars of individual languages are only of importance
to linguistics insofar as they allow us to deduce the universal underlying rules from which the observable linguistic
variability is generated.[38]

In opposition to the formal theories of the generative school, functional theories of language propose that since
language is fundamentally a tool, its structures are best analyzed and understood by reference to their functions.
Formal theories of grammar seek to define the different elements of language and describe the way they relate to
each other as systems of formal rules or operations, while functional theories seek to define the functions performed
by language and then relate them to the linguistic elements that carry them out.[15][39] The framework of cognitive
linguistics interprets language in terms of the concepts (which are sometimes universal, and sometimes specific to a
particular language) which underlie its forms.[40] Cognitive linguistics is primarily concerned with how the mind
creates meaning through language.

Physiological and neural architecture of language and speech
Speaking is the default modality for language in all cultures. The production of spoken language depends on
sophisticated capacities for controlling the lips, tongue and other components of the vocal apparatus, the ability to
acoustically decode speech sounds, and the neurological apparatus required for acquiring and producing
language.[41] The study of the genetic bases for human language is still on a fairly basic level, and the only gene that
has been positively implied in language production is FOXP2, which may cause a kind of congenital language
disorder if affected by mutations.[42]

http://en.wikipedia.org/w/index.php?title=Comparative_method
http://en.wikipedia.org/w/index.php?title=India
http://en.wikipedia.org/w/index.php?title=P%C4%81%E1%B9%87ini
http://en.wikipedia.org/w/index.php?title=Sanskrit_language
http://en.wikipedia.org/w/index.php?title=Morphology_%28linguistics%29
http://en.wikipedia.org/w/index.php?title=Sumer
http://en.wikipedia.org/w/index.php?title=Sumerian_language
http://en.wikipedia.org/w/index.php?title=Akkadian_language
http://en.wikipedia.org/w/index.php?title=Port-Royal_Grammar
http://en.wikipedia.org/w/index.php?title=Comparative_method
http://en.wikipedia.org/w/index.php?title=Philologist
http://en.wikipedia.org/w/index.php?title=William_Jones_%28philologist%29
http://en.wikipedia.org/w/index.php?title=Comparative_linguistics
http://en.wikipedia.org/w/index.php?title=Wilhelm_von_Humboldt
http://en.wikipedia.org/w/index.php?title=Ferdinand_de_Saussure
http://en.wikipedia.org/w/index.php?title=Diachronic_linguistics
http://en.wikipedia.org/w/index.php?title=Synchronic_linguistics
http://en.wikipedia.org/w/index.php?title=Syntagmatic_analysis
http://en.wikipedia.org/w/index.php?title=Paradigmatic_analysis
http://en.wikipedia.org/w/index.php?title=Langue_and_parole
http://en.wikipedia.org/w/index.php?title=Noam_Chomsky
http://en.wikipedia.org/w/index.php?title=Generative_linguistics
http://en.wikipedia.org/w/index.php?title=Universal_Grammar
http://en.wikipedia.org/w/index.php?title=Functional_theories_of_grammar
http://en.wikipedia.org/w/index.php?title=Formal_grammar
http://en.wikipedia.org/w/index.php?title=Cognitive_linguistics
http://en.wikipedia.org/w/index.php?title=Cognitive_linguistics
http://en.wikipedia.org/w/index.php?title=FOXP2
http://en.wikipedia.org/w/index.php?title=Developmental_dyspraxia
http://en.wikipedia.org/w/index.php?title=Developmental_dyspraxia
http://en.wikipedia.org/w/index.php?title=Mutation


Language 378

The brain and language

Language Areas of the brain. The Angular Gyrus
is represented in orange, Supramarginal Gyrus is
represented in yellow, Broca's area is represented
in blue, Wernicke's area is represented in green,

and the Primary Auditory Cortex is represented in
pink.

The brain is the coordinating center of all linguistic activity; it controls
both the production of linguistic cognition and of meaning and the
mechanics of speech production. Nonetheless, our knowledge of the
neurological bases for language is quite limited, though it has advanced
considerably with the use of modern imaging techniques. The
discipline of linguistics dedicated to studying the neurological aspects
of language is called neurolinguistics.[43]

Early work in neurolinguistics involved the study of language in
people with brain lesions, to see how lesions in specific areas affect
language and speech. In this way, neuroscientists in the 19th century
discovered that two areas in the brain are crucially implicated in
language processing. The first area is Wernicke's area, which is located
in the posterior section of the superior temporal gyrus in the dominant
cerebral hemisphere. People with a lesion in this area of the brain
develop receptive aphasia, a condition in which there is a major impairment of language comprehension, while
speech retains a natural-sounding rhythm and a relatively normal sentence structure. The second area is Broca's area,
located in the posterior inferior frontal gyrus of the dominant hemisphere. People with a lesion to this area develop
expressive aphasia, meaning that they know "what they want to say, they just cannot get it out."[44] They are
typically able to understand what is being said to them, but unable to speak fluently. Other symptoms that may be
present in Broca's aphasia include problems with fluency, articulation, word-finding, word repetition, and producing
and comprehending complex grammatical sentences, both orally and in writing. Those with this aphasia also exhibit
ungrammatical speech and show inability to use syntactic information to determine the meaning of sentences. Both
Broca's and Wenicke's aphasia also affect the use of sign language, in analogous ways to how they affect speech,
with Broca's aphasia causing signers to sign slowly and with incorrect grammar, whereas a signer with Wernicke's
aphasia will sign fluently, but make little sense to others and have difficulties comprehending others' signs. This
shows that the impairment is specific to the ability to use language, not to the physiology used for speech
production.[45][46]

With technological advances in the late 20th century, neurolinguists have also adopted non-invasive techniques such
as functional magnetic resonance imaging (fMRI) and electrophysiology to study language processing in individuals
without impairments.[43]

Anatomy of speech

The human vocal tract.
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Spectrogram of American English vowels [i, u, ɑ] showing the formants f1 and f2

Real time MRI scan of a person speaking in Mandarin Chinese.

Spoken language relies on human physical ability to produce sound, which is a longitudinal wave propagated
through the air at a frequency capable of vibrating the ear drum. This ability depends on the physiology of the human
speech organs. These organs consist of the lungs, the voice box (larynx), and the upper vocal tract - the throat, the
mouth, and the nose. By controlling the different parts of the speech apparatus, the airstream can be manipulated to
produce different speech sounds.[47]

The sound of speech can be analyzed into a combination of segmental and suprasegmental elements. The segmental
elements are those that follow each other in sequences, which are usually represented by distinct letters in alphabetic
scripts, such as the Roman script. In free flowing speech, there are no clear boundaries between one segment and the
next, nor usually are there any audible pauses between words. Segments therefore are distinguished by their distinct
sounds which are a result of their different articulations, and they can be either vowels or consonants.
Suprasegmental phenomena encompass such elements as stress, phonation type, voice timbre, and prosody or
intonation, all of which may have effects across multiple segments.[48]

Consonants and vowel segments combine to form syllables, which in turn combine to form utterances; these can be
distinguished phonetically as the space between two inhalations. Acoustically, these different segments are
characterized by different formant structures, that are visible in a spectrogram of the recorded sound wave (See
illustration of Spectrogram of the formant structures of three English vowels). Formants are the amplitude peaks in
the frequency spectrum of a specific sound.[48][49]

Vowels are those sounds that have no audible friction caused by the narrowing or obstruction of some part of the
upper vocal tract. They vary in quality according to the degree of lip aperture and the placement of the tongue within
the oral cavity.[48] Vowels are called close when the lips are relatively closed, as in the pronunciation of the vowel [i]
(English "ee"), or open when the lips are relatively open, as in the vowel [a] (English "ah"). If the tongue is located
towards the back of the mouth, the quality changes, creating vowels such as [u] (English "oo"). The quality also
changes depending on whether the lips are rounded as opposed to unrounded, creating distinctions such as that
between [i] (unrounded front vowel such as English "ee") and [y] (rounded front vowel such as German "ü").[50]

Consonants are those sounds that have audible friction or closure at some point within the upper vocal tract. 
Consonant sounds vary by place of articulation, i.e. the place in the vocal tract where the airflow is obstructed, 
commonly at the lips, teeth, alveolar ridge, palate, velum, uvula, or glottis. Each place of articulation produces a 
different set of consonant sounds, which are further distinguished by manner of articulation, or the kind of friction,
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whether full closure, in which case the consonant is called occlusive or stop, or different degrees of aperture creating
fricatives and approximants. Consonants can also be either voiced or unvoiced, depending on whether the vocal
cords are set in vibration by airflow during the production of the sound. Voicing is what separates English [s] in bus
(unvoiced sibilant) from [z] in buzz (voiced sibilant).[51]

Some speech sounds, both vowels and consonants, involve release of air flow through the nasal cavity, and these are
called nasals or nasalized sounds. Other sounds are defined by the way the tongue moves within the mouth: such as
the l-sounds (called laterals, because the air flows along both sides of the tongue), and the r-sounds (called rhotics)
that are characterized by how the tongue is positioned relative to the air stream.[49]

By using these speech organs, humans can produce hundreds of distinct sounds: some appear very often in the
world's languages, whereas others are much more common in certain language families, language areas, or even
specific to a single language.[52]

Structure
When described as a system of symbolic communication, language is traditionally seen as consisting of three parts:
signs, meanings, and a code connecting signs with their meanings. The study of the process of semiosis, how signs
and meanings are combined, used, and interpreted is called semiotics. Signs can be composed of sounds, gestures,
letters, or symbols, depending on whether the language is spoken, signed, or written, and they can be combined into
complex signs, such as words and phrases. When used in communication, a sign is encoded and transmitted by a
sender through a channel to a receiver who decodes it.[53]

Ancient Tamil inscription at Thanjavur

Some of the properties that define human language as opposed to other
communication systems are the arbitrariness of the linguistic sign,
meaning that there is no predictable connection between a linguistic
sign and its meaning, the duality of the linguistic system, meaning that
linguistic structures are built by combining elements into larger
structures that can be seen as layered, e.g. how sounds build words and
words build phrases, the discreteness of the elements of language,
meaning that the elements out of which linguistic signs are constructed
are discrete units, e.g. sounds and words, that can be distinguished
from each other and rearranged in different patterns, and the
productivity of the linguistic system, meaning that the finite number of
linguistic elements can be combined into a theoretically infinite number of combinations.[53]

The rules by which signs can be combined to form words and phrases are called syntax or grammar. The meaning
that is connected to individual signs, morphemes, words, phrases, and texts is called semantics.[54] The division of
language into separate but connected systems of sign and meaning goes back to the first linguistic studies of de
Saussure and is now used in almost all branches of linguistics.[55]

Semantics
Languages express meaning by relating a sign form to a meaning, or its content. Sign forms must be something that
can be perceived, for example, in sounds, images, or gestures, and then related to a specific meaning by social
convention. Because the basic relation of meaning for most linguistic signs is based on social convention, linguistic
signs can be considered arbitrary, in the sense that the convention is established socially and historically, rather than
by means of a natural relation between a specific sign form and its meaning.
Thus, languages must have a vocabulary of signs related to specific meaning. The English sign "dog" denotes, for 
example, a member of the species Canis familiaris. In a language, the array of arbitrary signs connected to specific 
meanings is called the lexicon, and a single sign connected to a meaning is called a lexeme. Not all meanings in a
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language are represented by single words. Often, semantic concepts are embedded in the morphology or syntax of
the language in the form of grammatical categories.[56]

All languages contain the semantic structure of predication: a structure that predicates a property, state, or action.
Traditionally, semantics has been understood to be the study of how speakers and interpreters assign truth values to
statements, so that meaning is understood to be the process by which a predicate can be said to be true or false about
an entity, e.g. "[x [is y]]" or "[x [does y]]." Recently, this model of semantics has been complemented with more
dynamic models of meaning that incorporate shared knowledge about the context in which a sign is interpreted into
the production of meaning. Such models of meaning are explored in the field of pragmatics.[56]

Sounds and symbols

A spectrogram showing the sound of the spoken English word "man", which is written phonetically as [mæn]. Note that in flowing speech, there is
no clear division between segments, only a smooth transition as the vocal apparatus moves.

The letter "wi" in the Hangul script.

The sign for "wi" in Korean Sign Language

Depending on modality, language structure can be based on systems of sounds (speech), gestures (sign languages),
or graphic or tactile symbols (writing). The ways in which languages use sounds or signs to construct meaning are
studied in phonology.[57] The study of how humans produce and perceive vocal sounds is called phonetics.[58] In
spoken language, meaning is produced when sounds become part of a system in which some sounds can contribute
to expressing meaning and others do not. In any given language, only a limited number of the many distinct sounds
that can be created by the human vocal apparatus contribute to constructing meaning.[59]

Sounds as part of a linguistic system are called phonemes.[60] Phonemes are abstract units of sound, defined as the 
smallest units in a language that can serve to distinguish between the meaning of a pair of minimally different words, 
a so-called minimal pair. In English, for example, the words /bat/ [bat] and /pat/ [pʰat] form a minimal pair, in which 
the distinction between /b/ and /p/ differentiates the two words, which have different meanings. However, each 
language contrasts sounds in different ways. For example, in a language that does not distinguish between voiced
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and unvoiced consonants, the sounds [p] and [b] would be considered a single phoneme, and consequently, the two
pronunciations would have the same meaning. Similarly, the English language does not distinguish phonemically
between aspirated and non-aspirated pronunciations of consonants, as many other languages do: the unaspirated /p/
in /spin/ [spin] and the aspirated /p/ in /pin/ [pʰin] are considered to be merely different ways of pronouncing the
same phoneme (such variants of a single phoneme are called allophones), whereas in Mandarin Chinese, the same
difference in pronunciation distinguishes between the words [pʰá] "crouch" and [pá] "eight" (the accent above the á
means that the vowel is pronounced with a high tone).[61]

All spoken languages have phonemes of at least two different categories, vowels and consonants, that can be
combined to form syllables.[48] As well as segments such as consonants and vowels, some languages also use sound
in other ways to convey meaning. Many languages, for example, use stress, pitch, duration, and tone to distinguish
meaning. Because these phenomena operate outside of the level of single segments, they are called
suprasegmental.[62] Some languages have only a few phonemes, for example, Rotokas and Pirahã language with 11
and 10 phonemes respectively, whereas languages like Taa may have as many as 141 phonemes.[61] In sign
languages, the equivalent to phonemes (formerly called cheremes) are defined by the basic elements of gestures,
such as hand shape, orientation, location, and motion, which correspond to manners of articulation in spoken
language.[63]

Writing systems represent language using visual symbols, which may or may not correspond to the sounds of spoken
language. The Latin alphabet (and those on which it is based or that have been derived from it) was originally based
on the representation of single sounds, so that words were constructed from letters that generally denote a single
consonant or vowel in the structure of the word. In syllabic scripts, such as the Inuktitut syllabary, each sign
represents a whole syllable. In logographic scripts, each sign represents an entire word,[64] and will generally bear no
relation to the sound of that word in spoken language.
Because all languages have a very large number of words, no purely logographic scripts are known to exist. Written
language represents the way spoken sounds and words follow one after another by arranging symbols according to a
pattern that follows a certain direction. The direction used in a writing system is entirely arbitrary and established by
convention. Some writing systems use the horizontal axis (left to right as the Latin script or right to left as the Arabic
script), while others such as traditional Chinese writing use the vertical dimension (from top to bottom). A few
writing systems use opposite directions for alternating lines, and others, such as the ancient Maya script, can be
written in either direction and rely on graphic cues to show the reader the direction of reading.[65]

In order to represent the sounds of the world's languages in writing, linguists have developed the International
Phonetic Alphabet, designed to represent all of the discrete sounds that are known to contribute to meaning in human
languages.[66]

Grammar
Grammar is the study of how meaningful elements called morphemes within a language can be combined into
utterances. Morphemes can either be free or bound. If they are free to be moved around within an utterance, they are
usually called words, and if they are bound to other words or morphemes, they are called affixes. The way in which
meaningful elements can be combined within a language is governed by rules. The rules for the internal structure of
words are called morphology. The rules of the internal structure of phrases and sentences are called syntax.[67]

Grammatical categories

Grammar can be described as a system of categories and a set of rules that determine how categories combine to 
form different aspects of meaning.[68] Languages differ widely in whether they are encoded through the use of 
categories or lexical units. However, several categories are so common as to be nearly universal. Such universal 
categories include the encoding of the grammatical relations of participants and predicates by grammatically 
distinguishing between their relations to a predicate, the encoding of temporal and spatial relations on predicates, and
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a system of grammatical person governing reference to and distinction between speakers and addressees and those
about whom they are speaking.[69]

Word classes

Languages organize their parts of speech into classes according to their functions and positions relative to other
parts. All languages, for instance, make a basic distinction between a group of words that prototypically denotes
things and concepts and a group of words that prototypically denotes actions and events. The first group, which
includes English words such as "dog" and "song," are usually called nouns. The second, which includes "run" and
"sing," are called verbs. Another common category is the adjective: words that describe properties or qualities of
nouns, such as "red" or "big." Word classes can be "open" if new words can continuously be added to the class, or
relatively "closed" if there is a fixed number of words in a class. In English, the class of pronouns is closed, whereas
the class of adjectives is open, since infinite numbers of adjectives can be constructed from verbs (e.g. "saddened")
or nouns (e.g. with the -like suffix "noun-like"). In other languages such as Korean, the situation is the opposite, and
new pronouns can be constructed, whereas the number of adjectives is fixed.[70]

The word classes also carry out differing functions in grammar. Prototypically, verbs are used to construct
predicates, while nouns are used as arguments of predicates. In a sentence such as "Sally runs," the predicate is
"runs," because it is the word that predicates a specific state about its argument "Sally." Some verbs such as "curse"
can take two arguments, e.g. "Sally cursed John." A predicate that can only take a single argument is called
intransitive, while a predicate that can take two arguments is called transitive.[71]

Many other word classes exist in different languages, such as conjunctions that serve to join two sentences, articles
that introduce a noun, interjections such as "agh!" or "wow!", or ideophones that mimic the sound of some event.
Some languages have positionals that describe the spatial position of an event or entity. Many languages have
classifiers that identify countable nouns as belonging to a particular type or having a particular shape. For instance,
in Japanese, the general noun classifier for humans is nin (人), and it is used for counting humans, whatever they are
called:

san-nin no gakusei (三 人 の 学 生) lit. "3 human-classifier of student" — three students
For trees, it would be:

san-bon no ki (三 本 の 木) lit. "3 classifier-for-long-objects of tree" — three trees

Morphology

In linguistics, the study of the internal structure of complex words and the processes by which words are formed is
called morphology. In most languages, it is possible to construct complex words that are built of several morphemes.
For instance, the English word "unexpected" can be analyzed as being composed of the three morphemes "un-",
"expect" and "-ed".[72]

Morphemes can be classified according to whether they are independent morphemes, so-called roots, or whether
they can only co-occur attached to other morphemes. These bound morphemes or affixes can be classified according
to their position in relation to the root: prefixes precede the root, suffixes follow the root, and infixes are inserted in
the middle of a root. Affixes serve to modify or elaborate the meaning of the root. Some languages change the
meaning of words by changing the phonological structure of a word, for example, the English word "run," which in
the past tense is "ran." This process is called ablaut. Furthermore, morphology distinguishes between the process of
inflection, which modifies or elaborates on a word, and the process of derivation, which creates a new word from an
existing one. In English, the verb "sing" has the inflectional forms "singing" and "sung," which are both verbs, and
the derivational form "singer," which is a noun derived from the verb with the agentive suffix "-er".[73][74]

Languages differ widely in how much they rely on morphological processes of word formation. In some languages, 
for example, Chinese, there are no morphological processes, and all grammatical information is encoded 
syntactically by forming strings of single words. This type of morpho-syntax is often called isolating, or analytic,
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because there is almost a full correspondence between a single word and a single aspect of meaning. Most languages
have words consisting of several morphemes, but they vary in the degree to which morphemes are discrete units. In
many languages, notably in most Indo-European languages, single morphemes may have several distinct meanings
that cannot be analyzed into smaller segments. For example, in Latin, the word bonus, or "good," consists of the root
bon-, meaning "good," and the suffix -us, which indicates masculine gender, singular number, and nominative case.
These languages are called fusional languages, because several meanings may be fused into a single morpheme. The
opposite type of fusional languages are agglutinative languages, which construct words by stringing morphemes
together in chains, but with each morpheme as a discrete semantic unit. An example of such a language is Turkish,
where for example, the word evlerinizden, or "from your houses," consists of the morphemes, ev-ler-iniz-den with
the meanings house-plural-your-from. The languages that rely on morphology to the greatest extent are traditionally
called polysynthetic languages. They may express the equivalent of an entire English sentence in a single word. For
example, in the Yupik word tuntussuqatarniksaitengqiggtuq, which means "He had not yet said again that he was
going to hunt reindeer," the word consists of the morphemes tuntu-ssur-qatar-ni-ksaite-ngqiggte-uq with the
meanings, "reindeer-hunt-future-say-negation-again-third.person.singular.indicative," and except for the morpheme
tuntu, or "reindeer," none of the other morphemes can appear in isolation.[75]

Many languages use morphology to cross-reference words within a sentence. This is sometimes called agreement.
For example, in many Indo-European languages, adjectives must cross-reference the noun they modify in terms of
number, case, and gender, so that the Latin adjective bonus, or "good," is inflected to agree with a noun that is
masculine gender and singular. In many polysynthetic languages, verbs cross-reference their subjects and objects. In
these types of languages, a single verb may include information that would require an entire sentence in English. For
example, in the Basque phrase ikusi nauzu, or "you saw me," the past tense auxiliary verb n-au-zu (similar to English
"do") agrees with both the subject (you) expressed by the n- prefix, and with the object (me) expressed by the -zu
suffix. The sentence could be directly transliterated as "see you-did-me"[76]

Syntax

In addition to word classes, a sentence can be analyzed in terms of grammatical functions:
"The cat" is the subject of the phrase, "on the mat" is a locative phrase, and "sat" is the

core of the predicate.

Another way in which languages
convey meaning is through the order of
words within a sentence. The
grammatical rules for how to produce
new sentences from words that are
already known is called syntax. The
syntactical rules of a language
determine why a sentence in English
such as "I love you" is meaningful, but
"*love you I" is not.[77] Syntactical
rules determine how word order and
sentence structure is constrained, and
how those constraints contribute to
meaning.[78] For example, in English,
the two sentences "the slaves were
cursing the master" and "the master
was cursing the slaves" mean different
things, because the role of the
grammatical subject is encoded by the
noun being in front of the verb, and the role of object is encoded by the noun appearing after the verb. Conversely, in
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Latin, both Dominus servos vituperabat and Servos vituperabat dominus mean "the master was reprimanding the
slaves," because servos, or "slaves," is in the accusative case, showing that they are the grammatical object of the
sentence, and dominus, or "master," is in the nominative case, showing that he is the subject.[79]

Latin uses morphology to express the distinction between subject and object, whereas English uses word order.
Another example of how syntactic rules contribute to meaning is the rule of inverse word order in questions, which
exists in many languages. This rule explains why when in English, the phrase "John is talking to Lucy" is turned into
a question, it becomes "Who is John talking to?", and not "John is talking to who?". The latter example may be used
as a way of placing special emphasis on "who," thereby slightly altering the meaning of the question. Syntax also
includes the rules for how complex sentences are structured by grouping words together in units, called phrases, that
can occupy different places in a larger syntactic structure. Sentences can be described as consisting of phrases
connected in a tree structure, connecting the phrases to each other at different levels.[80] To the right is a graphic
representation of the syntactic analysis of the English sentence "the cat sat on the mat". The sentence is analyzed as
being constituted by a noun phrase, a verb, and a prepositional phrase; the prepositional phrase is further divided into
a preposition and a noun phrase, and the noun phrases consist of an article and a noun.[81]

The reason sentences can be seen as being composed of phrases is because each phrase would be moved around as a
single element if syntactic operations were carried out. For example, "the cat" is one phrase, and "on the mat" is
another, because they would be treated as single units if a decision was made to emphasize the location by moving
forward the prepositional phrase: "[And] on the mat, the cat sat".[81] There are many different formalist and
functionalist frameworks that propose theories for describing syntactic structures, based on different assumptions
about what language is and how it should be described. Each of them would analyze a sentence such as this in a
different manner.[15]

Typology: universals and diversity
Languages can be classified in relation to their grammatical types. Languages that belong to different families
nonetheless often have features in common, and these shared features tend to correlate.[82] For example, languages
can be classified on the basis of their basic word order, the relative order of the verb, and its constituents in a normal
indicative sentence. In English, the basic order is SVO: "The snake(S) bit(V) the man(O)," whereas for example, the
corresponding sentence in the Australian language Gamilaraay would be d̪uyugu n̪ama d̪ayn yiːy (Snake Man Bit),
SOV.[83] Word order type is relevant as a typological parameter, because basic word order type corresponds with
other syntactic parameters, such as the relative order of nouns and adjectives, or of the use of prepositions or
postpositions. Such correlations are called implicational universals. For example, most (but not all) languages that
are of the SOV type have postpositions rather than prepositions, and have adjectives before nouns.[84]

Through the study of various types of word order, it has been discovered that not all languages group the relations
between actors and actions into Subject, Object and Verb, as English does. This type is called the
nominative-accusative type. Some languages called ergative, Gamilaraay among them, distinguish between Agents
and Patients. In English transitive clauses, both the subject of intransitive sentences ("I run") and transitive sentences
("I love you") are treated in the same way, shown here by the nominative pronoun I. In ergative languages, the single
participant in an intransitive sentence, such as "I run," is treated the same as the patient in a transitive sentence,
giving the equivalent of "me run" and "you love me." Only in transitive sentences would the equivalent of the
pronoun "I" be used.[83] In this way the semantic roles can map onto the grammatical relations in different ways,
grouping an intransitive subject either with Agents (accusative type) or Patients (ergative type) or even making each
of the three roles differently, which is called the tripartite type.[85]

The shared features of languages which belong to the same typological class type may have arisen completely
independently. Their co-occurrence might be due to the universal laws governing the structure of natural languages,
"language universals," or they might be the result of languages evolving convergent solutions to the recurring
communicative problems that humans use language to solve.[16]
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Social contexts of use and transmission
While all humans have the ability to learn any language, they only do so if they grow up in an environment in which
language exists and is used by others. Language is therefore dependent on communities of speakers in which
children learn language from their elders and peers and themselves transmit language to their own children.
Languages are used by those who speak them to communicate and to solve a plethora of social tasks. Many aspects
of language use can be seen to be adapted specifically to these purposes.[16] Due to the way in which language is
transmitted between generations and within communities, language perpetually changes, diversifying into new
languages or converging due to language contact. The process is similar to the process of evolution, where the
process of descent with modification leads to the formation of a phylogenetic tree.[86]

However, languages differ from a biological organisms in that they readily incorporate elements from other
languages through the process of diffusion, as speakers of different languages come into contact. Humans also
frequently speak more than one language, acquiring their first language or languages as children, or learning new
languages as they grow up. Because of the increased language contact in the globalizing world, many small
languages are becoming endangered as their speakers shift to other languages that afford the possibility to participate
in larger and more influential speech communities.[87]

Usage and meaning
The semantic study of meaning assumes that meaning is located in a relation between signs and meanings that are
firmly established through social convention. However, semantics does not study the way in which social
conventions are made and affect language. Rather, when studying the way in which words and signs are used, it is
often the case that words have different meanings, depending on the social context of use. An important example of
this is the process called deixis, which describes the way in which certain words refer to entities through their
relation between a specific point in time and space when the word is uttered. Such words are, for example, the word,
"I" (which designates the person speaking), "now" (which designates the moment of speaking), and "here" (which
designates the time of speaking). Signs also change their meanings over time, as the conventions governing their
usage gradually change. The study of how the meaning of linguistic expressions changes depending on context is
called pragmatics. Deixis is an important part of the way that we use language to point out entities in the world.[88]

Pragmatics is concerned with the ways in which language use is patterned and how these patterns contribute to
meaning. For example, in all languages, linguistic expressions can be used not just to transmit information, but to
perform actions. Certain actions are made only through language, but nonetheless have tangible effects, e.g. the act
of "naming," which creates a new name for some entity, or the act of "pronouncing someone man and wife," which
creates a social contract of marriage. These types of acts are called speech acts, although they can of course also be
carried out through writing or hand signing.[89]

The form of linguistic expression often does not correspond to the meaning that it actually has in a social context.
For example, if at a dinner table a person asks, "Can you reach the salt?", that is, in fact, not a question about the
length of the arms of the one being addressed, but a request to pass the salt across the table. This meaning is implied
by the context in which it is spoken; these kinds of effects of meaning are called conversational implicatures. These
social rules for which ways of using language are considered appropriate in certain situations and how utterances are
to be understood in relation to their context vary between communities, and learning them is a large part of acquiring
communicative competence in a language.[90]
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Language acquisition

All normal children acquire language if they are exposed to it in their
first years of life, even in cultures where adults rarely address infants

and toddlers directly.

All healthy, normally-developing human beings learn
to use language. Children acquire the language or
languages used around them: whichever languages they
receive sufficient exposure to during childhood. The
development is essentially the same for children
acquiring sign or oral languages.[91] This learning
process is referred to as first-language acquisition,
since unlike many other kinds of learning, it requires no
direct teaching or specialized study. In The Descent of
Man, naturalist Charles Darwin called this process "an
instinctive tendency to acquire an art."[8]

First language acquisition proceeds in a fairly regular
sequence, though there is a wide degree of variation in
the timing of particular stages among
normally-developing infants. From birth, newborns
respond more readily to human speech than to other
sounds. Around one month of age, babies appear to be able to distinguish between different speech sounds. Around
six months of age, a child will begin babbling, producing the speech sounds or handshapes of the languages used
around them. Words appear around the age of 12 to 18 months; the average vocabulary of an eighteen-month old
child is around 50 words. A child's first utterances are holophrases (literally "whole-sentences"), utterances that use
just one word to communicate some idea. Several months after a child begins producing words, she or he will
produce two-word utterances, and within a few more months will begin to produce telegraphic speech, or short
sentences that are less grammatically complex than adult speech, but that do show regular syntactic structure. From
roughly the age of three to five years, a child's ability to speak or sign is refined to the point that it resembles adult
language.[92]

Acquisition of second and additional languages can come at any age, through exposure in daily life or courses.
Children learning a second language are more likely to achieve native-like fluency than adults, but in general, it is
very rare for someone speaking a second language to pass completely for a native speaker. An important difference
between first language acquisition and additional language acquisition is that the process of additional language
acquisition is influenced by languages that the learner already knows.
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Language and culture

Arnold Lakhovsky, The Conversation (circa 1935)

Languages, understood as the particular set of speech
norms of a particular community, are also a part of the
larger culture of the community that speaks them.
Languages do not differ only in pronunciation,
vocabulary, or grammar, but also through having
different "cultures of speaking." Humans use language
as a way of signalling identity with one cultural group
and difference from others. Even among speakers of
one language, several different ways of using the
language exist, and each is used to signal affiliation
with particular subgroups within a larger culture.
Linguists and anthropologists, particularly
sociolinguists, ethnolinguists, and linguistic
anthropologists have specialized in studying how ways
of speaking vary between speech communities.[93]

Linguists use the term "varieties" to refer to the different ways of speaking a language. This term includes
geographically or socioculturally defined dialects as well as the jargons or styles of subcultures. Linguistic
anthropologists and sociologists of language define communicative style as the ways that language is used and
understood within a particular culture.[94]

Because norms for language use are shared by members of a specific group, communicative style also becomes a
way of displaying and constructing group identity. Linguistic differences may become salient markers of divisions
between social groups, for example, speaking a language with a particular accent may imply membership of an
ethnic minority or social class, one's area of origin, or status as a second language speaker. These kinds of
differences are not part of the linguistic system, but are an important part of how language users use language as a
social tool for constructing groups.[95]

However, many languages also have grammatical conventions that signal the social position of the speaker in
relation to others through the use of registers that are related to social hierarchies or divisions. In many languages,
there are stylistic or even grammatical differences between the ways men and women speak, between age groups, or
between social classes, just as some languages employ different words depending on who is listening. For example,
in the Australian language Dyirbal, a married man must use a special set of words to refer to everyday items when
speaking in the presence of his mother-in-law.[94] Some cultures, for example, have elaborate systems of "social
deixis," or systems of signalling social distance through linguistic means.[96] In English, social deixis is shown
mostly through distinguishing between addressing some people by first name and others by surname, and also in
titles such as "Mrs.", "boy," "Doctor," or "Your Honor," but in other languages, such systems may be highly complex
and codified in the entire grammar and vocabulary of the language. For instance, in several languages of east Asia,
such as Thai, Burmese, and Javanese, different words are used according to whether a speaker is addressing someone
of higher or lower rank than oneself in a ranking system with animals and children ranking the lowest and gods and
members of royalty as the highest.[96]
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Writing, literacy and technology

An inscription of Swampy Cree using Canadian Aboriginal syllabics, an abugida
developed by Christian missionaries for Indigenous Canadian languages

Throughout history a number of different
ways of representing language in graphic
media have been invented. These are called
writing systems.

The use of writing has made language even
more useful to humans. It makes it possible
to store large amounts of information
outside of the human body and retrieve it
again, and it allows communication across
distances that would otherwise be impossible. Many languages conventionally employ different genres, styles, and
register in written and spoken language, and in some communities, writing traditionally takes place in an entirely
different language than the one spoken. There is some evidence that the use of writing also has effects on the
cognitive development of humans, perhaps because acquiring literacy generally requires explicit and formal
education.[97]

The invention of the first writing systems is roughly contemporary with the beginning of the Bronze Age in the late
Neolithic period of the late 4th millennium BC. The Sumerian archaic cuneiform script and the Egyptian hieroglyphs
are generally considered to be the earliest writing systems, both emerging out of their ancestral proto-literate symbol
systems from 3400–3200 BC with the earliest coherent texts from about 2600 BC. It is generally agreed that
Sumerian writing was an independent invention; however, it is debated whether Egyptian writing was developed
completely independently of Sumerian, or was a case of cultural diffusion. A similar debate exists for the Chinese
script, which developed around 1200 BC. The pre-Columbian Mesoamerican writing systems (including among
others Olmec and Maya scripts) are generally believed to have had independent origins.[65]
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Language change

The first page of the Beowulf poem written in Old
English in the early medieval period (800 - 1100 AD).
Although old English language is the direct ancestor of

modern English language, change has rendered it
unintelligible to contemporary English speakers.

All languages change as speakers adopt or invent new ways of
speaking and pass them on to other members of their speech
community. Language change happens at all levels from the
phonological level to the levels of vocabulary, morphology,
syntax, and discourse. Even though language change is often
initially evaluated negatively by speakers of the language who
often consider changes to be "decay" or a sign of slipping norms of
language usage, it is natural and inevitable.[98][99]

Changes may affect specific sounds or the entire phonological
system. Sound change can consist of the replacement of one
speech sound or phonetic feature by another, the complete loss of
the affected sound, or even the introduction of a new sound in a
place where there previously was none. Sound changes can be
conditioned in which case a sound is changed only if it occurs in
the vicinity of certain other sounds. Sound change is usually
assumed to be regular, which means that it is expected to apply
mechanically whenever its structural conditions are met,
irrespective of any non-phonological factors. On the other hand,
sound changes can sometimes be sporadic, affecting only one
particular word or a few words, without any seeming regularity.
Sometimes a simple change triggers a chain shift in which the
entire phonological system is affected. This happened in the
Germanic languages when the sound change known as Grimm's
law affected all the stop consonants in the system. The original
consonant *bʰ became /b/ in the Germanic languages, the previous *b in turn became /p/, and the previous *p
became /f/. The same process applied to all stop consonants and explains why Italic languages such as Latin have p
in words like pater and pisces, whereas Germanic languages, like English, have father and fish.[100]

Another example is the Great Vowel Shift in English, which is the reason that the spelling of English vowels do not
correspond well to their current pronunciation. This is because the vowel shift brought the already established
orthography out of synchronization with pronunciation. Another source of sound change is the erosion of words as
pronunciation gradually becomes increasingly indistinct and shortens words, leaving out syllables or sounds. This
kind of change caused Latin mea domina to eventually become the French madame and American English
ma'am.[101]

Change also happens in the grammar of languages as discourse patterns such as idioms or particular constructions
become grammaticalized. This frequently happens when words or morphemes erode and the grammatical system is
unconsciously rearranged to compensate for the lost element. For example, in some varieties of Caribbean Spanish
the final /s/ has eroded away. Since Standard Spanish uses final /s/ in the morpheme marking the second person
subject "you" in verbs, the Caribbean varieties now have to express the second person using the pronoun tú. This
means that the sentence "what's your name" is ¿como te llamas? ['komo te 'jamas] in Standard Spanish, but ['komo
'tu te 'jama] in Caribbean Spanish. The simple sound change has affected both morphology and syntax.[102] Another
common cause of grammatical change is the gradual petrification of idioms into new grammatical forms, for
example, the way the English "going to" construction lost its aspect of movement and in some varieties of English
has almost become a full fledged future tense (e.g. I'm gonna).
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Language change may be motivated by "language internal" factors, such as changes in pronunciation motivated by
certain sounds being difficult to distinguish aurally or to produce, or because of certain patterns of change that cause
certain rare types of constructions to drift towards more common types.[103] Other causes of language change are
social, such as when certain pronunciations become emblematic of membership in certain groups, such as social
classes, or with ideologies, and therefore are adopted by those who wish to identify with those groups or ideas. In
this way, issues of identity and politics can have profound effects on language structure.[104]

Language contact
One important source of language change is contact between different languages and resulting diffusion of linguistic
traits between languages. Language contact occurs when speakers of two or more languages or varieties interact on a
regular basis.[105] Multilingualism is likely to have been the norm throughout human history, and today, most people
in the world are multilingual. Before the rise of the concept of the ethno-national state, monolingualism was
characteristic mainly of populations inhabiting small islands. But with the ideology that made one people, one state,
and one language the most desirable political arrangement, monolingualism started to spread throughout the world.
Nonetheless, there are only 250 countries in the world corresponding to some 6000 languages, which means that
most countries are multilingual and most languages therefore exist in close contact with other languages.[106]

When speakers of different languages interact closely, it is typical for their languages to influence each other.
Through sustained language contact over long periods, linguistic traits diffuse between languages, and languages
belonging to different families may converge to become more similar. In areas where many languages are in close
contact, this may lead to the formation of language areas in which unrelated languages share a number of linguistic
features. A number of such language areas have been documented, among them, the Balkan language area, the
Mesoamerican language area, and the Ethiopian language area. Also, larger areas such as South Asia, Europe, and
Southeast Asia have sometimes been considered language areas, because of widespread diffusion of specific areal
features.[107][108]

Language contact may also lead to a variety of other linguistic phenomena, including language convergence,
borrowing, and relexification (replacement of much of the native vocabulary with that of another language). In
situations of extreme and sustained language contact, it may lead to the formation of new mixed languages that
cannot be considered to belong to a single language family. One type of mixed language called pidgins occurs when
adult speakers of two different languages interact on a regular basis, but in a situation where neither group learns to
learn to speak the language of the other group fluently. In such a case, they will often construct a communication
form that has traits of both languages, but which has a simplified grammatical and phonological structure. The
language comes to contain mostly the grammatical and phonological categories that exist in both languages. Pidgin
languages are defined by not having any native speakers, but only being spoken by people who have another
language as their first language. But if a Pidgin language becomes the main language of a speech community, then
eventually children will grow up learning the pidgin as their first language. As the generation of child learners grow
up, the pidgin will often be seen to change its structure and acquire a greater degree of complexity. This type of
language is generally called a creole language. An example of such mixed languages is Tok Pisin, the official
language of Papua New-Guinea, which originally arose as a Pidgin based on English and Austronesian languages;
others are Kreyòl ayisyen, the French based creole language spoken in Haiti, and Michif, a mixed language of
Canada, based on the Native American language Cree and French.[109][110]
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Linguistic diversity

Language Native
speakers

(in mil.)
[111]

Mandarin 845

Spanish 329[112]

English 328

Arabic languages 221

Hindi 182

Bengali 181

Portuguese 178

Russian 144

Japanese 122

German 90,3

A "living language" is simply one which is in wide use as a primary form of communication by a specific group of
living people. The exact number of known living languages varies from 6,000 to 7,000, depending on the precision
of one's definition of "language," and in particular, on how one defines the distinction between languages and
dialects. As of 2009, SIL Ethnologue cataloged 6909 living human languages. The Ethnologue establishes linguistic
groups based on studies of mutual intelligibility, and therefore often include more categories than more conservative
classifications. For example, the Danish language that most scholars consider a single language with several dialects
is classified as two distinct languages (Danish and Jutish) by the Ethnologue.[111]

The Ethnologue is also sometimes criticized for using cumulative data gathered over many decades, meaning that
exact speaker numbers are frequently out of date, and some languages classified as living may have already become
extinct. According to the Ethnologue, 389 (or nearly 6%) languages have more than a million speakers. These
languages together account for 94% of the world’s population, whereas 94% of the world's languages account for the
remaining 6% of the global population. To the right is a table of the world's 10 most spoken languages with
population estimates from the Ethnologue (2009 figures).[111]

Languages and dialects
There is no clear distinction between a language and a dialect, notwithstanding a famous aphorism attributed to
linguist Max Weinreich that "a language is a dialect with an army and navy."[113] For example, national boundaries
frequently override linguistic difference in determining whether two linguistic varieties are languages or dialects.
Cantonese and Mandarin are, for example, often classified as "dialects" of Chinese, even though they are more
different from each other than Swedish is from Norwegian. Before the Yugoslav civil war, Serbo-Croatian was
considered a single language with two dialects, but now Croatian and Serbian are considered different languages and
employ different writing systems. In other words, the distinction may hinge on political considerations as much as on
cultural differences, distinctive writing systems, or degree of mutual intelligibility.[114]
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Language families of the World

Principal language families of the world (and in some cases geographic groups of
families). For greater detail, see Distribution of languages in the world.

The world's languages can be grouped
into language families consisting of
languages that can be shown to have
common ancestry. Linguists currently
recognize many hundreds of language
families, although some of them can
possibly be grouped into larger units as
more evidence becomes available and
in-depth studies are carried out. At
present, there are also dozens of
language isolates: languages that
cannot be shown to be related to any
other languages in the world. Among
them is Basque, spoken in Europe, Zuni of New Mexico, P'urhépecha of Mexico, Ainu of Japan, Burushaski of
Pakistan, and many others.

The language families of the world that have most speakers are the Indo-European languages, spoken by 46% of the
world's population. This family includes major world languages like English, Spanish, Russian, and Hindustani
(Hindi/Urdu). The Indo-European family achieved prevalence first during the Eurasian Migration Period (c. 400–800
AD), and subsequently through the European colonial expansion, which brought the Indo-European languages to a
politically and often numerically dominant position in the Americas and much of Africa. The Sino-Tibetan
languages are spoken by 21% of the world's population and include many of the languages of East Asia, including
Mandarin Chinese, Cantonese, and hundreds of smaller languages.

Africa is home to a large number of language families, the largest of which is the Niger-Congo language family,
which includes such languages as Swahili, Shona, and Yoruba. Speakers of the Niger-Congo languages account for
6.4% of the world's population. A similar number of people speak the Afroasiatic languages, which include the
populous Semitic languages such as Arabic, Hebrew language, and the languages of the Sahara region, such as the
Berber languages and Hausa.
The Austronesian languages are spoken by 5.9% of the world's population and stretch from Madagascar to maritime
Southeast Asia all the way to Oceania. It includes such languages as Malagasy, Māori, Samoan, and many of the
indigenous languages of Indonesia and Taiwan. The Austronesian languages are considered to have originated in
Taiwan around 3000 BC and spread through the Oceanic region through island-hopping, based on an advanced
nautical technology. Other populous language families are the Dravidian languages of South Asia (among them
Tamil and Telugu), the Turkic languages of Central Asia (such as Turkish), the Austroasiatic (Among them Khmer),
and Tai–Kadai languages of Southeast Asia (including Thai).[115]

The areas of the world in which there is the greatest linguistic diversity, such as the Americas, Papua New Guinea,
West Africa, and South-Asia, contain hundreds of small language families. These areas together account for the
majority of the world's languages, though not the majority of speakers. In the Americas, some of the largest language
families include the Quechumaran, Arawak, and Tupi-Guarani families of South America, the Uto-Aztecan,
Oto-Manguean, and Mayan of Mesoamerica, and the Na-Dene and Algonquian language families of North America.
In Australia, most indigenous languages belong to the Pama-Nyungan family, whereas Papua-New Guinea is home
to a large number of small families and isolates, as well as a number of Austronesian languages.[115]
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Language endangerment

Together, the eight countries in red contain more than 50% of the world's languages. The
areas in blue are the most linguistically diverse in the world, and the locations of most of

the world's endangered languages.

Language endangerment occurs when
a language is at risk of falling out of
use as its speakers die out or shift to
speaking another language. Language
loss occurs when the language has no
more native speakers, and becomes a
dead language. If eventually no one
speaks the language at all, it becomes
an extinct language. While languages
have always gone extinct throughout
human history, they are currently
disappearing at an accelerated rate due
to the processes of globalization and
neo-colonialism, where the economically powerful languages dominate other languages.[1]

The more commonly spoken languages dominate the less commonly spoken languages and therefore, the less
commonly spoken languages eventually disappear from populations. The total number of languages in the world is
not known. Estimates vary depending on many factors. The general consensus is that there are between 6,000[2] and
7,000 languages currently spoken, and that between 50-90% of those will have become extinct by the year 2100.[1]

The top 20 languages spoken by more than 50 million speakers each are spoken by 50% of the world's population,
whereas many of the other languages are spoken by small communities, most of them with less than 10,000
speakers.[1]

The United Nations Educational, Scientific and Cultural Organization (UNESCO) operates with five levels of
language endangerment: "safe," "vulnerable" (not spoken by children outside the home), "definitely endangered"
(not spoken by children), "severely endangered" (only spoken by the oldest generations), and "critically endangered"
(spoken by few members of the oldest generation, often semi-speakers). Notwithstanding claims that the world
would be better off if most adopted a single common lingua franca, such as English or Esperanto, there is a general
consensus that the loss of languages harms the cultural diversity of the world. It is a common belief, going back to
the biblical narrative of the tower of Babel, that linguistic diversity causes political conflict,[26] but this belief is
contradicted by the fact that many of the world's major episodes of violence have taken place in situations with low
linguistic diversity, such as the Yugoslav and American Civil Wars, or the genocides of Nazi Germany and Rwanda,
whereas many of the most stable political units have been highly multilingual.[116]

Many projects underway are aimed at preventing or slowing this loss by revitalizing endangered languages and
promoting education and literacy in minority languages. Across the world, many countries have enacted specific
legislation aimed at protecting and stabilizing the language of indigenous speech communities. A minority of
linguists have argued that language loss is a natural process that should not be counteracted, and that documenting
endangered languages for posterity is sufficient.[117]
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External links
• World Atlas of Language Structures: a large database of structural (phonological, grammatical, lexical) properties

of languages (http:/ / wals. info/ )

Collective unconscious

Illustration of the structure of Hell according to Dante Alighieri's Divine
Comedy. By Sandro Botticelli (1480 ou 1495). According to Carl Gustav
Jung, hell represents, among every culture, the disturbing aspect of the

collective unconscious.

Collective unconscious is a term of analytical
psychology, coined by Carl Jung. It is proposed to
be a part of the unconscious mind, expressed in
humanity and all life forms with nervous systems,
and describes how the structure of the psyche
autonomously organizes experience. Jung
distinguished the collective unconscious from the
personal unconscious, in that the personal
unconscious is a personal reservoir of experience
unique to each individual, while the collective
unconscious collects and organizes those personal
experiences in a similar way with each member of
a particular species.

Jung's definitions

For Jung, “My thesis then, is as follows: in addition to our immediate consciousness, which is of a thoroughly
personal nature and which we believe to be the only empirical psyche (even if we tack on the personal unconscious
as an appendix), there exists a second psychic system of a collective, universal, and impersonal nature which is
identical in all individuals. This collective unconscious does not develop individually but is inherited. It consists of
pre-existent forms, the archetypes, which can only become conscious secondarily and which give definite form to
certain psychic contents.”.[1]

Jung linked the collective unconscious to 'what Freud called "archaic remnants" - mental forms whose presence
cannot be explained by anything in the individual's own life and which seem to be aboriginal, innate, and inherited
shapes of the human mind'.[2]
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Archetypes and collective representations
Jung considered that 'the shadow' and the anima/animus differ from the other archetypes in the fact that their content
is more directly related to the individual's personal situation',[3] and less to the collective unconscious: by contrast,
'the collective unconscious is personified as a Wise Old Man'.[4]

Jung also made reference to contents of this category of the unconscious psyche as being similar to Levy-Bruhl's use
of collective representations or "représentations collectives," Mythological "motifs," Hubert and Mauss's "categories
of the imagination," and Adolf Bastian's "primordial thoughts."

Minimal/maximal interpretations
In a minimalist interpretation of what would then appear as 'Jung's much misunderstood idea of the collective
unconscious', his idea was 'simply that certain structures and predispositions of the unconscious are common to all of
us...[on] an inherited, species-specific, genetic basis'.[5] Thus 'one could as easily speak of the "collective arm" -
meaning the basic pattern of bones and muscles which all human arms share in common'.[6]

Others point out however that 'there does seem to be a basic ambiguity in Jung's various descriptions of the
Collective Unconscious. Sometimes he seems to regard the predisposition to experience certain images as
understandable in terms of some genetic model'[7] - as with the collective arm. However, Jung was 'also at pains to
stress the numinous quality of these experiences, and there can be no doubt that he was attracted to the idea that the
archetypes afford evidence of some communion with some divine or world mind', and perhaps 'his popularity as a
thinker derives precisely from this'[8] - the maximal interpretation.
Marie-Louise von Franz accepted that 'it is naturally very tempting to identify the hypothesis of the collective
unconscious historically and regressively with the ancient idea of an all-extensive world-soul'.[9] New Age writer
Healy goes further, claiming that Jung himself 'dared to suggest that the human mind could link to ideas and
motivations called the collective unconscious...a body of unconscious energy that lives forever'.[10] This is the idea
of monopsychism.
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External links
• for Research in Archetypal Symbolism (http:/ / aras. org''Archive) A pictorial and written archive of

mythological, ritualistic, and symbolic images from all over the world and from all epochs of human history.
• Kaleidoscope Forum (http:/ / kaleidoscope-forum. org/ talk/ index.

php?sid=a17bf926549688279ac843e117322bd2) Jungian Discussion Forum. All levels of discourse welcomed.
• Collective Unconscious at Carl Jung (http:/ / www. carl-jung. net/ collective_unconscious. html)

Jungian archetypes
Carl Gustav Jung developed an understanding of archetypes as being "ancient or archaic images that derive from the
collective unconscious".[1] These are different from instincts, as Jung understood instincts as being "an unconscious
physical impulse toward actions and the archetype as the psychic counterpart".[2] There are many different
archetypes and Jung has stated they are limitless, but they have been simplified; examples include the persona, the
shadow, the anima, the animus, the great mother, the wise old man, the hero, and the self.[2] The great mother, the
wise old man, and the hero tend to be considered add-ons from the basic set, because they are not included in Jung’s
map of the soul along with the others. The archetypes can be used for a sense of understanding as well as for a state
of treatment[2][3][4][5] "The archetype is a tendency to form such representations of a motif - representations that can
vary a great deal in detail without losing their basic pattern ... They are indeed an instinctive trend".[6] Thus, "the
archetype of initiation is strongly activated to provide a meaningful transition ... with a 'rite of passage' from one
stage of life to the next":[7][8] such stages may include being parented, initiation, courtship, marriage and preparation
for death.[9]

Introduction
Virtually alone among the depth psychologists of the 20th century, Jung rejected the tabula rasa theory of human
psychological development, believing instead that evolutionary pressures have individual predestinations manifested
in archetypes. For Jung, "the archetype is the introspectively recognizable form of a priori psychic orderedness".[10]

These images must be thought of as lacking in solid content, hence as unconscious. They only acquire solidity,
influence, and eventual consciousness in the encounter with empirical facts."[11]

The archetypes form a dynamic substratum common to all humanity, upon the foundation of which each individual
builds his own experience of life, developing a unique array of psychological characteristics. Thus, while archetypes
themselves may be conceived as a relative few innate nebulous forms, from these may arise innumerable images,
symbols and patterns of behavior. While the emerging images and forms are apprehended consciously, the
archetypes which inform them are elementary structures which are unconscious and impossible to apprehend. Being
unconscious, the existence of archetypes can only be deduced indirectly by examining behavior, images, art, myths,
religions, dreams, etc. They are inherited potentials which are actualized when they enter consciousness as images or
manifest in behavior on interaction with the outside world.

Chronology
The intuition that there was more to the psyche than individual experience possibly began in Jung's childhood. The 
very first dream he could remember was that of an underground phallic god. His research on schizophrenia later 
supported his early intuition about the existence of universal psychic structures that underlie all human experience 
and behavior. Jung first referred to these as "primordial images" — a term he borrowed from Jacob Burckhardt. 
Later in 1917 Jung called them "dominants of the collective unconscious." It was not until 1919 that he first used the 
term "archetypes" in an essay titled "Instinct and the Unconscious". A main part of the chronology of Jung's 
discovery of the archetypes is found in the Redbook which documented Jung's encounter with the archetypes and
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collective unconscious.[12]

Origins
Jung began seeing patterns in his dreams and daily life in his early age. However, it was not until his later life, when
he began piecing them together through archetypes, that he came to understand what these dreams actually meant.
[13] These times were covered in the Red Book, [14] and the symbols that the archetypes represented and their origins
in detail could be found in a Man and His Symbols. Jung suggested that the archetypes have always existed and will
always exist as part of the collective unconscious [15] It is sometimes assumed that people are creating new
archetypes. However, they are not actually being created but rather discovered, and the number of archetypes in the
world is limitless. Finding new archetypes is a matter of searching deep within one's self. The origins of the
archetypal hypothesis date back to Plato. Jung himself compared archetypes to Platonic εἶδος (eidos): Plato's ideas
which were pure mental forms imprinted in the soul before born into the world. They were collective in the sense
that they embodied the fundamental characteristics of a thing rather than its specific characteristics. In fact, many of
Jung's ideas were prevalent in Athenian philosophy. The archetype theory can be seen as a psychological equivalent
to the philosophical idea of forms.

Examples and conceptual difficulties
An archetype is a well recognized idea in psychology and many outside of psychology know the term as well, but
many people find the topic or the idea behind the archetypes confusing. The confusion about the archetypes can
partly be attributed to Jung's own evolving ideas about them in his writings and his interchangeable use of the term
"archetype" and "primordial image"; it may also be attributed to the fact that, given his belief that "archetypal
symbols ... are spontaneous and autonomous products of the unconscious", Jung was always intent "not to weaken
the specific individual and cultural values of archetypes by leveling them out - i.e., by giving them a stereotyped,
intellectually formulated meaning".[16]

Strictly speaking, archetypal figures such as the hero, the goddess and the wise man are not archetypes, but
archetypal images which have crystallized out of the archetypes-as-such: as Jung put it, "definite mythological
images of motifs ... are nothing more than conscious representations; it would be absurd to assume that such variable
representations could be inherited", as opposed to their deeper, instinctual sources - "the 'archaic remnants', which I
call 'archetypes' or 'primordial images'".[17]

Jung described archetypal events: birth, death, separation from parents, initiation, marriage, the union of opposites
etc.; archetypal figures: great mother, father, child, devil, God, wise old man, wise old woman, Apollo, trickster,[18]

hero - not to mention "Oedipus ... the first archetype Freud discovered"[19] or "number ... an archetype of order";[20]

and archetypal motifs: the Apocalypse, the Deluge, the Creation, etc. Although the number of archetypes is limitless,
there are a few particularly notable, recurring archetypal images, "the chief among them being" (according to Jung)
"the shadow, the Wise Old Man, the child (including the child hero), the mother ... and her counterpart, the maiden,
and lastly the anima in man and the animus in woman".[21] Alternatively he would speak of "the emergence of
certain definite archetypes ... the shadow, the animal, the wise old man, the anima, the animus, the mother, the
child".[22] Although five main archetypes were discussed in Jung's writing there are many others. The following are
the five most common archetypes. [23]

Five main archetypes are sometimes enumerated:[24]

• The Self is the regulating center of the psyche and facilitator of individuation - the representative of "that 
wholeness which the introspective philosophy of all times and climes has characterized with an inexhaustible 
variety of symbols, names and concepts".[25] It represents all that is unique within a human being. Although a 
person is a collection of all the archetypes and what they learn from the collective unconscious, the self is what 
makes that person an I. The self cannot exist without the other archetypes and the other archetypes cannot exist
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without the self; Jung makes this very clear. The self is also the part which grows and changes as a person goes
throughout life. [23] The self can be summed up as the ideal form a person wishes to be. [26]

• The Shadow represents the traits which lie deep within ourselves. The traits that are hidden from day to day life
and are in some cases the opposite of the self is a simple way to state these traits. The shadow is a very important
trait because for one to truly know themselves, one must know all their traits, including those which lie beneath
the common, i.e., the shadow. If one chooses to know the shadow there is a chance they give in to its motivation.
[27]

• The Anima is sometimes seen -- e.g. by Campbell[28] -- as the feminine side within a man, but Jung did not fully
intend this to be viewed in this way. The Anima is beyond generalization of society's views and stereotypes.
Anima represents what femininity truly represents it in all its mysteries. It is what allows a man to be in touch
with a woman. [23] The anima is commonly represented within dreams as a method to communicate with a person.
[29] It contains all female encounters with men to help the relationship between the two improve better.

• The Animus is similar to the anima except for the fact that the animus allows a female to understand and
communicate with a man.[24] Just like the anima, it is commonly represented in dreams of a woman to help them
understand themselves and relationships with men[30] It can be known as part of the collective unconscious'
connection with all of the encounters of males with females, like the anima, to improve relationship with males
and females.

• The Persona is to Jung a mere "functional complex ... by no means identical to the individuality",[15] the way we
present to the world - a mask which protects the Ego from negative images, and which by post-Jungians is
sometimes considered an "archetype ... as a dynamic/structural component of the psyche".[16] Some view this as
the opposite of the shadow which is not entirely true, this is just the face that is put on for the world, not our
deepest internal secrets and desires; that is the self. [27]

However the precise relationships between images such as, for example, "the fish" and its archetype were not
adequately explained by Jung. Here the image of the fish is not strictly speaking an archetype. However the
"archetype of the fish" points to the ubiquitous existence of an innate "fish archetype" which gives rise to the fish
image. In clarifying the contentious statement that fish archetypes are universal, Anthony Stevens explains that the
archetype-as-such is at once an innate predisposition to form such an image and a preparation to encounter and
respond appropriately to the creature per se. This would explain the existence of snake and spider phobias, for
example, in people living in urban environments where they have never encountered either creature.[31] There are
many examples such as the fish dealt with in Man and His Symbols and how they tend to relate to people through
measures such as dreams and little life instances. These archetypal figures can also be represented from the main
archetypes such as the anima and the animus or archetypal thoughts such as the resurrection of a savior figure[29] For
example almost every culture has a savior that has come back from heaven or the dead, or reincarnation is a main
point of the belief. Jesus for example in the Christian texts and also Buddhists and Hindus have reincarnation as a
principal part of their religion, these being principal parts of many religions.

Actualization and complexes
Archetypes seek actualization within the context of an individual's environment and determine the degree of
individuation. Jung also used the terms "evocation" and "constellation" to explain the process of actualization. Thus
for example, the mother archetype is actualized in the mind of the child by the evoking of innate anticipations of the
maternal archetype when the child is in the proximity of a maternal figure who corresponds closely enough to its
archetypal template. This mother archetype is built into the personal unconscious of the child as a mother complex.
Complexes are functional units of the personal unconscious, in the same way that archetypes are units for the
collective unconscious.
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Psychoid archetype
Jung proposed that the archetype had a dual nature: it exists both in the psyche and in the world at large. He called
this non-psychic aspect of the archetype the "psychoid" archetype. He illustrated this by drawing on the analogy of
the electromagnetic spectrum. The part of the spectrum which is visible to us corresponds to the conscious aspects of
the archetype. The invisible infra-red end of the spectrum corresponds to the unconscious biological aspects of the
archetype that merges with its chemical and physical conditions.[32] He suggested that not only do the archetypal
structures govern the behavior of all living organisms, but that they were contiguous with structures controlling the
behavior of inorganic matter as well. The archetype was not merely a psychic entity, but more fundamentally, a
bridge to matter in general.[33] Jung used the term unus mundus to describe the unitary reality which he believed
underlay all manifest phenomena. He conceived archetypes to be the mediators of the unus mundus, organizing not
only ideas in the psyche, but also the fundamental principles of matter and energy in the physical world.
It was this psychoid aspect of the archetype that so impressed Nobel laureate physicist Wolfgang Pauli. Embracing
Jung's concept, Pauli believed that the archetype provided a link between physical events and the mind of the
scientist who studied them. In doing so he echoed the position adopted by German astronomer Johannes Kepler.
Thus the archetypes which ordered our perceptions and ideas are themselves the product of an objective order which
transcends both the human mind and the external world.[31]

Parallels and developments
Although the term "archetype" did not originate with Jung, its current use has largely been influenced by his
conception of it. The idea of innate psychic structures, at one time a relative novelty in the humanities and sciences
has now been widely adopted.

General developments
Related concepts arguably include the work of Claude Lévi-Strauss, an advocate of structuralism in anthropology,
the concept of "social instincts" proposed by Charles Darwin, the "faculties" of Henri Bergson and the isomorphs of
gestalt psychologist Wolfgang Kohler. In 1965 Noam Chomsky's ideas of human language acquisition being based
on an "innate acquisition device" became known to the world.
Melanie Klein's idea of unconscious phantasy is closely related to Jung's archetype, as both are composed of image
and affect and are a priori patternings of psyche whose contents are built from experience.

Archetypal pedagogy
Archetypal pedagogy was developed by Clifford Mayes. Mayes' work also aims at promoting what he calls
archetypal reflectivity in teachers; this is a means of encouraging teachers to examine and work with psychodynamic
issues, images, and assumptions as those factors affect their pedagogical practices.

Archetypes and psychology
Archetypal psychology was developed by James Hillman in the second half of the 20th century. Hillman trained at 
the Jung Institute and was its Director after graduation. Archetypal psychology is in the Jungian tradition and most 
directly related to analytical psychology and psychodynamic theory, yet departs radically. Archetypal psychology 
relativizes and deliteralizes the ego and focuses on the psyche, or soul, itself and the archai, the deepest patterns of 
psychic functioning, "the fundamental fantasies that animate all life".[34] Archetypal psychology is a polytheistic 
psychology, in that it attempts to recognize the myriad fantasies and myths gods, goddesses, demigods, mortals and 
animals—that shape and are shaped by our psychological lives. The ego is but one psychological fantasy within an 
assemblage of fantasies. The main influence on the development of archetypal psychology is Jung's analytical 
psychology. It is strongly influenced by Classical Greek, Renaissance, and Romantic ideas and thought. Influential
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artists, poets, philosophers, alchemists, and psychologists include: Nietzsche, Henry Corbin, Keats, Shelley,
Petrarch, and Paracelsus. Though all different in their theories and psychologies, they appear to be unified by their
common concern for the psyche—the soul. Many archetypes have been used in treatment of psychological illnesses.
Jung's first research was done with schizophrenics. A current example is teaching young men or boys archetypes
through using picture books to help with the development. [35] In addition nurses treat patients through the use of
archetypes. [7] Archetype therapy offers a wide range of uses if applied correctly, and it is still being expanded in
Jungian schools today. With the list of archetypes being endless the healing possibilities are vast.

Robert Langs' use of archetypes
Adaptive psychotherapist and psychoanalyst Robert Langs has recently begun using archetypal theory as a way of
understanding the functioning of what he calls the "deep unconscious system".[36] Langs' use of archetypes
particularly pertains to issues associated with death anxiety, which Langs takes to be the root of psychic conflict.
Like Jung, Langs thinks of archetypes as species-wide, deep unconscious factors.[37]

Jung on the value of the archetype
It is only possible to live the fullest life when we are in harmony with these symbols; wisdom is a return to them
(CW8:794). To this it can be taken to mean that when a person is able to come to peace with the archetypes that lay
within them they are able to begin to live a more peaceful life.
[For the alchemists] they were seeds of light broadcast in the chaos…the seed plot of a world to come…One would
have to conclude from these alchemical visions that the archetypes have about them a certain effulgence, or
quasi-consciousness, and that numinosity entails luminosity (CW8:388).
All the most powerful ideas in history go back to archetypes. This is particularly true of religious ideas, but the
central concepts of science, philosophy, and ethics are no exception to this rule. In their present form they are
variants of archetypal ideas created by consciously applying and adapting these ideas to reality. For it is the function
of consciousness, not only to recognize and assimilate the external world through the gateway of the senses, but to
translate into visible reality the world within us (CW8, 342). This could be taken to mean that the archetypes are
what makes us, us. All of the beliefs and myths we have are all just part of the archetypes, nothing is new in the
universe and everything has already existed and will continue to exist.
In his last text, Man and His Symbols, Jung stressed that "since so many people have chosen to treat archetypes as if
they were part of a mechanical system that can be learned by rote, it is essential to insist that they are not mere
names or even philosophical concepts. They are pieces of life itself - images that are integrally connected to the
individual by the bridge of the emotions".[20] Jung states that they are not individual concepts of the world or
individual pieces of the world we must come to know as separate things, but we must come to know the machine
(archetypes) as a whole, not just as individuals.
As a result, it was the importance of the experiential encounter with the archetype which Jung emphasized: "in
psychology, where we speak of archetypes like the anima and animus, the wise man, the great mother, and so on ... if
they are mere images whose numinosity you have never experienced, it will be as if you were talking in a dream, for
you will not know what you are talking about ... their names mean very little, whereas the way they are related to
you is all-important".[21] This means that when one first encounters a new archetype, they do not always know what
it means or how it will help in their life, but they must come to learn to accept it and understand it. In time, the
answers will reveal themselves.
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Criticism of Jungian understandings
Lacan, in his "return to Freud", took issue with that aspect of "the thought of Jung, where the relation between the
psychical world of the subject and reality are embodied under the term archetype".[38] He argued that "Jungianism -
in so far as it makes of the primitive modes of articulating the world something that survives, the kernel, he says, of
the psyche itself - is necessarily accompanied by a repudiation of the term libido".[39] Freud himself however had
been well prepared to accept the existence of "a primitive kind of mental activity ... [on] the single analogy - and it is
an excellent one - of the far-reaching instinctive knowledge of animals";[40] and it was indeed on the basis of "what
Freud called 'archaic remnants' - mental forms whose presence cannot be explained by anything in the individual's
own life ... inherited shapes of the human mind"[17] that Jung had explicitly built his theory of archetypes. His
specific and contrasting claim was that they were "not in any sense lifeless or meaningless 'remnants'. They still
function, and they are especially valuable ... just because of their 'historical' nature".[41]

More general criticism of the concept of archetypes can perhaps be placed in two broad categories. There are those
who deny any possibility of inherited ideas as unscientific - a point met (at least to some degree) by Jung when he
insisted that it was instead the inherited propensity to generate representations that made the archetypes "the
unconscious organizers of our ideas"[42] (see above).
But those who could accept such inherited propensities still found "a basic ambiguity in Jung's various descriptions
of the collective unconscious. Sometimes he seems to regard the predisposition to experience certain images as
understandable in terms of some genetic model ... about the way human beings experience the world. But he is also
at pains to emphasize the numinous quality of these experiences and there can be no doubt that he was attracted to
the idea that the archetypes afford evidence of communion with some divine or world mind".[43] Jung's last
statements on that subject remained however firmly agnostic. "Many people would agree with me if I stated flatly
that such ideas are probably illusions ... [but] the denial is as impossible to 'prove' as the assertion".[44]

A more technical objection derives from therapeutic practice, with the possibility arising that "an explanation of the
archetypal situation ... may lead to inflation, if it is not linked to specific and personal emotional experiences".[45]

Some would go further, arguing that because "in Jungian theory, the psychologist's task is to lead others to see the
timeless archetypal reality behind their personal psychological experiences ... using abstract, archetypal forces to
explain human psychology", the result must inevitably be "a psychology which downplays the significance of human
relationships".[46] The patient is thus brought to realise that "what I did then, what I felt then, is only the reflection of
that great archetypal dream, or epic story ... free of the individual pain of it", but at the price of individuality and
human relationship, sacrificed for an unwillingness to "leave the safety of myth".[47]
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Schumann resonances

Animation of Schumann resonance in Earth's atmosphere.

The Schumann resonances (SR) are a
set of spectrum peaks in the extremely
low frequency (ELF) portion of the
Earth's electromagnetic field spectrum.
Schumann resonances are global
electromagnetic resonances, excited by
lightning discharges in the cavity
formed by the Earth's surface and the
ionosphere.

Description

This global electromagnetic resonance
phenomenon is named after physicist
Winfried Otto Schumann who predicted it mathematically in 1952. Schumann resonances occur because the space
between the surface of the Earth and the conductive ionosphere acts as a closed waveguide. The limited dimensions
of the Earth cause this waveguide to act as a resonant cavity for electromagnetic waves in the ELF band. The cavity
is naturally excited by electric currents in lightning. Schumann resonances are the principal background in the
electromagnetic spectrum[1] beginning at 3  Hz and extend to 60 Hz,[2] and appear as distinct peaks at extremely low
frequencies (ELF) around 7.83 (fundamental),[3] 14.3, 20.8, 27.3 and 33.8 Hz.[4][5]

In the normal mode descriptions of Schumann resonances, the fundamental mode is a standing wave in the
Earth–ionosphere cavity with a wavelength equal to the circumference of the Earth. This lowest-frequency (and
highest-intensity) mode of the Schumann resonance occurs at a frequency of approximately 7.83 Hz, but this
frequency can vary slightly from a variety of factors, such as solar-induced perturbations to the ionosphere, which
comprises the upper wall of the closed cavity. The higher resonance modes are spaced at approximately 6.5 Hz
intervals, a characteristic attributed to the atmosphere's spherical geometry. The peaks exhibit a spectral width of
approximately 20% on account of the damping of the respective modes in the dissipative cavity. The 8th partial lies
at approximately 60 Hz.
Observations of Schumann resonances have been used to track global lightning activity. Owing to the connection
between lightning activity and the Earth's climate it has been suggested that they may also be used to monitor global
temperature variations and variations of water vapor in the upper troposphere. It has been speculated that
extraterrestrial lightning (on other planets) may also be detected and studied by means of their Schumann resonance
signatures. Schumann resonances have been used to study the lower ionosphere on Earth and it has been suggested
as one way to explore the lower ionosphere on celestial bodies. Effects on Schumann resonances have been reported
following geomagnetic and ionospheric disturbances. More recently, discrete Schumann resonance excitations have
been linked to transient luminous events – sprites, elves, jets, and other upper-atmospheric lightning. A new field of
interest using Schumann resonances is related to short-term earthquake prediction.
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History
The first documented observations of global electromagnetic resonance were made by Nikola Tesla at his Colorado
Springs laboratory in 1899. This observation led to certain conclusions about the electrical properties of the Earth,
and which made the basis for his idea for wireless energy transmission.[6]

Tesla researched ways to transmit power and energy wirelessly over long distances (via transverse waves and
longitudinal waves). He transmitted extremely low frequencies through the ground as well as between the Earth's
surface and the Kennelly-Heaviside layer. He received patents on wireless transceivers that developed standing
waves by this method. Making mathematical calculations based on his experiments, Tesla discovered that the
resonant frequency of the Earth was approximately 8 hertz (Hz). In the 1950s, researchers confirmed that the
resonant frequency of the Earth's ionospheric cavity was in this range (later named the Schumann resonance).
In 1893, George Francis FitzGerald noted that the upper layers of the atmosphere must be fairly good conductors.
Assuming that the height of these layers are about 100km above ground, he estimated that oscillations (in this case
the lowest mode of the Schumann resonances) would have a period of 0.1 second.[7] Because of this contribution, it
has been suggested to rename these resonances as Schumann–FitzGerald resonances.[8] However FitzGerald's
findings were not widely known as they were only presented at a meeting of the British Association for the
Advancement of Science, followed by a brief mention in a column in Nature.
Hence the first suggestion that an ionosphere existed, capable of trapping electromagnetic waves, is attributed to
Heaviside and Kennelly (1902).[9][10] It took another twenty years before Edward Appleton and Barnett in 1925,[11]

were able to prove experimentally the existence of the ionosphere.
Although some of the most important mathematical tools for dealing with spherical waveguides were developed by
G. N. Watson in 1918,[12] it was Winfried Otto Schumann who first studied the theoretical aspects of the global
resonances of the earth–ionosphere waveguide system, known today as the Schumann resonances. In 1952–1954
Schumann, together with H. L. König, attempted to measure the resonant frequencies.[13][14][15][16] However, it was
not until measurements made by Balser and Wagner in 1960–1963[17][18][19][20][21] that adequate analysis techniques
were available to extract the resonance information from the background noise. Since then there has been an
increasing interest in Schumann resonances in a wide variety of fields.

Basic theory
Lightning discharges are considered to be the primary natural source of Schumann resonance excitation; lightning
channels behave like huge antennas that radiate electromagnetic energy at frequencies below about 100 kHz.[22]

These signals are very weak at large distances from the lightning source, but the Earth–ionosphere waveguide
behaves like a resonator at ELF frequencies and amplifies the spectral signals from lightning at the resonance
frequencies.[22]

In an ideal cavity, the resonant frequency of the -th mode is determined by the Earth radius and the speed
of light .[13]

The real Earth–ionosphere waveguide is not a perfect electromagnetic resonant cavity. Losses due to finite
ionosphere electrical conductivity lower the propagation speed of electromagnetic signals in the cavity, resulting in a
resonance frequency that is lower than would be expected in an ideal case, and the observed peaks are wide. In
addition, there are a number of horizontal asymmetries – day-night difference in the height of the ionosphere,
latitudinal changes in the Earth magnetic field, sudden ionospheric disturbances, polar cap absorption, variation in
the Earth radius of +/- 11km from equator to geographic poles, etc. that produce other effects in the Schumann
resonance power spectra.
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Measurements
Today Schumann resonances are recorded at many separate research stations around the world. The sensors used to
measure Schumann resonances typically consist of two horizontal magnetic inductive coils for measuring the
north-south and east-west components of the magnetic field, and a vertical electric dipole antenna for measuring the
vertical component of the electric field. A typical passband of the instruments is 3–100 Hz. The Schumann
resonance electric field amplitude (~300 microvolts per meter) is much smaller than the static fair-weather electric
field (~150 V/m) in the atmosphere. Similarly, the amplitude of the Schumann resonance magnetic field (~1
picotesla) is many orders of magnitude smaller than the Earth magnetic field (~30–50 microteslas).[23] Specialized
receivers and antennas are needed to detect and record Schumann resonances. The electric component is commonly
measured with a ball antenna, suggested by Ogawa et al., in 1966,[24] connected to a high-impedance amplifier. The
magnetic induction coils typically consist of tens- to hundreds-of-thousands of turns of wire wound around a core of
very high magnetic permeability.

Dependence on global lightning activity
From the very beginning of Schumann resonance studies, it was known that they could be used to monitor global
lightning activity. At any given time there are about 2000 thunderstorms around the globe.[25] Producing ~50
lightning events per second,[26] these thunderstorms create the background Schumann resonance signal.
Determining the spatial lightning distribution from Schumann resonance records is a complex problem: in order to
estimate the lightning intensity from Schumann resonance records it is necessary to account for both the distance to
lightning sources as well as the wave propagation between the source and the observer. The common approach is to
make a preliminary assumption on the spatial lightning distribution, based on the known properties of lightning
climatology. An alternative approach is placing the receiver at the North or South Pole, which remain approximately
equidistant from the main thunderstorm centers during the day.[27] One method not requiring preliminary
assumptions on the lightning distribution[28] is based on the decomposition of the average background Schumann
resonance spectra, utilizing ratios between the average electric and magnetic spectra and between their linear
combination. This technique assumes the cavity is spherically symmetric and therefore does not include known
cavity asymmetries that are believed to affect the resonance and propagation properties of electromagnetic waves in
the system.

Diurnal variations

The best documented and the most debated features of the Schumann resonance phenomenon are the diurnal
variations of the background Schumann resonance power spectrum.
A characteristic Schumann resonance diurnal record reflects the properties of both global lightning activity and the
state of the Earth–ionosphere cavity between the source region and the observer. The vertical electric field is
independent of the direction of the source relative to the observer, and is therefore a measure of global lightning. The
diurnal behavior of the vertical electric field shows three distinct maxima, associated with the three "hot spots" of
planetary lightning activity: 9 UT (Universal Time) peak, linked to the increased thunderstorm activity from
south-east Asia; 14 UT peak associated with the peak in African lightning activity; and the 20 UT peak resulting for
the increase in lightning activity in South America. The time and amplitude of the peaks vary throughout the year,
reflecting the seasonal changes in lightning activity.
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"Chimney" ranking

In general, the African peak is the strongest, reflecting the major contribution of the African "chimney" to the global
lightning activity. The ranking of the two other peaks – Asian and American – is the subject of a vigorous dispute
among Schumann resonance scientists. Schumann resonance observations made from Europe show a greater
contribution from Asia than from South America. This contradicts optical satellite and climatological lightning data
that show the South American thunderstorm center stronger than the Asian center.,[26] although observations made
from North America indicate the dominant contribution comes from South America. The reason for such disparity
remains unclear, but may have something to do with the 60 Hz cycling of electricity used in North America (60 Hz
being a mode of Schumann Resonance). Williams and Sátori[29] suggest that in order to obtain "correct"
Asia-America chimney ranking, it is necessary to remove the influence of the day/night variations in the ionospheric
conductivity (day-night asymmetry influence) from the Schumann resonance records. On the other hand, such
"corrected" records presented in the work by Sátori et al.[30] show that even after the removal of the day-night
asymmetry influence from Schumann resonance records, the Asian contribution remains greater than American.
Similar results were obtained by Pechony et al.[31] who calculated Schumann resonance fields from satellite
lightning data. It was assumed that the distribution of lightning in the satellite maps was a good proxy for Schumann
excitations sources, even though satellite observations predominantly measure in-cloud lightning rather than the
cloud-to-ground lightning that are the primary exciters of the resonances. Both simulations – those neglecting the
day-night asymmetry, and those taking this asymmetry into account, showed same Asia-America chimney ranking.
As for today, the reason for the "invert" ranking of Asia and America chimneys in Schumann resonance records
remains unclear and the subject requires further, targeted research.

Influence of the day-night asymmetry

In the early literature the observed diurnal variations of Schumann resonance power were explained by the variations
in the source-receiver (lightning-observer) geometry.[17] It was concluded that no particular systematic variations of
the ionosphere (which serves as the upper waveguide boundary) are needed to explain these variations.[32]

Subsequent theoretical studies supported the early estimations of the small influence of the ionosphere day-night
asymmetry (difference between day-side and night-side ionosphere conductivity) on the observed variations in
Schumann resonance field intensities.[33]

The interest in the influence of the day-night asymmetry in the ionosphere conductivity on Schumann resonances
gained new strength in the 1990s, after publication of a work by Sentman and Fraser.[34] Sentman and Fraser
developed a technique to separate the global and the local contributions to the observed field power variations using
records obtained simultaneously at two stations that were widely separated in longitude. They interpreted the diurnal
variations observed at each station in terms of a combination of a diurnally varying global excitation modulated by
the local ionosphere height. Their work, which combined both observations and energy conservation arguments,
convinced many scientists of the importance of the ionospheric day-night asymmetry and inspired numerous
experimental studies. However, recently it was shown that results obtained by Sentman and Fraser can be
approximately simulated with a uniform model (without taking into account ionosphere day-night variation) and
therefore cannot be uniquely interpreted solely in terms of ionosphere height variation.[35]

Schumann resonance amplitude records show significant diurnal and seasonal variations which in general coincide in 
time with the times of the day-night transition (the terminator). This time-matching seems to support the suggestion 
of a significant influence of the day-night ionosphere asymmetry on Schumann resonance amplitudes. There are 
records showing almost clock-like accuracy of the diurnal amplitude changes.[30] On the other hand there are 
numerous days when Schumann Resonance amplitudes do not increase at sunrise or do not decrease at sunset. There 
are studies showing that the general behavior of Schumann resonance amplitude records can be recreated from 
diurnal and seasonal thunderstorm migration, without invoking ionospheric variations.[31][33] Two recent 
independent theoretical studies have shown that the variations in Schumann resonance power related to the day-night 
transition are much smaller than those associated with the peaks of the global lightning activity, and therefore the
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global lightning activity plays a more important role in the variation of the Schumann resonance power.[31][36]

It is generally acknowledged that source-observer effects are the dominant source of the observed diurnal variations,
but there remains considerable controversy about the degree to which day-night signatures are present in the data.
Part of this controversy stems from the fact that the Schumann resonance parameters extractable from observations
provide only a limited amount of information about the coupled lightning source-ionospheric system geometry. The
problem of inverting observations to simultaneously infer both the lightning source function and ionospheric
structure is therefore extremely underdetermined, leading to the possibility of nonunique interpretations.

The "inverse problem"

One of the interesting problems in Schumann resonances studies is determining the lightning source characteristics
(the "inverse problem"). Temporally resolving each individual flash is impossible because the mean rate of excitation
by lightning, ~50 lightning events per second globally, mixes up the individual contributions together. However,
occasionally there occur extremely large lightning flashes which produce distinctive signatures that stand out from
the background signals. Called "Q-bursts", they are produced by intense lightning strikes that transfer large amounts
of charge from clouds to the ground, and often carry high peak current.[24] Q-bursts can exceed the amplitude of the
background signal level by a factor of 10 or more, and appear with intervals of ~10 s,[28] which allows to consider
them as isolated events and determine the source lightning location. The source location is determined with either
multi-station or single-station techniques, and requires assuming a model for the Earth–ionosphere cavity. The
multi-station techniques are more accurate, but require more complicated and expensive facilities.

Transient luminous events research
It is now believed that many of the Schumann resonances transients (Q bursts) are related to the transient luminous
events (TLEs). In 1995 Boccippio et al.[37] showed that sprites, the most common TLE, are produced by positive
cloud-to-ground lightning occurring in the stratiform region of a thunderstorm system, and are accompanied by
Q-burst in the Schumann resonances band. Recent observations[37][38] reveal that occurrences of sprites and Q bursts
are highly correlated and Schumann resonances data can possibly be used to estimate the global occurrence rate of
sprites.[39]

Global temperature

Williams [1992][40] suggested that global temperature may be monitored with the Schumann resonances. The link
between Schumann resonance and temperature is lightning flash rate, which increases nonlinearly with
temperature.[40] The nonlinearity of the lightning-to-temperature relation provides a natural amplifier of the
temperature changes and makes Schumann resonance a sensitive "thermometer". Moreover, the ice particles that are
believed to participate in the electrification processes which result in a lightning discharge[41] have an important role
in the radiative feedback effects that influence the atmosphere temperature. Schumann resonances may therefore
help us to understand these feedback effects. A strong link between global lightning and global temperature has not
been experimentally confirmed as of 2008.

Upper tropospheric water vapor

Tropospheric water vapor is a key element of the Earth’s climate, which has direct effects as a greenhouse gas, as 
well as indirect effect through interaction with clouds, aerosols and tropospheric chemistry. Upper tropospheric 
water vapor (UTWV) has a much greater impact on the greenhouse effect than water vapor in the lower 
atmosphere,[42] but whether this impact is a positive, or a negative feedback is still uncertain.[43] The main challenge 
in addressing this question is the difficulty in monitoring UTWV globally over long timescales. Continental 
deep-convective thunderstorms produce most of the lightning discharges on Earth. In addition, they transport large 
amount of water vapor into the upper troposphere, dominating the variations of global UTWV. Price [2000][44] 

suggested that changes in the UTWV can be derived from records of Schumann Resonances. According to the
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effective work made by the Upper Tropospheric Water Vapor (( UTWV )), we should highlight that the percentage
of UTWV in normal condition of the Air mass can be meauserd as a minimal quantity, so that its influence can be
considered very very low; in fact the higher percentage of it can be only found in the lower Tropspheric layers. But
in the case of a high quantity of UTWV in the highest level of Troposphere, due to a warmer air mass of atlantic
origins, for istance, the Water vapor, due to the low air temperature ((about minus 60 Degrees )) it turns into ice
cristal, becoming clouds as Cirrus or Cirrus Stratus: no Water vapour exists as gas with so low temperature. So, we
can say that the affirmation that Water vapor interacts with cloud, can be considered wrong as the clouds both those
of low level of ((Atmosphere)) and those of higher levels of it are made of condensed or cristallised Water Vapor.

Schumann resonances on other planets
The existence of Schumann-like resonances is conditioned primarily by two factors: (1) a closed, planetary-sized
spherical cavity, consisting of conducting lower and upper boundaries separated by an insulating medium. For the
earth the conducting lower boundary is its surface, and the upper boundary is the ionosphere. Other planets may have
similar electrical conductivity geometry, so it is speculated that they should possess similar resonant behavior. (2)
source of electrical excitation of electromagnetic waves in the ELF range. Within the Solar System there are five
candidates for Schumann resonance detection besides the Earth: Venus, Mars, Jupiter, Saturn and its moon Titan.
Modeling Schumann resonances on the planets and moons of the Solar System is complicated by the lack of
knowledge of the waveguide parameters. No in situ capability exists today to validate the results, but in the case of
Mars there have been terrestrial observations of radio emission spectra that have been associated with Schumann
resonances.[45] The reported radio emissions are not of the primary electromagnetic Schumann modes, but rather of
secondary modulations of the nonthermal microwave emissions from the planet at approximately the expected
Schumann frequencies, and have not been independently confirmed to be associated with lightning activity on Mars.
There is the possibility that future lander missions could carry in situ instrumentation to perform the necessary
measurements. Theoretical studies are primarily directed to parameterizing the problem for future planetary
explorers.
The strongest evidence for lightning on Venus comes from the impulsive electromagnetic waves detected by Venera
11 and 12 landers. Theoretical calculations of the Schumann resonances at Venus were reported by Nickolaenko and
Rabinowicz [1982][46] and Pechony and Price [2004].[47] Both studies yielded very close results, indicating that
Schumann resonances should be easily detectable on that planet given a lightning source of excitation and a suitably
located sensor.
On Mars detection of lightning activity has been reported by Ruf et al. [2009].[45] The evidence is indirect and in the
form of modulations of the nonthermal microwave spectrum at approximately the expected Schumann resonance
frequencies. It has not been independently confirmed that these are associated with electrical discharges on Mars. In
the event confirmation is made by direct, in situ observations, it would verify the suggestion of the possibility of
charge separation and lightning strokes in the Martian dust storms made by Eden and Vonnegut [1973][48] and
Renno et al. [2003].[49] Martian global resonances were modeled by Sukhorukov [1991],[50] Pechony and Price
[2004][47] and Molina-Cuberos et al. [2006].[51] The results of the three studies are somewhat different, but it seems
that at least the first two Schumann resonance modes should be detectable. Evidence of the first three Schumann
resonance modes is present in the spectra of radio emission from the lightning detected in Martian dust storms.[45]

It was long ago suggested that lightning discharges may occur on Titan,[52] but recent data from Cassini–Huygens
seems to indicate that there is no lightning activity on this largest satellite of Saturn. Due to the recent interest in
Titan, associated with the Cassini–Huygens mission, its ionosphere is perhaps the most thoroughly modeled today.
Schumann resonances on Titan have received more attention than on any other celestial body, in works by Besser et
al. [2002],[53] Morente et al. [2003],[54] Molina-Cuberos et al. [2004],[55] Nickolaenko et al. [2003][56] and Pechony
and Price [2004].[47] It appears that only the first Schumann resonance mode might be detectable on Titan.
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Jupiter is one planet where lightning activity has been optically detected. Existence of lightning activity on that
planet was predicted by Bar-Nun [1975][57] and it is now supported by data from Galileo, Voyagers 1 and 2,
Pioneers 10 and 11 and Cassini. Saturn is also confirmed to have lightning activity. (http:/ / www. ciclops. org/
view_event/ 178/ Lightning_Flashing_in_Daylight) Though three visiting spacecrafts – Pioneer 11 in 1979, Voyager
1 in 1980 and Voyager 2 in 1981, failed to provide any convincing evidence from optical observations, in July of
2012 the Cassini spacecraft detected visible lightning flashes, and electromagnetic sensors aboard the spacecraft
detected signatures that are characteristic of lightning. Little is known about the electrical parameters of Jupiter and
Saturn interior. Even the question of what should serve as the lower waveguide boundary is a non-trivial one in case
of the gaseous planets. There seem to be no works dedicated to Schumann resonances on Saturn. To date there has
been only one attempt to model Schumann resonances on Jupiter.[58] Here, the electrical conductivity profile within
the gaseous atmosphere of Jupiter was calculated using methods similar to those used to model stellar interiors, and
it was pointed out that the same methods could be easily extended to the other gas giants Saturn, Uranus and
Neptune. Given the intense lightning activity at Jupiter, the Schumann resonances should be easily detectable with a
sensor suitably positioned within the planetary-ionospheric cavity.
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Plasma

 

 
Top row: both lightning and electric sparks are everyday examples of phenomena made from plasma. Neon lights could more accurately be called

"plasma lights", as the light comes from the plasma inside of them. Bottom row: A plasma globe, illustrating some of the more complex phenomena
of a plasma, including filamentation. The colors are a result of relaxation of electrons in excited states to lower energy states after they have

recombined with ions. These processes emit light in a spectrum characteristic of the gas being excited. The second image is of a plasma trail from
Space Shuttle Atlantis during re-entry into the atmosphere, as seen from the International Space Station.

Plasma (from Greek πλάσμα, "anything formed"[1]) is one of the four fundamental states of matter (the others being
solid, liquid, and gas). Heating a gas may ionize its molecules or atoms (reducing or increasing the number of
electrons in them), thus turning it into a plasma, which contains charged particles: positive ions and negative
electrons or ions.[2] Ionization can be induced by other means, such as strong electromagnetic field applied with a
laser or microwave generator, and is accompanied by the dissociation of molecular bonds, if present.[3]

The presence of a non-negligible number of charge carriers makes the plasma electrically conductive so that it
responds strongly to electromagnetic fields. Plasma, therefore, has properties quite unlike those of solids, liquids, or
gases and is considered a distinct state of matter. Like gas, plasma does not have a definite shape or a definite
volume unless enclosed in a container; unlike gas, under the influence of a magnetic field, it may form structures
such as filaments, beams and double layers. Some common plasmas are found in stars and neon signs. In the
universe, plasma is the most common state of matter for ordinary matter, most of which is in the rarefied
intergalactic plasma (particularly intracluster medium) and in stars. Much of the understanding of plasmas has come
from the pursuit of controlled nuclear fusion and fusion power, for which plasma physics provides the scientific
basis.

Common plasmas
Plasmas are by far the most common phase of ordinary matter in the universe, both by mass and by volume.[4] Our
Sun, and all the stars are made of plasma, much of interstellar space is filled with a plasma, albeit a very sparse one,
and intergalactic space too. In our solar system, interplanetary space is filled with the plasma of the Solar Wind that
extends from the Sun out to the heliopause. Even black holes, which are not directly visible, are fuelled by accreting
ionising matter (i.e. plasma),[5] and they are associated with astrophysical jets of luminous ejected plasma,[6] such as
M87's jet that extends 5,000 light-years.[7]

Dust and small grains within a plasma will also pick up a net negative charge, so that they in turn may act like a very
heavy negative ion component of the plasma (see dusty plasmas).
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The current consensus is that about 96% of the total energy density in the universe is not plasma or any other form of
ordinary matter, but a combination of cold dark matter and dark energy. In our Solar System, however, the density of
ordinary matter is much higher than average and much higher than that of either dark matter or dark energy. The
planet Jupiter accounts for most of the non-plasma, only about 0.1% of the mass and 10−15% of the volume within
the orbit of Pluto.

Common forms of plasma

Artificially produced Terrestrial plasmas Space and
astrophysical plasmas

• Those found in plasma displays, including TVs •• Lightning • The Sun and other
stars
(plasmas heated by
nuclear fusion)

• Inside fluorescent lamps (low energy lighting), neon signs[8] •• St. Elmo's fire • The solar wind

• Rocket exhaust and ion thrusters • Upper-atmospheric lightning (e.g. Blue
jets, Blue starters, Gigantic jets,
ELVES)

• The interplanetary
medium
(space between
planets)

• The area in front of a spacecraft's heat shield during re-entry into the
atmosphere

•• Sprites • The interstellar
medium
(space between star
systems)

• Inside a corona discharge ozone generator • The ionosphere • The Intergalactic
medium
(space between
galaxies)

• Fusion energy research • The plasmasphere • The Io-Jupiter flux
tube

• The electric arc in an arc lamp, an arc welder or plasma torch • The polar aurorae • Accretion discs
• Plasma ball (sometimes called a plasma sphere or plasma globe) • Some flames [9][10] • Interstellar nebulae

• Arcs produced by Tesla coils (resonant air core transformer or disruptor
coil that produces arcs similar to lightning, but with alternating current
rather than static electricity)

• The polar wind, a plasma fountain •• Cometary ion tail

• Plasmas used in semiconductor device fabrication including
reactive-ion etching, sputtering, surface cleaning and plasma-enhanced
chemical vapor deposition

• Laser-produced plasmas (LPP), found when high power lasers interact
with materials.

• Inductively coupled plasmas (ICP), formed typically in argon gas for
optical emission spectroscopy or mass spectrometry

•• Magnetically induced plasmas (MIP), typically produced using
microwaves as a resonant coupling method

•• Static electric sparks
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Plasma properties and parameters

Artist's rendition of the Earth's plasma fountain,
showing oxygen, helium, and hydrogen ions that gush

into space from regions near the Earth's poles. The
faint yellow area shown above the north pole

represents gas lost from Earth into space; the green
area is the aurora borealis, where plasma energy pours

back into the atmosphere.[11]

Definition of a plasma

Plasma is loosely described as an electrically neutral medium of
positive and negative particles (i.e. the overall charge of a plasma
is roughly zero). It is important to note that although they are
unbound, these particles are not ‘free’. When the charges move
they generate electrical currents with magnetic fields, and as a
result, they are affected by each other’s fields. This governs their
collective behavior with many degrees of freedom.[3][12] A
definition can have three criteria:[13][14]

1. The plasma approximation: Charged particles must be close
enough together that each particle influences many nearby
charged particles, rather than just interacting with the closest
particle (these collective effects are a distinguishing feature of a
plasma). The plasma approximation is valid when the number
of charge carriers within the sphere of influence (called the
Debye sphere whose radius is the Debye screening length) of a
particular particle is higher than unity to provide collective
behavior of the charged particles. The average number of
particles in the Debye sphere is given by the plasma parameter,
"Λ" (the Greek letter Lambda).

2. Bulk interactions: The Debye screening length (defined
above) is short compared to the physical size of the plasma. This criterion means that interactions in the bulk of
the plasma are more important than those at its edges, where boundary effects may take place. When this criterion
is satisfied, the plasma is quasineutral.

3. Plasma frequency: The electron plasma frequency (measuring plasma oscillations of the electrons) is large
compared to the electron-neutral collision frequency (measuring frequency of collisions between electrons and
neutral particles). When this condition is valid, electrostatic interactions dominate over the processes of ordinary
gas kinetics.
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Ranges of plasma parameters
Plasma parameters can take on values varying by many orders of magnitude, but the properties of plasmas with
apparently disparate parameters may be very similar (see plasma scaling). The following chart considers only
conventional atomic plasmas and not exotic phenomena like quark gluon plasmas:

Range of plasmas. Density increases upwards, temperature increases
towards the right. The free electrons in a metal may be considered an

electron plasma.[15]

Typical ranges of plasma parameters: orders of magnitude (OOM)

Characteristic Terrestrial plasmas Cosmic plasmas

Size
in meters

10−6 m (lab plasmas) to
102 m (lightning) (~8 OOM)

10−6 m (spacecraft sheath) to
1025 m (intergalactic nebula) (~31 OOM)

Lifetime
in seconds

10−12 s (laser-produced plasma) to
107 s (fluorescent lights) (~19 OOM)

101 s (solar flares) to
1017 s (intergalactic plasma) (~16 OOM)

Density
in particles per
cubic meter

107 m−3 to
1032 m−3 (inertial confinement plasma)

1 m−3 (intergalactic medium) to
1030 m−3 (stellar core)

Temperature
in kelvins

~0 K (crystalline non-neutral plasma[16])
to
108 K (magnetic fusion plasma)

102 K (aurora) to
107 K (solar core)

Magnetic
fields
in teslas

10−4 T (lab plasma) to
103 T (pulsed-power plasma)

10−12 T (intergalactic medium) to
1011 T (near neutron stars)
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Degree of ionization
For plasma to exist, ionization is necessary. The term "plasma density" by itself usually refers to the "electron
density", that is, the number of free electrons per unit volume. The degree of ionization of a plasma is the proportion
of atoms that have lost or gained electrons, and is controlled mostly by the temperature. Even a partially ionized gas
in which as little as 1% of the particles are ionized can have the characteristics of a plasma (i.e., response to
magnetic fields and high electrical conductivity). The degree of ionization, α is defined as α = ni/(ni + na) where ni is
the number density of ions and na is the number density of neutral atoms. The electron density is related to this by
the average charge state <Z> of the ions through ne = <Z> ni where ne is the number density of electrons.

Temperatures
Plasma temperature is commonly measured in kelvins or electronvolts and is, informally, a measure of the thermal
kinetic energy per particle. Very high temperatures are usually needed to sustain ionization, which is a defining
feature of a plasma. The degree of plasma ionization is determined by the "electron temperature" relative to the
ionization energy, (and more weakly by the density), in a relationship called the Saha equation. At low temperatures,
ions and electrons tend to recombine into bound states—atoms,[17] and the plasma will eventually become a gas.
In most cases the electrons are close enough to thermal equilibrium that their temperature is relatively well-defined,
even when there is a significant deviation from a Maxwellian energy distribution function, for example, due to UV
radiation, energetic particles, or strong electric fields. Because of the large difference in mass, the electrons come to
thermodynamic equilibrium amongst themselves much faster than they come into equilibrium with the ions or
neutral atoms. For this reason, the "ion temperature" may be very different from (usually lower than) the "electron
temperature". This is especially common in weakly ionized technological plasmas, where the ions are often near the
ambient temperature.

Thermal vs. non-thermal plasmas

Based on the relative temperatures of the electrons, ions and neutrals, plasmas are classified as "thermal" or
"non-thermal". Thermal plasmas have electrons and the heavy particles at the same temperature, i.e., they are in
thermal equilibrium with each other. Non-thermal plasmas on the other hand have the ions and neutrals at a much
lower temperature (normally room temperature), whereas electrons are much "hotter".
A plasma is sometimes referred to as being "hot" if it is nearly fully ionized, or "cold" if only a small fraction (for
example 1%) of the gas molecules are ionized, but other definitions of the terms "hot plasma" and "cold plasma" are
common. Even in a "cold" plasma, the electron temperature is still typically several thousand degrees Celsius.
Plasmas utilized in "plasma technology" ("technological plasmas") are usually cold in the sense that only a small
fraction of the gas molecules are ionized.
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Potentials

Lightning is an example of plasma present at Earth's surface.
Typically, lightning discharges 30,000 amperes at up to 100
million volts, and emits light, radio waves, X-rays and even

gamma rays.[18] Plasma temperatures in lightning can approach
~28,000 kelvin and electron densities may exceed 1024 m−3.

Since plasmas are very good conductors, electric
potentials play an important role. The potential as it exists
on average in the space between charged particles,
independent of the question of how it can be measured, is
called the "plasma potential", or the "space potential". If
an electrode is inserted into a plasma, its potential will
generally lie considerably below the plasma potential due
to what is termed a Debye sheath. The good electrical
conductivity of plasmas makes their electric fields very
small. This results in the important concept of
"quasineutrality", which says the density of negative
charges is approximately equal to the density of positive
charges over large volumes of the plasma (ne = <Z>ni),
but on the scale of the Debye length there can be charge
imbalance. In the special case that double layers are
formed, the charge separation can extend some tens of
Debye lengths.

The magnitude of the potentials and electric fields must be
determined by means other than simply finding the net
charge density. A common example is to assume that the
electrons satisfy the "Boltzmann relation":

.
Differentiating this relation provides a means to calculate
the electric field from the density:

.
It is possible to produce a plasma that is not quasineutral.
An electron beam, for example, has only negative charges. The density of a non-neutral plasma must generally be
very low, or it must be very small, otherwise it will be dissipated by the repulsive electrostatic force.

In astrophysical plasmas, Debye screening prevents electric fields from directly affecting the plasma over large
distances, i.e., greater than the Debye length. However, the existence of charged particles causes the plasma to
generate and can be affected by magnetic fields. This can and does cause extremely complex behavior, such as the
generation of plasma double layers, an object that separates charge over a few tens of Debye lengths. The dynamics
of plasmas interacting with external and self-generated magnetic fields are studied in the academic discipline of
magnetohydrodynamics.

Magnetization
Plasma with a magnetic field strong enough to influence the motion of the charged particles is said to be magnetized. 
A common quantitative criterion is that a particle on average completes at least one gyration around the magnetic 
field before making a collision, i.e., ωce/νcoll > 1, where ωce is the "electron gyrofrequency" and νcoll is the "electron 
collision rate". It is often the case that the electrons are magnetized while the ions are not. Magnetized plasmas are 
anisotropic, meaning that their properties in the direction parallel to the magnetic field are different from those 
perpendicular to it. While electric fields in plasmas are usually small due to the high conductivity, the electric field 
associated with a plasma moving in a magnetic field is given by E = −v × B (where E is the electric field, v is the
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velocity, and B is the magnetic field), and is not affected by Debye shielding.[19]

Comparison of plasma and gas phases
Plasma is often called the fourth state of matter after solid, liquids and gases.[20] It is distinct from these and other
lower-energy states of matter. Although it is closely related to the gas phase in that it also has no definite form or
volume, it differs in a number of ways, including the following:

Property Gas Plasma

Electrical
conductivity

Very low: Air is an excellent insulator until
it breaks down into plasma at electric field
strengths above 30 kilovolts per
centimeter.[21]

Usually very high: For many purposes, the conductivity of a plasma may be
treated as infinite.

Independently
acting species

One: All gas particles behave in a similar
way, influenced by gravity and by
collisions with one another.

Two or three: Electrons, ions, protons and neutrons can be distinguished by the
sign and value of their charge so that they behave independently in many
circumstances, with different bulk velocities and temperatures, allowing
phenomena such as new types of waves and instabilities.

Velocity
distribution

Maxwellian: Collisions usually lead to a
Maxwellian velocity distribution of all gas
particles, with very few relatively fast
particles.

Often non-Maxwellian: Collisional interactions are often weak in hot plasmas
and external forcing can drive the plasma far from local equilibrium and lead to a
significant population of unusually fast particles.

Interactions Binary: Two-particle collisions are the
rule, three-body collisions extremely rare.

Collective: Waves, or organized motion of plasma, are very important because
the particles can interact at long ranges through the electric and magnetic forces.

Complex plasma phenomena

The remnant of "Tycho's Supernova", a huge ball of expanding plasma. The outer
shell shown in blue is X-ray emission by high-speed electrons.

Although the underlying equations
governing plasmas are relatively simple,
plasma behavior is extraordinarily varied
and subtle: the emergence of unexpected
behavior from a simple model is a typical
feature of a complex system. Such systems
lie in some sense on the boundary between
ordered and disordered behavior and cannot
typically be described either by simple,
smooth, mathematical functions, or by pure
randomness. The spontaneous formation of
interesting spatial features on a wide range
of length scales is one manifestation of
plasma complexity. The features are
interesting, for example, because they are
very sharp, spatially intermittent (the
distance between features is much larger
than the features themselves), or have a
fractal form. Many of these features were
first studied in the laboratory, and have
subsequently been recognized throughout
the universe. Examples of complexity and complex structures in plasmas include:
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Filamentation
Striations or string-like structures,[22] also known as birkeland currents, are seen in many plasmas, like the plasma
ball, the aurora,[23] lightning,[24] electric arcs, solar flares,[25] and supernova remnants.[26] They are sometimes
associated with larger current densities, and the interaction with the magnetic field can form a magnetic rope
structure.[27] High power microwave breakdown at atmospheric pressure also leads to the formation of filamentary
structures.[28] (See also Plasma pinch)
Filamentation also refers to the self-focusing of a high power laser pulse. At high powers, the nonlinear part of the
index of refraction becomes important and causes a higher index of refraction in the center of the laser beam, where
the laser is brighter than at the edges, causing a feedback that focuses the laser even more. The tighter focused laser
has a higher peak brightness (irradiance) that forms a plasma. The plasma has an index of refraction lower than one,
and causes a defocusing of the laser beam. The interplay of the focusing index of refraction, and the defocusing
plasma makes the formation of a long filament of plasma that can be micrometers to kilometers in length.[29] (See
also Filament propagation)

Shocks or double layers
Plasma properties change rapidly (within a few Debye lengths) across a two-dimensional sheet in the presence of a
(moving) shock or (stationary) double layer. Double layers involve localized charge separation, which causes a large
potential difference across the layer, but does not generate an electric field outside the layer. Double layers separate
adjacent plasma regions with different physical characteristics, and are often found in current carrying plasmas. They
accelerate both ions and electrons.

Electric fields and circuits
Quasineutrality of a plasma requires that plasma currents close on themselves in electric circuits. Such circuits
follow Kirchhoff's circuit laws and possess a resistance and inductance. These circuits must generally be treated as a
strongly coupled system, with the behavior in each plasma region dependent on the entire circuit. It is this strong
coupling between system elements, together with nonlinearity, which may lead to complex behavior. Electrical
circuits in plasmas store inductive (magnetic) energy, and should the circuit be disrupted, for example, by a plasma
instability, the inductive energy will be released as plasma heating and acceleration. This is a common explanation
for the heating that takes place in the solar corona. Electric currents, and in particular, magnetic-field-aligned electric
currents (which are sometimes generically referred to as "Birkeland currents"), are also observed in the Earth's
aurora, and in plasma filaments.

Cellular structure
Narrow sheets with sharp gradients may separate regions with different properties such as magnetization, density and
temperature, resulting in cell-like regions. Examples include the magnetosphere, heliosphere, and heliospheric
current sheet. Hannes Alfvén wrote: "From the cosmological point of view, the most important new space research
discovery is probably the cellular structure of space. As has been seen in every region of space accessible to in situ
measurements, there are a number of 'cell walls', sheets of electric currents, which divide space into compartments
with different magnetization, temperature, density, etc."[30]
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Critical ionization velocity
The critical ionization velocity is the relative velocity between an ionized plasma and a neutral gas, above which a
runaway ionization process takes place. The critical ionization process is a quite general mechanism for the
conversion of the kinetic energy of a rapidly streaming gas into ionization and plasma thermal energy. Critical
phenomena in general are typical of complex systems, and may lead to sharp spatial or temporal features.

Ultracold plasma
Ultracold plasmas are created in a magneto-optical trap (MOT) by trapping and cooling neutral atoms, to
temperatures of 1 mK or lower, and then using another laser to ionize the atoms by giving each of the outermost
electrons just enough energy to escape the electrical attraction of its parent ion.
One advantage of ultracold plasmas are their well characterized and tunable initial conditions, including their size
and electron temperature. By adjusting the wavelength of the ionizing laser, the kinetic energy of the liberated
electrons can be tuned as low as 0.1 K, a limit set by the frequency bandwidth of the laser pulse. The ions inherit the
millikelvin temperatures of the neutral atoms, but are quickly heated through a process known as disorder induced
heating (DIH). This type of non-equilibrium ultracold plasma evolves rapidly, and displays many other interesting
phenomena.[31]

One of the metastable states of a strongly nonideal plasma is Rydberg matter, which forms upon condensation of
excited atoms.

Non-neutral plasma
The strength and range of the electric force and the good conductivity of plasmas usually ensure that the densities of
positive and negative charges in any sizeable region are equal ("quasineutrality"). A plasma with a significant excess
of charge density, or, in the extreme case, is composed of a single species, is called a non-neutral plasma. In such a
plasma, electric fields play a dominant role. Examples are charged particle beams, an electron cloud in a Penning
trap and positron plasmas.[32]
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Dusty plasma and grain plasma
A dusty plasma contains tiny charged particles of dust (typically found in space). The dust particles acquire high
charges and interact with each other. A plasma that contains larger particles is called grain plasma. Under laboratory
conditions, dusty plasmas are also called complex plasmas.[33]

Mathematical descriptions

The complex self-constricting magnetic field
lines and current paths in a field-aligned
Birkeland current that can develop in a

plasma.[34]

To completely describe the state of a plasma, we would need to write
down all the particle locations and velocities and describe the
electromagnetic field in the plasma region. However, it is generally not
practical or necessary to keep track of all the particles in a plasma.
Therefore, plasma physicists commonly use less detailed descriptions,
of which there are two main types:

Fluid model

Fluid models describe plasmas in terms of smoothed quantities, like
density and averaged velocity around each position (see Plasma
parameters). One simple fluid model, magnetohydrodynamics, treats
the plasma as a single fluid governed by a combination of Maxwell's
equations and the Navier–Stokes equations. A more general
description is the two-fluid plasma picture, where the ions and
electrons are described separately. Fluid models are often accurate
when collisionality is sufficiently high to keep the plasma velocity
distribution close to a Maxwell–Boltzmann distribution. Because fluid
models usually describe the plasma in terms of a single flow at a
certain temperature at each spatial location, they can neither capture
velocity space structures like beams or double layers, nor resolve
wave-particle effects.

Kinetic model

Kinetic models describe the particle velocity distribution function at each point in the plasma and therefore do not
need to assume a Maxwell–Boltzmann distribution. A kinetic description is often necessary for collisionless
plasmas. There are two common approaches to kinetic description of a plasma. One is based on representing the
smoothed distribution function on a grid in velocity and position. The other, known as the particle-in-cell (PIC)
technique, includes kinetic information by following the trajectories of a large number of individual particles.
Kinetic models are generally more computationally intensive than fluid models. The Vlasov equation may be used to
describe the dynamics of a system of charged particles interacting with an electromagnetic field. In magnetized
plasmas, a gyrokinetic approach can substantially reduce the computational expense of a fully kinetic simulation.
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Artificial plasmas
Most artificial plasmas are generated by the application of electric and/or magnetic fields. Plasma generated in a
laboratory setting and for industrial use can be generally categorized by:
• The type of power source used to generate the plasma—DC, RF and microwave
• The pressure they operate at—vacuum pressure (< 10 mTorr or 1 Pa), moderate pressure (~ 1 Torr or 100 Pa),

atmospheric pressure (760 Torr or 100 kPa)
• The degree of ionization within the plasma—fully, partially, or weakly ionized
• The temperature relationships within the plasma—thermal plasma (Te = Tion = Tgas), non-thermal or "cold"

plasma (Te >> Tion = Tgas)
•• The electrode configuration used to generate the plasma
• The magnetization of the particles within the plasma—magnetized (both ion and electrons are trapped in Larmor

orbits by the magnetic field), partially magnetized (the electrons but not the ions are trapped by the magnetic
field), non-magnetized (the magnetic field is too weak to trap the particles in orbits but may generate Lorentz
forces)

•• The application

Generation of artificial plasma

Artificial plasma produced in air by a Jacob's
Ladder

Just like the many uses of plasma, there are several means for its
generation, however, one principle is common to all of them: there
must be energy input to produce and sustain it.[35] For this case, plasma
is generated when an electrical current is applied across a dielectric gas
or fluid (an electrically non-conducting material) as can be seen in the
image below, which shows a discharge tube as a simple example (DC
used for simplicity).
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Cascade process of ionization. Electrons are ‘e−’,
neutral atoms ‘o’, and cations ‘+’.

The potential difference and subsequent electric field pull the bound
electrons (negative) toward the anode (positive electrode) while the
cathode (negative electrode) pulls the nucleus.[36] As the voltage
increases, the current stresses the material (by electric polarization)
beyond its dielectric limit (termed strength) into a stage of electrical
breakdown, marked by an electric spark, where the material transforms
from being an insulator into a conductor (as it becomes increasingly
ionized). This is a stage of avalanching ionization, where collisions
between electrons and neutral gas atoms create more ions and electrons
(as can be seen in the figure on the right). The first impact of an
electron on an atom results in one ion and two electrons. Therefore, the
number of charged particles increases rapidly (in the millions) only
“after about 20 successive sets of collisions”,[] mainly due to a small
mean free path (average distance travelled between collisions).

Electric arc

With ample current density and ionization, this forms a luminous electric arc (essentially lightning) between the
electrodes.[37] Electrical resistance along the continuous electric arc creates heat, which ionizes more gas molecules
(where degree of ionization is determined by temperature), and as per the sequence: solid-liquid-gas-plasma, the gas
is gradually turned into a thermal plasma.[38] A thermal plasma is in thermal equilibrium, which is to say that the
temperature is relatively homogeneous throughout the heavy particles (i.e. atoms, molecules and ions) and electrons.
This is so because when thermal plasmas are generated, electrical energy is given to electrons, which, due to their
great mobility and large numbers, are able to disperse it rapidly and by elastic collision (without energy loss) to the
heavy particles.[39][40]

Examples of industrial/commercial plasma
Because of their sizable temperature and density ranges, plasmas find applications in many fields of research,
technology and industry. For example, in: industrial and extractive metallurgy,[39] surface treatments such as thermal
spraying (coating), etching in microelectronics,[41] metal cutting[42] and welding; as well as in everyday vehicle
exhaust cleanup and fluorescent/luminescent lamps,[35] while even playing a part in supersonic combustion engines
for aerospace engineering.[43]

Low-pressure discharges

• Glow discharge plasmas: non-thermal plasmas generated by the application of DC or low frequency RF
(<100 kHz) electric field to the gap between two metal electrodes. Probably the most common plasma; this is the
type of plasma generated within fluorescent light tubes.[44]

• Capacitively coupled plasma (CCP): similar to glow discharge plasmas, but generated with high frequency RF
electric fields, typically 13.56 MHz. These differ from glow discharges in that the sheaths are much less intense.
These are widely used in the microfabrication and integrated circuit manufacturing industries for plasma etching
and plasma enhanced chemical vapor deposition.[45]

• Cascaded Arc Plasma Source: a device to produce low temperature (~1eV) high density plasmas.
• Inductively coupled plasma (ICP): similar to a CCP and with similar applications but the electrode consists of a

coil wrapped around the discharge volume that inductively excites the plasma.
• Wave heated plasma: similar to CCP and ICP in that it is typically RF (or microwave), but is heated by both

electrostatic and electromagnetic means. Examples are helicon discharge, electron cyclotron resonance (ECR),
and ion cyclotron resonance (ICR). These typically require a coaxial magnetic field for wave propagation.
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Atmospheric pressure

• Arc discharge: this is a high power thermal discharge of very high temperature (~10,000 K). It can be generated
using various power supplies. It is commonly used in metallurgical processes. For example, it is used to melt
rocks containing Al2O3 to produce aluminium.

• Corona discharge: this is a non-thermal discharge generated by the application of high voltage to sharp electrode
tips. It is commonly used in ozone generators and particle precipitators.

• Dielectric barrier discharge (DBD): this is a non-thermal discharge generated by the application of high voltages
across small gaps wherein a non-conducting coating prevents the transition of the plasma discharge into an arc. It
is often mislabeled 'Corona' discharge in industry and has similar application to corona discharges. It is also
widely used in the web treatment of fabrics.[46] The application of the discharge to synthetic fabrics and plastics
functionalizes the surface and allows for paints, glues and similar materials to adhere.[47]

• Capacitive discharge: this is a nonthermal plasma generated by the application of RF power (e.g., 13.56 MHz) to
one powered electrode, with a grounded electrode held at a small separation distance on the order of 1 cm. Such
discharges are commonly stabilized using a noble gas such as helium or argon.[48]

History
Plasma was first identified in a Crookes tube, and so described by Sir William Crookes in 1879 (he called it "radiant
matter").[49] The nature of the Crookes tube "cathode ray" matter was subsequently identified by British physicist Sir
J.J. Thomson in 1897.[50] The term "plasma" was coined by Irving Langmuir in 1928,[51] perhaps because the
glowing discharge molds itself to the shape of the Crooks tube (Gr. πλάσμα – a thing moulded or formed).[52]

Langmuir described his observations as:
Except near the electrodes, where there are sheaths containing very few electrons, the ionized gas
contains ions and electrons in about equal numbers so that the resultant space charge is very small. We
shall use the name plasma to describe this region containing balanced charges of ions and electrons.[51]

Fields of active research

Hall effect thruster. The electric field in a plasma
double layer is so effective at accelerating ions

that electric fields are used in ion drives.

This is just a partial list of topics. See list of plasma (physics) articles.
A more complete and organized list can be found on the web site
Plasma science and technology.[53]
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•• Plasma theory

•• Plasma equilibria and stability
•• Plasma interactions with waves and beams
•• Guiding center
•• Adiabatic invariant
•• Debye sheath
•• Coulomb collision

•• Plasmas in nature

• The Earth's ionosphere
•• Northern and southern (polar) lights
• Space plasmas, e.g. Earth's plasmasphere (an inner portion

of the magnetosphere dense with plasma)
•• Astrophysical plasma
•• Interplanetary medium

•• Industrial plasmas

•• Plasma chemistry
•• Plasma processing
•• Plasma spray
•• Plasma display
• Plasma sources
• Dusty plasmas

•• Plasma diagnostics

•• Thomson scattering
•• Langmuir probe
•• Spectroscopy
•• Interferometry
•• Ionospheric heating
• Incoherent scatter radar

•• Plasma applications

•• Fusion power

• Magnetic fusion energy (MFE) — tokamak, stellarator, reversed
field pinch, magnetic mirror, dense plasma focus

• Inertial fusion energy (IFE) (also Inertial confinement fusion —
ICF)

•• Plasma-based weaponry
•• Ion implantation
•• Ion thruster
• MAGPIE (short for Mega Ampere Generator for Plasma Implosion

Experiments)
•• Plasma ashing
• Food processing (nonthermal plasma, aka "cold plasma")
• Plasma arc waste disposal, convert waste into reusable material with

plasma.
•• Plasma acceleration
• Plasma medicine (e. g. Dentistry [54])
•• Plasma window

Solar plasma Plasma spraying

http://en.wikipedia.org/w/index.php?title=Plasma_equilibria_and_stability
http://en.wikipedia.org/w/index.php?title=Guiding_center
http://en.wikipedia.org/w/index.php?title=Adiabatic_invariant
http://en.wikipedia.org/w/index.php?title=Debye_sheath
http://en.wikipedia.org/w/index.php?title=Coulomb_collision
http://en.wikipedia.org/w/index.php?title=Ionosphere
http://en.wikipedia.org/w/index.php?title=Aurora_%28astronomy%29
http://en.wikipedia.org/w/index.php?title=Plasmasphere
http://en.wikipedia.org/w/index.php?title=Magnetosphere
http://en.wikipedia.org/w/index.php?title=Astrophysical_plasma
http://en.wikipedia.org/w/index.php?title=Interplanetary_medium
http://en.wikipedia.org/w/index.php?title=Plasma_chemistry
http://en.wikipedia.org/w/index.php?title=Plasma_processing
http://en.wikipedia.org/w/index.php?title=Plasma_spray
http://en.wikipedia.org/w/index.php?title=Plasma_display
http://en.wikipedia.org/w/index.php?title=Plasma_source
http://en.wikipedia.org/w/index.php?title=Dusty_plasma
http://en.wikipedia.org/w/index.php?title=Plasma_diagnostics
http://en.wikipedia.org/w/index.php?title=Thomson_scattering
http://en.wikipedia.org/w/index.php?title=Langmuir_probe
http://en.wikipedia.org/w/index.php?title=Spectroscopy
http://en.wikipedia.org/w/index.php?title=Interferometry
http://en.wikipedia.org/w/index.php?title=Ionospheric_heater
http://en.wikipedia.org/w/index.php?title=Incoherent_scatter
http://en.wikipedia.org/w/index.php?title=Fusion_power
http://en.wikipedia.org/w/index.php?title=Magnetic_fusion_energy
http://en.wikipedia.org/w/index.php?title=Tokamak
http://en.wikipedia.org/w/index.php?title=Stellarator
http://en.wikipedia.org/w/index.php?title=Reversed_field_pinch
http://en.wikipedia.org/w/index.php?title=Reversed_field_pinch
http://en.wikipedia.org/w/index.php?title=Magnetic_mirror
http://en.wikipedia.org/w/index.php?title=Dense_plasma_focus
http://en.wikipedia.org/w/index.php?title=Inertial_fusion_energy
http://en.wikipedia.org/w/index.php?title=Plasma-based_weaponry
http://en.wikipedia.org/w/index.php?title=Ion_implantation
http://en.wikipedia.org/w/index.php?title=Ion_thruster
http://en.wikipedia.org/w/index.php?title=MAGPIE
http://en.wikipedia.org/w/index.php?title=Plasma_ashing
http://en.wikipedia.org/w/index.php?title=Nonthermal_plasma
http://en.wikipedia.org/w/index.php?title=Plasma_arc_waste_disposal
http://en.wikipedia.org/w/index.php?title=Plasma_acceleration
http://en.wikipedia.org/w/index.php?title=Plasma_medicine
http://en.wikipedia.org/w/index.php?title=Plasma_window
http://en.wikipedia.org/w/index.php?title=File%3AWispy_%27Plasma_Dancer%27_on_the_limb_of_the_Sun.ogv
http://en.wikipedia.org/w/index.php?title=File%3APlasma_Spraying_Process.jpg


Plasma (physics) 432

Notes
[1] πλάσμα (http:/ / www. perseus. tufts. edu/ hopper/ text?doc=Perseus:text:1999. 04. 0057:entry=pla/ sma), Henry George Liddell, Robert

Scott, A Greek-English Lexicon, on Perseus
[2] Luo, Q-Z; D'Angelo, N; Merlino, R. L. (1998). Shock formation in a negative ion plasma (http:/ / www. physics. uiowa. edu/ ~rmerlino/

nishocks. pdf). 5. Department of Physics and Astronomy. . Retrieved 2011-11-20.
[3] Sturrock, Peter A. (1994). Plasma Physics: An Introduction to the Theory of Astrophysical, Geophysical & Laboratory Plasmas.. Cambridge

University Press. ISBN 0-521-44810-7.
[4] It is often stated that more than 99% of the material in the visible universe is plasma. See, for example, D. A. Gurnett, A. Bhattacharjee

(2005). Introduction to Plasma Physics: With Space and Laboratory Applications (http:/ / books. google. com/ ?id=VcueZlunrbcC& pg=PA2).
Cambridge, UK: Cambridge University Press. p. 2. ISBN 0-521-36483-3. . and K Scherer, H Fichtner, B Heber (2005). Space Weather: The
Physics Behind a Slogan (http:/ / books. google. com/ ?id=irHgIUtLi0gC& pg=PA138). Berlin: Springer. p. 138. ISBN 3-540-22907-8. ..
Essentially, all of the visible light from space comes from stars, which are plasmas with a temperature such that they radiate strongly at visible
wavelengths. Most of the ordinary (or baryonic) matter in the universe, however, is found in the intergalactic medium, which is also a plasma,
but much hotter, so that it radiates primarily as X-rays. The current scientific consensus is that about 96% of the total energy density in the
universe is not plasma or any other form of ordinary matter, but a combination of cold dark matter and dark energy.

[5] Péter Mészáros, The High Energy Universe: Ultra-High Energy Events in Astrophysics and Cosmology, Publisher Cambridge University
Press, 2010, ISBN 0521517001, 780521517003, 222 pages, page 99 (http:/ / books. google. co. uk/ books?id=NXvE_zQX5kAC&
lpg=PA99& dq="Black hole" plasma acreting& pg=PA99#v=onepage& q="Black hole" plasma acreting& f=false).

[6] Derek J. Raine, Edwin George Thomas, Black Holes: An Introduction, Publisher: Imperial College Press, 2010, ISBN 1848163827,
9781848163829, 198 pages, page 160 (http:/ / books. google. co. uk/ books?id=O3puAMw5U3UC& lpg=PA160& dq="black hole"
astrophysical jets plasma& pg=PA160#v=onepage& q="black hole" astrophysical jets plasma& f=false)

[7] Robert Nemiroff (MTU) & Jerry Bonnell (USRA), Astronomy Picture of the Day, 2004 December 2011 (http:/ / apod. nasa. gov/ apod/
ap041211. html), retrieved 9 November 2012

[8] IPPEX Glossary of Fusion Terms (http:/ / ippex. pppl. gov/ fusion/ glossary. html). Ippex.pppl.gov. Retrieved on 2011-11-19.
[9] " Plasma and Flames – The Burning Question (http:/ / www. plasmacoalition. org/ plasma_writeups/ flame. pdf)", from the Coalition for

Plasma Science, retrieved 8 November 2012
[10] A. von Engel and J.R. Cozens, "Flame Plasma" in Advances in electronics and electron physics, by L. L. Marton, Academic Press, 1976,

ISBN 0120145200, 9780120145201, pp. 99 (http:/ / books. google. co. uk/ books?id=0Mndi2cCMuUC& lpg=PA99& ots=fEm9XJ45MD&
dq=candle flame plasma& lr& pg=PA99#v=onepage& q=flame plasma& f=false)

[11] Plasma fountain Source (http:/ / pwg. gsfc. nasa. gov/ istp/ news/ 9812/ solar1. html), press release: Solar Wind Squeezes Some of Earth's
Atmosphere into Space (http:/ / pwg. gsfc. nasa. gov/ istp/ news/ 9812/ solarwind. html)

[12] Hazeltine, R.D.; Waelbroeck, F.L. (2004). The Framework of Plasma Physics. Westview Press.. ISBN 0-7382-0047-6.
[13] R. O. Dendy (1990). Plasma Dynamics (http:/ / books. google. com/ ?id=S1C6-4OBOeYC). Oxford University Press. ISBN 0-19-852041-7.

.
[14] Daniel Hastings, Henry Garrett (2000). Spacecraft-Environment Interactions. Cambridge University Press. ISBN 0-521-47128-1.
[15] Peratt, A. L. (1996). "Advances in Numerical Modeling of Astrophysical and Space Plasmas". Astrophysics and Space Science 242 (1–2):

93–163. Bibcode 1996Ap&SS.242...93P. doi:10.1007/BF00645112.
[16] See The Nonneutral Plasma Group (http:/ / sdphca. ucsd. edu/ ) at the University of California, San Diego
[17] Nicholson, Dwight R. (1983). Introduction to Plasma Theory. John Wiley & Sons. ISBN 0-471-09045-X.
[18] See Flashes in the Sky: Earth's Gamma-Ray Bursts Triggered by Lightning (http:/ / www. nasa. gov/ vision/ universe/ solarsystem/

rhessi_tgf. html)
[19] Richard Fitzpatrick, Introduction to Plasma Physics, Magnetized plasmas (http:/ / farside. ph. utexas. edu/ teaching/ plasma/ lectures/

node10. html)
[20] Yaffa Eliezer, Shalom Eliezer, The Fourth State of Matter: An Introduction to the Physics of Plasma, Publisher: Adam Hilger, 1989, ISBN

0852741642, 9780852741641, 226 pages, page 5
[21] Hong, Alice (2000). "Dielectric Strength of Air" (http:/ / hypertextbook. com/ facts/ 2000/ AliceHong. shtml). The Physics Factbook. .
[22] Dickel, J. R. (1990). "The Filaments in Supernova Remnants: Sheets, Strings, Ribbons, or?". Bulletin of the American Astronomical Society

22: 832. Bibcode 1990BAAS...22..832D.
[23] Grydeland, T., et al. (2003). "Interferometric observations of filamentary structures associated with plasma instability in the auroral

ionosphere". Geophysical Research Letters 30 (6): 71. Bibcode 2003GeoRL..30f..71G. doi:10.1029/2002GL016362.
[24] Moss, Gregory D., et al. (2006). "Monte Carlo model for analysis of thermal runaway electrons in streamer tips in transient luminous events

and streamer zones of lightning leaders". Journal of Geophysical Research 111 (A2): A02307. Bibcode 2006JGRA..11102307M.
doi:10.1029/2005JA011350.

[25] Doherty, Lowell R.; Menzel, Donald H. (1965). "Filamentary Structure in Solar Prominences". The Astrophysical Journal 141: 251.
Bibcode 1965ApJ...141..251D. doi:10.1086/148107.

[26] Hubble views the Crab Nebula M1: The Crab Nebula Filaments (http:/ / web. archive. org/ web/ 20091005084515/ http:/ / seds. lpl. arizona.
edu/ messier/ more/ m001_hst. html). The University of Arizona

http://www.perseus.tufts.edu/hopper/text?doc=Perseus%3Atext%3A1999.04.0057%3Aentry%3Dpla%2Fsma
http://www.physics.uiowa.edu/~rmerlino/nishocks.pdf
http://www.physics.uiowa.edu/~rmerlino/nishocks.pdf
http://books.google.com/?id=VcueZlunrbcC&pg=PA2
http://books.google.com/?id=irHgIUtLi0gC&pg=PA138
http://en.wikipedia.org/w/index.php?title=Baryon
http://en.wikipedia.org/w/index.php?title=Outer_space%23Intergalactic
http://en.wikipedia.org/w/index.php?title=Cold_dark_matter
http://en.wikipedia.org/w/index.php?title=Dark_energy
http://books.google.co.uk/books?id=NXvE_zQX5kAC&lpg=PA99&dq=%22Black%20hole%22%20plasma%20acreting&pg=PA99#v=onepage&q=%22Black%20hole%22%20plasma%20acreting&f=false
http://books.google.co.uk/books?id=NXvE_zQX5kAC&lpg=PA99&dq=%22Black%20hole%22%20plasma%20acreting&pg=PA99#v=onepage&q=%22Black%20hole%22%20plasma%20acreting&f=false
http://books.google.co.uk/books?id=O3puAMw5U3UC&lpg=PA160&dq=%22black%20hole%22%20astrophysical%20jets%20plasma&pg=PA160#v=onepage&q=%22black%20hole%22%20astrophysical%20jets%20plasma&f=false
http://books.google.co.uk/books?id=O3puAMw5U3UC&lpg=PA160&dq=%22black%20hole%22%20astrophysical%20jets%20plasma&pg=PA160#v=onepage&q=%22black%20hole%22%20astrophysical%20jets%20plasma&f=false
http://apod.nasa.gov/apod/ap041211.html
http://apod.nasa.gov/apod/ap041211.html
http://ippex.pppl.gov/fusion/glossary.html
http://www.plasmacoalition.org/plasma_writeups/flame.pdf
http://books.google.co.uk/books?id=0Mndi2cCMuUC&lpg=PA99&ots=fEm9XJ45MD&dq=candle%20flame%20plasma&lr&pg=PA99#v=onepage&q=flame%20plasma&f=false
http://books.google.co.uk/books?id=0Mndi2cCMuUC&lpg=PA99&ots=fEm9XJ45MD&dq=candle%20flame%20plasma&lr&pg=PA99#v=onepage&q=flame%20plasma&f=false
http://pwg.gsfc.nasa.gov/istp/news/9812/solar1.html
http://pwg.gsfc.nasa.gov/istp/news/9812/solarwind.html
http://books.google.com/?id=S1C6-4OBOeYC
http://sdphca.ucsd.edu/
http://www.nasa.gov/vision/universe/solarsystem/rhessi_tgf.html
http://www.nasa.gov/vision/universe/solarsystem/rhessi_tgf.html
http://farside.ph.utexas.edu/teaching/plasma/lectures/node10.html
http://farside.ph.utexas.edu/teaching/plasma/lectures/node10.html
http://hypertextbook.com/facts/2000/AliceHong.shtml
http://web.archive.org/web/20091005084515/http://seds.lpl.arizona.edu/messier/more/m001_hst.html
http://web.archive.org/web/20091005084515/http://seds.lpl.arizona.edu/messier/more/m001_hst.html


Plasma (physics) 433

[27] Zhang, Yan-An, et al. (2002). "A rope-shaped solar filament and a IIIb flare". Chinese Astronomy and Astrophysics 26 (4): 442–450.
Bibcode 2002ChA&A..26..442Z. doi:10.1016/S0275-1062(02)00095-4.

[28] Jean-Pierre Boeuf, Bhaskar Chaudhury, and Guo Qiang Zhu (2010). "Theory and Modeling of Self-Organization and Propagation of
Filamentary Plasma Arrays in Microwave Breakdown at Atmospheric Pressure". Physical Review Letters 104 (1): 015002.
Bibcode 2010PhRvL.104a5002B. doi:10.1103/PhysRevLett.104.015002.

[29] S. L. Chin (2006). "Some Fundamental Concepts of Femtosecond Laser Filamentation" (http:/ / icpr. snu. ac. kr/ resource/ wop. pdf/ J01/
2006/ 049/ S01/ J012006049S010281. pdf). Journal of the Korean Physical Society 49: 281. .

[30] Hannes Alfvén (1981). "section VI.13.1. Cellular Structure of Space". Cosmic Plasma. Dordrecht. ISBN 90-277-1151-8.
[31] National Research Council (U.S.). Plasma 2010 Committee (2007). Plasma science: advancing knowledge in the national interest (http:/ /

books. google. com/ ?id=rHo6IbakG2kC& pg=PA190). National Academies Press. pp. 190–193. ISBN 0-309-10943-4. .
[32] R. G. Greaves, M. D. Tinkle, and C. M. Surko (1994). "Creation and uses of positron plasmas". Physics of Plasmas 1 (5): 1439.

Bibcode 1994PhPl....1.1439G. doi:10.1063/1.870693.
[33] Morfill, G. E. (2009). "Complex plasmas: An interdisciplinary research field". Review of Modern Physics 81: 1353–1404.

doi:10.1103/RevModPhys.81.1353.
[34] See Evolution of the Solar System (http:/ / history. nasa. gov/ SP-345/ ch15. htm#250), 1976)
[35] Hippler, R., Kersten, H., Schmidt, M., Schoenbach, K.M., ed. (2008). "Plasma Sources". Low Temperature Plasmas: Fundamentals,

Technologies, and Techniques (2 ed.). Wiley-VCH. ISBN 3-527-40673-5.
[36] Chen, Francis F. (1984). Plasma Physics and Controlled Fusion. Plenum Press. ISBN 0-306-41332-9.
[37] The material undergoes various ‘regimes’ or stages (e.g. saturation, breakdown, glow, transition and thermal arc) as the voltage is increased

under the voltage-current relationship. The voltage rises to its maximum value in the saturation stage, and thereafter it undergoes fluctuations
of the various stages; while the current progressively increases throughout.Leal-Quirós, Edbertho (2004). "Plasma Processing of Municipal
Solid Waste". Brazilian Journal of Physics 34 (4B): 1587. Bibcode 2004BrJPh..34.1587L.

[38] Across literature, there appears to be no strict definition on where the boundary is between a gas and plasma. Nevertheless, it is enough to
say that at 2000°C the gas molecules become atomized, and ionized at 3000°C and "in this state, [the] gas has a liquid like viscosity at
atmospheric pressure and the free electric charges confer relatively high electrical conductivities that can approach those of metals.”

[39] Gomez, E., Rani, D.A., Cheeseman, C.R., Deegan, D., Wise, M., Boccaccini, A.R. (2009). "Thermal plasma technology for the treatment of
wastes: A critical review". Journal of Hazardous Materials 161 (2–3): 614–626. doi:10.1016/j.jhazmat.2008.04.017. PMID 18499345.

[40] Note that non-thermal, or non-equilibrium plasmas are not as ionized and have lower energy densities, and thus the temperature is not
dispersed evenly among the particles, where some heavy ones remain ‘cold’.

[41] National Research Council (1991). Plasma Processing of Materials : Scientific Opportunities and Technological Challenges.. National
Academies Press. ISBN 0-309-04597-5.

[42] Nemchinsky, V.A., Severance, W.S. (2006). "What we know and what we do not know about plasma arc cutting". J. Phys. D: Appl. Phys.
39 (22): R423–R438. Bibcode 2006JPhD...39R.423N. doi:10.1088/0022-3727/39/22/R01.

[43] Peretich, M.A., O’Brien, W.F., Schetz, J.A. (2007). Plasma torch power control for scramjet application (http:/ / www. vsgc. odu. edu/ src/
SRC07/ SRC07papers/ Mark Peretich _ PaperFinal Report. pdf). Virginia Space Grant Consortium. . Retrieved 12 April 2010.

[44] Dr. David P. Stern. "The Fluorescent Lamp: A plasma you can use." (http:/ / www-spof. gsfc. nasa. gov/ Education/ wfluor. html). .
Retrieved 2010-05-19.

[45] Sobolewski, M.A.; Langan & Felker, J.G. & B.S. (1997). Electrical optimization of plasma-enhanced chemical vapor deposition chamber
cleaning plasmas (http:/ / physics. nist. gov/ MajResProj/ rfcell/ Publications/ MAS_JVSTB16_1. pdf). 16. J. Vac. Sci. Technol. B.
pp. 173–182. .

[46] F. Leroux et al. (2006). "Atmospheric air plasma treatments of polyester textile structures". Journal of Adhesion Science and Technology 20
(9): 939–957. doi:10.1163/156856106777657788.

[47] F. Leroux et al. (2008). "Polypropylene film chemical and physical modifications by dielectric barrier discharge plasma treatment at
atmospheric pressure". Journal of Colloid and Interface Science 328 (2): 412. doi:10.1016/j.jcis.2008.09.062. PMID 18930244.

[48] J. Park et al. (2001). "Discharge phenomena of an atmospheric pressure radio-frequency capacitive plasma source". Journal of Applied
Physics 89 (1): 20. Bibcode 2001JAP....89...20P. doi:10.1063/1.1323753.

[49] Crookes presented a lecture to the British Association for the Advancement of Science, in Sheffield, on Friday, 22 August 1879 (http:/ /
www. worldcatlibraries. org/ wcpa/ top3mset/ 5dcb9349d366f8ec. html) (http:/ / www. tfcbooks. com/ mall/ more/ 315rm. htm)

[50] Announced in his evening lecture to the Royal Institution on Friday, 30th April 1897, and published in Philosophical Magazine 44: 293.
1897. http:/ / web. lemoyne. edu/ ~GIUNTA/ thomson1897. html.

[51] I. Langmuir (1928). "Oscillations in ionized gases". Proc. Nat. Acad. Sci. U.S. 14 (8): 628. Bibcode 1928PNAS...14..627L.
doi:10.1073/pnas.14.8.627.

[52] BROWN, Sanborn C. (1978). "Chapter 1: A Short History of Gaseous Electronics". In HIRSH, Merle N. e OSKAM, H. J.. Gaseous
Electronics. 1. Academic Press. ISBN 0-12-349701-9.

[53] Web site for Plasma science and technology (http:/ / www. plasmas. com/ topics. htm)
[54] "High-tech dentistry – "St Elmo's frier" – Using a plasma torch to clean your teeth" (http:/ / www. economist. com/ displaystory.

cfm?story_id=13794903& fsrc=rss). The Economist print edition. Jun 17 2009. . Retrieved 2009-09-07.

http://en.wikipedia.org/w/index.php?title=Physical_Review_Letters
http://icpr.snu.ac.kr/resource/wop.pdf/J01/2006/049/S01/J012006049S010281.pdf
http://icpr.snu.ac.kr/resource/wop.pdf/J01/2006/049/S01/J012006049S010281.pdf
http://books.google.com/?id=rHo6IbakG2kC&pg=PA190
http://books.google.com/?id=rHo6IbakG2kC&pg=PA190
http://history.nasa.gov/SP-345/ch15.htm#250
http://www.vsgc.odu.edu/src/SRC07/SRC07papers/Mark%20Peretich%20_%20PaperFinal%20Report.pdf
http://www.vsgc.odu.edu/src/SRC07/SRC07papers/Mark%20Peretich%20_%20PaperFinal%20Report.pdf
http://www-spof.gsfc.nasa.gov/Education/wfluor.html
http://physics.nist.gov/MajResProj/rfcell/Publications/MAS_JVSTB16_1.pdf
http://en.wikipedia.org/w/index.php?title=Lecture
http://en.wikipedia.org/w/index.php?title=British_Association_for_the_Advancement_of_Science
http://www.worldcatlibraries.org/wcpa/top3mset/5dcb9349d366f8ec.html
http://www.worldcatlibraries.org/wcpa/top3mset/5dcb9349d366f8ec.html
http://www.tfcbooks.com/mall/more/315rm.htm
http://en.wikipedia.org/w/index.php?title=Royal_Institution
http://en.wikipedia.org/w/index.php?title=Philosophical_Magazine
http://web.lemoyne.edu/~GIUNTA/thomson1897.html.
http://www.plasmas.com/topics.htm
http://www.economist.com/displaystory.cfm?story_id=13794903&fsrc=rss
http://www.economist.com/displaystory.cfm?story_id=13794903&fsrc=rss


Plasma (physics) 434

References

External links
• Free plasma physics books and notes (http:/ / www. freebookcentre. net/ Physics/ Plasma-Physics-Books. html)
• Plasmas: the Fourth State of Matter (http:/ / fusedweb. pppl. gov/ CPEP/ Chart_Pages/ 5. Plasma4StateMatter.

html)
• Plasma Science and Technology (http:/ / www. plasmas. org/ )
• Plasma on the Internet (http:/ / plasma-gate. weizmann. ac. il/ directories/ plasma-on-the-internet/ ) – a list of

plasma related links.
• Introduction to Plasma Physics: Graduate course given by Richard Fitzpatrick (http:/ / farside. ph. utexas. edu/

teaching/ plasma/ lectures/ lectures. html)| M.I.T. Introduction by I.H.Hutchinson (http:/ / silas. psfc. mit. edu/
introplasma/ index. html)

• Plasma Material Interaction (http:/ / starfire. ne. uiuc. edu/ )
• How to make a glowing ball of plasma in your microwave with a grape (http:/ / c3po. barnesos. net/ homepage/

lpl/ grapeplasma/ )| More (Video) (http:/ / stewdio. org/ plasma/ )
• How to make plasma in your microwave with only one match (video) (http:/ / video. google. com/

videoplay?docid=6732382807079775486& hl=en)
• OpenPIC3D – 3D Hybrid Particle-In-Cell simulation of plasma dynamics (http:/ / comphys. narod. ru)
• Plasma Formulary Interactive (http:/ / plasma-gate. weizmann. ac. il/ pf/ )

Space
Space is the boundless three-dimensional extent in which objects exist and events occur and have relative position
and direction.[1] Physical space is often conceived in three linear dimensions, although modern physicists usually
consider it, with time, to be part of a boundless four-dimensional continuum known as spacetime. In mathematics,
"spaces" are examined with different numbers of dimensions and with different underlying structures. The concept of
space is considered to be of fundamental importance to an understanding of the physical universe. However,
disagreement continues between philosophers over whether it is itself an entity, a relationship between entities, or
part of a conceptual framework.
Debates concerning the nature, essence and the mode of existence of space date back to antiquity; namely, to
treatises like the Timaeus of Plato, or Socrates in his reflections on what the Greeks called khora (i.e. "space"), or in
the Physics of Aristotle (Book IV, Delta) in the definition of topos (i.e. place), or even in the later "geometrical
conception of place" as "space qua extension" in the Discourse on Place (Qawl fi al-Makan) of the 11th century
Arab polymath Alhazen.[2] Many of these classical philosophical questions were discussed in the Renaissance and
then reformulated in the 17th century, particularly during the early development of classical mechanics. In Isaac
Newton's view, space was absolute—in the sense that it existed permanently and independently of whether there
were any matter in the space.[3] Other natural philosophers, notably Gottfried Leibniz, thought instead that space was
in fact a collection of relations between objects, given by their distance and direction from one another. In the 18th
century, the philosopher and theologian George Berkeley attempted to refute the "visibility of spatial depth" in his
Essay Towards a New Theory of Vision. Later, the metaphysician Immanuel Kant said neither space nor time can be
empirically perceived, they are elements of a systematic framework that humans use to structure all experiences.
Kant referred to "space" in his Critique of Pure Reason as being: a subjective "pure a priori form of intuition", hence
it is an unavoidable contribution of our human faculties.
In the 19th and 20th centuries mathematicians began to examine non-Euclidean geometries, in which space can be 
said to be curved, rather than flat. According to Albert Einstein's theory of general relativity, space around
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gravitational fields deviates from Euclidean space.[4] Experimental tests of general relativity have confirmed that
non-Euclidean space provides a better model for the shape of space.

Philosophy of space

Leibniz and Newton

Gottfried Leibniz

In the seventeenth century, the philosophy of space and time emerged as a
central issue in epistemology and metaphysics. At its heart, Gottfried Leibniz,
the German philosopher-mathematician, and Isaac Newton, the English
physicist-mathematician, set out two opposing theories of what space is.
Rather than being an entity that independently exists over and above other
matter, Leibniz held that space is no more than the collection of spatial
relations between objects in the world: "space is that which results from
places taken together".[5] Unoccupied regions are those that could have
objects in them, and thus spatial relations with other places. For Leibniz, then,
space was an idealised abstraction from the relations between individual
entities or their possible locations and therefore could not be continuous but
must be discrete.[6] Space could be thought of in a similar way to the relations
between family members. Although people in the family are related to one
another, the relations do not exist independently of the people.[7] Leibniz
argued that space could not exist independently of objects in the world because that implies a difference between two
universes exactly alike except for the location of the material world in each universe. But since there would be no
observational way of telling these universes apart then, according to the identity of indiscernibles, there would be no
real difference between them. According to the principle of sufficient reason, any theory of space that implied that
there could be these two possible universes, must therefore be wrong.[8]

Isaac Newton

Newton took space to be more than relations between material objects and
based his position on observation and experimentation. For a relationist there
can be no real difference between inertial motion, in which the object travels
with constant velocity, and non-inertial motion, in which the velocity changes
with time, since all spatial measurements are relative to other objects and
their motions. But Newton argued that since non-inertial motion generates
forces, it must be absolute.[9] He used the example of water in a spinning
bucket to demonstrate his argument. Water in a bucket is hung from a rope
and set to spin, starts with a flat surface. After a while, as the bucket
continues to spin, the surface of the water becomes concave. If the bucket's
spinning is stopped then the surface of the water remains concave as it
continues to spin. The concave surface is therefore apparently not the result of
relative motion between the bucket and the water.[10] Instead, Newton argued,
it must be a result of non-inertial motion relative to space itself. For several
centuries the bucket argument was decisive in showing that space must exist

independently of matter.
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Kant

Immanuel Kant

In the eighteenth century the German philosopher Immanuel Kant developed
a theory of knowledge in which knowledge about space can be both a priori
and synthetic.[11] According to Kant, knowledge about space is synthetic, in
that statements about space are not simply true by virtue of the meaning of the
words in the statement. In his work, Kant rejected the view that space must be
either a substance or relation. Instead he came to the conclusion that space
and time are not discovered by humans to be objective features of the world,
but are part of an unavoidable systematic framework for organizing our
experiences.[12]

Non-Euclidean geometry

Spherical geometry is similar to elliptical
geometry. On the surface of a sphere

there are no parallel lines.

Euclid's Elements contained five postulates that form the basis for Euclidean
geometry. One of these, the parallel postulate has been the subject of debate
among mathematicians for many centuries. It states that on any plane on
which there is a straight line L1 and a point P not on L1, there is only one
straight line L2 on the plane that passes through the point P and is parallel to
the straight line L1. Until the 19th century, few doubted the truth of the
postulate; instead debate centered over whether it was necessary as an axiom,
or whether it was a theory that could be derived from the other axioms.[13]

Around 1830 though, the Hungarian János Bolyai and the Russian Nikolai
Ivanovich Lobachevsky separately published treatises on a type of geometry
that does not include the parallel postulate, called hyperbolic geometry. In
this geometry, an infinite number of parallel lines pass through the point P.
Consequently the sum of angles in a triangle is less than 180° and the ratio of
a circle's circumference to its diameter is greater than pi. In the 1850s,

Bernhard Riemann developed an equivalent theory of elliptical geometry, in which no parallel lines pass through P.
In this geometry, triangles have more than 180° and circles have a ratio of circumference-to-diameter that is less than
pi.
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Type of geometry Number of parallels Sum of angles in a triangle Ratio of circumference to diameter of circle Measure of curvature

Hyperbolic Infinite < 180° > π < 0

Euclidean 1 180° π 0

Elliptical 0 > 180° < π > 0

Gauss and Poincaré

Carl Friedrich Gauss

Henri Poincaré

Although there was a prevailing Kantian consensus at the time, once
non-Euclidean geometries had been formalised, some began to wonder
whether or not physical space is curved. Carl Friedrich Gauss, a German
mathematician, was the first to consider an empirical investigation of the
geometrical structure of space. He thought of making a test of the sum of the
angles of an enormous stellar triangle and there are reports he actually carried
out a test, on a small scale, by triangulating mountain tops in Germany.[14]

Henri Poincaré, a French mathematician and physicist of the late 19th century
introduced an important insight in which he attempted to demonstrate the
futility of any attempt to discover which geometry applies to space by
experiment.[15] He considered the predicament that would face scientists if
they were confined to the surface of an imaginary large sphere with particular
properties, known as a sphere-world. In this world, the temperature is taken to
vary in such a way that all objects expand and contract in similar proportions
in different places on the sphere. With a suitable falloff in temperature, if the
scientists try to use measuring rods to determine the sum of the angles in a
triangle, they can be deceived into thinking that they inhabit a plane, rather
than a spherical surface.[16] In fact, the scientists cannot in principle
determine whether they inhabit a plane or sphere and, Poincaré argued, the
same is true for the debate over whether real space is Euclidean or not. For
him, which geometry was used to describe space, was a matter of
convention.[17] Since Euclidean geometry is simpler than non-Euclidean
geometry, he assumed the former would always be used to describe the 'true'
geometry of the world.[18]
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Einstein

Albert Einstein

In 1905, Albert Einstein published a paper on a special theory of relativity, in
which he proposed that space and time be combined into a single construct
known as spacetime. In this theory, the speed of light in a vacuum is the same
for all observers—which has the result that two events that appear
simultaneous to one particular observer will not be simultaneous to another
observer if the observers are moving with respect to one another. Moreover,
an observer will measure a moving clock to tick more slowly than one that is
stationary with respect to them; and objects are measured to be shortened in
the direction that they are moving with respect to the observer.

Over the following ten years Einstein worked on a general theory of
relativity, which is a theory of how gravity interacts with spacetime. Instead
of viewing gravity as a force field acting in spacetime, Einstein suggested that
it modifies the geometric structure of spacetime itself.[19] According to the
general theory, time goes more slowly at places with lower gravitational
potentials and rays of light bend in the presence of a gravitational field. Scientists have studied the behaviour of
binary pulsars, confirming the predictions of Einstein's theories and non-Euclidean geometry is usually used to
describe spacetime.

Mathematics
In modern mathematics spaces are defined as sets with some added structure. They are frequently described as
different types of manifolds, which are spaces that locally approximate to Euclidean space, and where the properties
are defined largely on local connectedness of points that lie on the manifold. There are however, many diverse
mathematical objects that are called spaces. For example, vector spaces such as function spaces may have infinite
numbers of independent dimensions and a notion of distance very different to Euclidean space, and topological
spaces replace the concept of distance with a more abstract idea of nearness.

Physics

Classical mechanics
Space is one of the few fundamental quantities in physics, meaning that it cannot be defined via other quantities
because nothing more fundamental is known at the present. On the other hand, it can be related to other fundamental
quantities. Thus, similar to other fundamental quantities (like time and mass), space can be explored via
measurement and experiment.

Relativity
Before Einstein's work on relativistic physics, time and space were viewed as independent dimensions. Einstein's
discoveries showed that due to relativity of motion our space and time can be mathematically combined into one
object — spacetime. It turns out that distances in space or in time separately are not invariant with respect to Lorentz
coordinate transformations, but distances in Minkowski space-time along space-time intervals are—which justifies
the name.
In addition, time and space dimensions should not be viewed as exactly equivalent in Minkowski space-time. One
can freely move in space but not in time. Thus, time and space coordinates are treated differently both in special
relativity (where time is sometimes considered an imaginary coordinate) and in general relativity (where different
signs are assigned to time and space components of spacetime metric).
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Furthermore, in Einstein's general theory of relativity, it is postulated that space-time is geometrically distorted-
curved -near to gravitationally significant masses.[20]

Experiments are ongoing to attempt to directly measure gravitational waves. This is essentially solutions to the
equations of general relativity, which describe moving ripples of spacetime. Indirect evidence for this has been found
in the motions of the Hulse-Taylor binary system.

Cosmology
Relativity theory leads to the cosmological question of what shape the universe is, and where space came from. It
appears that space was created in the Big Bang, 13.7 billion years ago and has been expanding ever since. The
overall shape of space is not known, but space is known to be expanding very rapidly due to the Cosmic Inflation.

Spatial measurement
The measurement of physical space has long been important. Although earlier societies had developed measuring
systems, the International System of Units, (SI), is now the most common system of units used in the measuring of
space, and is almost universally used.
Currently, the standard space interval, called a standard meter or simply meter, is defined as the distance traveled by
light in a vacuum during a time interval of exactly 1/299,792,458 of a second. This definition coupled with present
definition of the second is based on the special theory of relativity in which the speed of light plays the role of a
fundamental constant of nature.

Geographical space
Geography is the branch of science concerned with identifying and describing the Earth, utilizing spatial awareness
to try to understand why things exist in specific locations. Cartography is the mapping of spaces to allow better
navigation, for visualization purposes and to act as a locational device. Geostatistics apply statistical concepts to
collected spatial data to create an estimate for unobserved phenomena.
Geographical space is often considered as land, and can have a relation to ownership usage (in which space is seen as
property or territory). While some cultures assert the rights of the individual in terms of ownership, other cultures
will identify with a communal approach to land ownership, while still other cultures such as Australian Aboriginals,
rather than asserting ownership rights to land, invert the relationship and consider that they are in fact owned by the
land. Spatial planning is a method of regulating the use of space at land-level, with decisions made at regional,
national and international levels. Space can also impact on human and cultural behavior, being an important factor in
architecture, where it will impact on the design of buildings and structures, and on farming.
Ownership of space is not restricted to land. Ownership of airspace and of waters is decided internationally. Other
forms of ownership have been recently asserted to other spaces—for example to the radio bands of the
electromagnetic spectrum or to cyberspace.
Public space is a term used to define areas of land as collectively owned by the community, and managed in their
name by delegated bodies; such spaces are open to all, while private property is the land culturally owned by an
individual or company, for their own use and pleasure.
Abstract space is a term used in geography to refer to a hypothetical space characterized by complete homogeneity.
When modeling activity or behavior, it is a conceptual tool used to limit extraneous variables such as terrain.
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In psychology
Psychologists first began to study the way space is perceived in the middle of the 19th century. Those now
concerned with such studies regard it as a distinct branch of psychology. Psychologists analyzing the perception of
space are concerned with how recognition of an object's physical appearance or its interactions are perceived, see, for
example, visual space.
Other, more specialized topics studied include amodal perception and object permanence. The perception of
surroundings is important due to its necessary relevance to survival, especially with regards to hunting and self
preservation as well as simply one's idea of personal space.
Several space-related phobias have been identified, including agoraphobia (the fear of open spaces), astrophobia (the
fear of celestial space) and claustrophobia (the fear of enclosed spaces).
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Chronon
A chronon is a proposed quantum of time, that is, a discrete and indivisible "unit" of time as part of a theory that
proposes that time is not continuous. While time is a continuous quantity in both standard quantum mechanics and
general relativity, many physicists have suggested that a discrete model of time might work, especially when
considering the combination of quantum mechanics with general relativity to produce a theory of quantum gravity.
The term was introduced in this sense by Robert Lévi.[1] Henry Margenau[2] suggested that the chronon might be the
time for light to travel the classical radius of an electron. A quantum theory in which time is a quantum variable with
a discrete spectrum, and which is nevertheless consistent with special relativity, was proposed by Chen Ning
Yang.[3]

One such model was introduced by Piero Caldirola in 1980. In Caldirola's model, one chronon corresponds to about
6.97×10−24 seconds for an electron.[4] This is much longer than the Planck time, another proposed unit for the
quantization of time, which is only about 5.39×10-44 seconds. The Planck time is a universal quantization of time
itself, whereas the chronon is a quantization of the evolution in a system along its world line and consequently the
value of the chronon, like other quantized observables in quantum mechanics, is a function of the system under
consideration, particularly its boundary conditions.[5] The value for the chronon, θ0, is calculated from:

[6]

From this formula, it can be seen that the nature of the moving particle being considered must be specified since the
value of the chronon depends on the particle's charge and mass.
Caldirola claims the chronon has important implications for quantum mechanics, in particular that it allows for a
clear answer to the question of whether a free-falling charged particle does or does not emit radiation. This model
supposedly avoids the difficulties met by Abraham–Lorentz's and Dirac's approaches to the problem, and provides a
natural explication of quantum decoherence.

Notes
[1][1] Lévi 1927
[2][2] Margenau 1950
[3][3] Yang 1947
[4] Farias & Recami, p.11.
[5] Farias & Recami, p.18.
[6] Farias & Recami, p.11. Caldirola's original paper has a different formula due to not working in standard units.
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