Pre-U Physics Part B

19
Interpreting Quantum Theory

This topic includes some important philosophical ideas that should be discussed and developed in class. For students seeking an enhanced philosophical treatment of the subject this is an ideal opportunity for further research and feedback. After the mapping of topics to spreads and the exercises below there are additional notes to help teachers in presenting this material.

Content headings mapped to spreads

	Specification heading and statements
	Spread Name and number
	Pages in Advanced Physics
	Includes

	Interpretations of the double-slit experiment

19.1, 19.5, 19.6
	1.3 Quantum Mysteries
	16-17
	This spread is introductory but the questions it poses have kept physicists and philosophers arguing for a century.

	
	8.7 Wave-Particle Duality
	334-335
	Copenhagen Interpretation.

Many-worlds theory.

Sum-over-histories.

	Schrödinger’s cat paradox

19.2, 19.5, 19.6
	8.7 Wave-Particle Duality
	335
	A brief description of the Schrodinger’s cat and Wigner’s friend thought experiments.

	The Heisenberg uncertainty principle

19.3 and 19.4, 19.5, 19.6


	1.5 Chaos
	20-21
	A brief mention of the uncertainty principle in the context of determinism, indeterminism and our ability to predict the future.


Learning outcomes

Interpretations of the double-slit experiment - candidates should be able to:

1.
interpret the double slit experiment using the Copenhagen interpretation (and collapse of the wave-function), Feynman’s sum-over-histories and Everitt’s many-worlds theory

Schrödinger’s cat paradox - candidates should be able to:

2 .
describe and explain Schrödinger’s cat paradox and appreciate the use of

a thought experiment to illustrate and argue about fundamental principles

The Heisenberg uncertainty principle - candidates should be able to:

3.
recognise and use 
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as forms of the Heisenberg uncertainty principle and interpret them

4.
recognise that the Heisenberg uncertainty principle places limits on our

ability to know the state of a system and hence to predict its future.

5 .
recall that Newtonian Physics is deterministic but quantum theory is

indeterministic.

6.
explain why Einstein thought that quantum theory undermined the nature

of reality.

Further resources

1.
The Feynman Lectures (Feynman, Leyton, Sands, publ. Addison-Wesley 1963) provide a wonderfully clear and thought-provoking discussion of the conceptual questions raised by quantum phenomena. The following chapters are recommended reading for the teacher and could be recommended to able students.

· Feynman Lectures I: 37 Quantum Behaviour

37.1
Atomic mechanics

37.2
An experiment with bullets

37.3
An experiment with waves

37.4
An experiment with electrons

37.5
The interference of electron waves

37.6
Watching the electrons

37.7
First Principles of quantum mechanics

37.8
The uncertainty principle

The whole chapter provides an excellent survey with simple examples that will provide plenty of challenging ideas for discussion in class. Feynman believed that the central problems of quantum theory are illustrated by the double slit experiment and he uses it powerfully.

· Feynman Lectures I: 38 The Relation of Wave and Particle Viewpoints.

38.6
Philosophical implications

Whilst this contains some more advanced ideas (and is probably not for student reading) it ends with an excellent summary (38.6) of the philosophical implications of the theory, which could be used in class.

2.
The Bohr-Einstein debate

It is well-known that Albert Einstein, despite his own contributions to the foundations of quantum theory (e.g. the photon theory of light) was unhappy with its statistical and indeterministic foundation (as illustrated by the famous misquote: ‘God does not play dice’). Niels Bohr championed the so-called ‘Copenhagen Interpretation’ of quantum theory put together using ideas from Bohr, Heisenberg and Born (primarily). This interpretation became the philosophical paradigm within which quantum physicists worked after 1925 (although other interpretations have become important more recently). 

In 1949 Niels Bohr was invited to reflect on his arguments and discussions with Einstein regarding quantum theory. The resulting essay was published in the ‘Library of Living Philosophers’ and has been reproduced elsewhere since. Einstein wrote a reply in the same year. The two documents are still relevant and exciting to read. They also show how two brilliant physicists used simple understandable models to try to get to grips with new and disorienting ideas. The articles are available online at:

http://www.marxists.org/reference/subject/philosophy/works/bohr/htm
http://www.marxists.org/reference/subject/philosophy/works/ge/einstein/htm
It would be possible for a very good student to gain a great deal by studying these documents but only after detailed discussion of the introductory ideas and the historical context in class.

The argument itself revolves around a series of thought experiments. Einstein was a master at inventing hypothetical scenarios in which to explore the implications of physical theories. Quantum theory and relativity are great places to introduce and discuss thought experiments and to consider their validity. In some ways a thought experiment is used like a syllogism – the truth of the conclusion is deduced from the premises (in this case the veracity of the imagined world).

3.
Copenhagen (play)  (Full text: Michael Frayn, Methuen 1998)

Michael Frayn’s play centers on an enigmatic meeting between Neils Bohr (Danish) and Werner Heisenberg (German) in Copenhagen in 1941. At this time Denmark was occupied by Germany and relations between the two physicists were strained, especially since Heisenberg had been Bohr’s protégé before the war and was now Germany’s leading nuclear physicist at a time when the idea of a nuclear weapon was in the air. Perhaps Heisenberg wanted to pick Bohr’s brain in order to resolve a problem over the design of the bomb. Perhaps he wanted to warn Bohr that the Germans were working in this area. Maybe he wished to signal that he was deliberately holding up progress in the hope that this message would reach the allies and prevent a bomb being developed for use against Germany. To this day no one knows the purpose of Heisenberg’s visit or the content of their conversation, but it appears to have gone badly and their relationship never really recovered.

The play is brilliant and raises many fundamental questions about the conceptual basis of quantum theory and about the relationship between physics and world events. If you are lucky enough to have a chance to go and see this play then do so. If not you can read the text (and even use it in class to provoke discussion). You can also purchase a film version of the play (PBS, Hollywood presents) from Amazon – this is not so good as the play but still well worth a look, although it will not be worth showing it in its entirety in class!

4.
QED: The Strange Theory of Light and Matter (R.P.Feynman, Princeton 1985)

This is a superb book based on Feynman’s lectures on quantum electrodynamics given at UCLA in 1983. The level is appropriate for an able student and is strongly recommended for teachers. The approach is based on Feynman’s sum-over-histories method.

5.
Quantum Reality: Beyond the New Physics, Nick Herbert, Rider, 1985.

This deals entirely with the interpretation of quantum theory, but in a readable and accessible style. It might be worth dipping into for a description of alternative interpretations.

6.
Two interesting and accessible books to recommend for student reading are:

‘In search of Schrodinger’s Cat’, John Gribbin, Corgi 1985

‘Schrodinger’s kittens and the search for reality’ John Gribbin, Corgi 1996

These tell the story of quantum theory with clear discussions of the philosophical implications. The writing is pitched at a level that makes the books accessible to interested readers with a wide range of abilities. The second book surveys experimental tests of quantum theory and looks at what was (in 1996) a new interpretation of quantum theory (Cramer’s), which is interesting but perhaps not quite as significant a step forward as Gribbin thought at the time.

There are many other popular science books about quantum theory. Interested students should look for books written by authors with a physics background!

7.
Quantum Theory and Measurement – Ed. J.A.Wheeler and W.H.Zurek

This is an advanced resource containing many of the key papers (e.g. The Cat paradox, the Uncertainty Principle, EPR etc…) on the conceptual foundations of quantum theory and is a recommended resource for the interested teacher.

8.
The New World of Mr Tompkins’ – George Gamow / Russell Stannard (CUP 1999)

This is an updated version of the classic scientific fantasy in which Mr Tompkins dozes off in physics lectures and imagines himself in a world in which the speed of light and Planck’s constants have very different values. Well worth a read!

9.
Advancing Physics AS, Ed. Jon Ogborn and Mary Whitehouse, IOP 2000 (new version due 2008) chapter 7 ‘Quantum behaviour’.

This gives a good qualitative description and applications of the sum-over-histories approach to quantum theory.

10.
‘The Fabric of Reality’, David Deutsch, Penguin 1997.

Deutsch explores the implications of the many-worlds interpretation (or theory) of quantum mechanics. His own research has helped prepare the way for quantum computation.

Notes on key ideas

1.
Using the Copenhagen Interpretation to explain the double slit interference pattern (see Advanced Physics p334-335).

Assume a simple set-up in which monochromatic light from a point source approaches two narrow slits and is detected at a distant screen.

Light traveling from the source is described by a wavefunction, which interacts with both slits and creates a superposition pattern as in conventional wave theory. However, the wavefunction itself is not an observable physical quantity. Its amplitude-squared at each point on the screen is proportional to the probability of locating a photon at that point so the pattern itself is not a direct representation of the light intensity on the screen.

If the intensity of light from the sources is high then the actual light intensity pattern is the same as the pattern derived from wave theory (this is an example of the correspondence principle). However, if the intensity is low then the pattern can be seen to develop from a series of discrete events in which individual photons arrive at different locations on the screen. The ‘intensity’ derived from the wavefunction ( represents the probability distribution for the arrival of photons but each discrete photon arrives in a particular place and is not ‘smeared out’ across the screen.
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If an individual photon is emitted and reaches the screen the wavefunction superposition pattern merely gives the distribution of probabilities for its arrival (large near the ‘maxima’ and small near the ‘minima’) but it cannot be used to predict where the photon will actually go.

This leads to the inevitable conclusion that two successive photons emitted from the source at the same time are unlikely to end up in the same place on the screen. In other words similar causes lead to different effects. This in sharp contrast to classical physics which is deterministic (the future is uniquely determined by the present plus the laws of physics). Quantum physics is indeterministic (the future is not completely determined by the present plus the laws of physics – it remains open). There is a brief discussion of determinism and indeterminism on p13 of Advanced Physics.

The Copenhagen Interpretation gives two levels of description for the process. Firstly there is the interaction of the wavefunction with the apparatus which sets up a superposition pattern from which probabilities can be derived. Then there is the act of observation at which the wavefunction ‘collapses’ and a definite result is obtained. This problem of the ‘collapse of the wavefunction’ (or the ‘measurement problem’) is not explained by quantum physics and takes us from a continuous deterministic theory (the evolution of the wavefunction) to a discontinuous description of the world at odds with classical physics. It also introduces an aspect of non-locality to quantum theory. Prior to the observation the wavefunction extends across the entire screen. Once the observation locates the photon the wavefunction becomes zero everywhere except where the photon is, so an observation here has immediately affected the wavefunction in distant places (non-locally) where the probability of photon detection must fall from a finite value to zero.

2.
What Einstein objected to.

Einstein was particularly concerned about:

· indeterminacy (Heisenberg’s uncertainty principle)

· the statistical interpretation (Born’s interpretation)

· non-locality (‘spooky action-at-a-distance’)

· and the threat to realism (as illustrated in the EPR paradox)

Whilst Einstein’s own theory of relativity was radical, his approach was in many respects classical, dealing with continuous fields in space and time. The discontinuities of quantum theory (quantum jumps/collapse of the wavefunction) clashed with his own ideas about the nature of reality. He preferred to think that the indeterminacies and statistical predictions of quantum theory arose from a lack of detailed information about the world rather than a lack of information within it. This is quite subtle but can be illustrated by a parable about ‘classical’ and ‘quantum’ coins. 

Imagine tossing a classical coin and covering it when it lands. What is the probability that it has landed showing heads up? Most people would say 50% assuming the coin is unbiased. However, on reflection, it is clear that the coin has already landed and so it is either heads (100%) or tails (100%). The 50% mentioned earlier refers to our knowledge of the world, not about the state of the world itself, which is determined from the moment the coin lands. The probabilities we use in kinetic theory are like this – we don’t know the detailed positions and motions of the molecules so we assume that all microscopic configurations are equally likely. Einstein thought that a deeper theory than quantum mechanics would reveal underlying deterministic behaviour as a result of ‘hidden variables’.

Now imagine a coin that behaves like a quantum particle with two final states, and apply something akin to the Copenhagen Interpretation to the process. The final state of the system is described by a superposition of wavefunctions representing the heads state and the tails state. When an observation is made the wavefunction collapses into one or other state. This means that the covered (not yet observed) coin is genuinely in a state where it has 50% chance of being heads and 50% chance of being tails. Even the coin does not ‘know’ what state it is in until we observe it. Prior to observation we cannot ascribe a definite heads or tails state to the coin. This is deeply disturbing to anyone who relies on common sense or classical physics. In classical physics we assume that objects in the unobserved world have definite properties (e.g. position and momentum). Einstein assumed that electrons (for example) had definite properties and that the uncertainly principle simply referred to our inability to measure these properties to infinite precision. In the quantum theory the properties themselves are not precisely defined and this is the root of indeterminism. 

N.B. Einstein pursued this further in a famous paper of 1937 usually known as the ‘EPR paper’ (since the authors were Einstein, Podolsky and Rosen) in which he made a direct challenge on the Copenhagen Interpretation by posing a thought experiment in which the uncertainty principle undermines (Einstein’s view of) reality (particles possessing definite properties). It was not possible to carry out such an experiment at the time but eventually tests were performed (by Alain Aspect in Paris – testing a statistical correlation called the ‘Bell Inequality’) and their results agreed with quantum theory. 

The resources above contain many references to these ideas and experiments although the details are only really for very able students.

3.
Schrodinger’s cat

There is a brief discussion of Schrodinger’s cat on p335 of Advanced Physics.

It is worth pointing out that Schrodinger, like Einstein, was shocked by quantum theory and formulated the ‘cat paradox’ in order to show that there was something wrong in the conventional interpretation of the theory. The Copenhagen Interpretation implies that a quantum system evolves continuously until an observation is carried out, at which time the wave function, which represents a superposition of all possible states of the system, ‘collapses’ to one definite state – the one registered by the observation. For radioactive decay this implies that the unstable nucleus is in a superposition of decayed and undecayed states. Schrodinger imagined an apparatus that could amplify the quantum effect up to macroscopic size without collapsing the wavefunction. In this case the macroscopic object was a cat. The cat is in a superposition of alive and dead states until an external observer opens the sealed box in which the experiment took place and the wavefunction collapses into one or other state.

There have been many interesting discussions of this experiment and many of these are covered in the resources recommended above. Some important questions can be used for discussion:

· Is there a limiting scale or level of complexity above which quantum effects are no longer relevant?

· What actually counts as an observation – must it be a human observer or does an automatic Geiger counter collapse the wavefunction?

· What causes wavefunction collapse?

· Does this imply we live in an observer-created reality?

· Does quantum decoherence* force a complex system into a classical state?

*Quantum decoherence is a process decribing the effect of a quantum system interacting irreversibly with its environment so that different parts of the system are no longer able to interfere with one another. This means that the system behaves in a classical way and quantum correlations are lost. The prevention of decoherence is a major challenge for designers of quantum computers (which rely on quantum superpositions in order to carry out parallel processing). If decoherence is mentioned an analogy can be made with optical interference. Car headlamps cannot form a two source interference pattern because they are incoherent sources (unlike the two slits in Young’s experiment). With incoherent sources the intensities simply add. With coherent sources the amplitudes add (taking into account their relative phases) and the intensities derive from amplitudes-squared. Decoherence effectively destroys the phase relationships between quantum objects in a complex system.

It is worth pointing out that macroscopic quantum objects have now been created (Bose-Einstein condensates, superfluids, superconductors) and that large-scale versions of some classic experiments (double slits) have been carried out and found to agree with quantum predictions. In 1999 a diffraction pattern for C60 fullerenes was measured and they went on to demonstrate the interference of C60F48, a fluorinated buckyball of mass around 1600u composed of 108 atoms!

So far we have no evidence to suggest that quantum theory ‘switches off’ at any level of size or complexity although we do find that systems with large numbers of degrees of freedom and large energy tend to behave in a classical way.

One of the philosophical ideas that should be mentioned in this context is reductionism – the assumption that the behaviour of a complex system can be understood and explained in terms of the behaviour of its simpler constituents. Quantum theory purports to explain the behaviour of matter on the smallest scale so a simple reductionist view of physics implies that classical physics and all macroscopic observable phenomena should be derivable from quantum theory. An alternative to reductionism is strong emergence, the view that complex systems can exhibit properties and obey rules that are not derivable from the interactions between simpler parts at a lower level. The prevailing view in physics is strongly reductionist, hence the concerns over quantum weirdness and Schrodinger’s motivation to publish the Cat ‘Paradox’.

4.
The Uncertainty Principle

Werner Heisenberg formulated his own version of quantum theory at about the same time that Erwin Schrodinger proposed the wavefunction. Heisenberg’s mathematics looked quite different to Scjhrodinger’s. Whereas the wavefunction itself seemed to describe a continuous process taking place in a quantum interaction (and at first glance looked pretty much like the waves of classical physics), Heisenberg invented a matrix of possibilities linking initial and final states – in other words the observable (measurable) states. There was no attempt to model the hidden process of (for example) photon emission or atomic excitation. Heisenberg’s mathematics was new and unfamiliar and many physicists found this difficult to understand. Einstein referred to it as a ‘witch’s calculus’. However, it was later shown to be mathematically equivalent to the Schrodinger approach and in some areas of physics it became the preferred method for problem solving (e.g. scattering problems in particle physics). 

A central idea in Heisenberg’s quantum theory is the uncertainty (or indeterminacy) principle. Certain pairs of variables in classical mechanics are mathematically linked to one another – e.g. x-position and x-momentum or energy and time (the technical term is ‘canonically conjugate’ variables). The uncertainty principle puts a limit on the precision of our measurements. One way to illustrate this is to imagine trying to pin down the x-position of an electron. For example, we could direct a beam of electrons at a screen with a narrow slit in it (the width of the slit lying in the x-direction). Electrons emerging on the far side of the slit must have an x-position (near the slit) which lies within the limits of the slit itself, so the narrower the slit, the smaller the uncertainty in x-position. However, electrons behave as quantum objects so they diffract as they pass through the slit. This leads to an uncertainty in their momentum parallel to the slit (we cannot predict which way each electron will go after passing through the slit although we can describe a probability distribution of electron trajectories - a diffraction pattern). In the Copenhagen Interpretation we can simply say that the narrower the slit the broader the diffraction pattern and so the wider the range of directions in which the electron is ‘deflected’ on emerging from the slit (i.e. the larger the uncertainty in the x-component of the electron’s momentum). However, the diffraction pattern is just the pattern of 
[image: image4.wmf]2

Y

 and determines the probability of finding the electron in that region or on that path. When we put a detector in place discrete electrons turn up, but we cannot predict exactly where, only  where is more or less likely. The narrower the slit, the broader the pattern and vice versa, illustrating the inseparable connection between these variables.

This uncertainty can be quantified:
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The constant on the right hand side of the equations is linked to h (the Planck constant) and the fact that h is so small means that we do not usually notice quantum indeterminacy in everyday life (although it is interesting to speculate on what our experiences would be like if h was large). In fact students can read an excellent fantasy about this in the updated version of George Gamow’s famous Mr Tompkins books: ‘The New World of Mr Tompkins’ – George Gamow / Russell Stannard (CUP 1999). The first half of this deals with relativistic ideas (e.g. what if the speed of light was very low) and the second half with quantum ideas (what if h was large?). It is fun, thought-provoking and informative.

The energy-time version of the uncertainty principle can be illustrated by considering the lifetimes of short-lived subatomic particles. Those that exist for a very short time have a large uncertainty in their mass (related to rest energy by Einstein’s equation).

The implications of indeterminacy were the subject of many of the Einstein-Bohr discussions (mentioned previously). Heisenberg’s indeterminacy is not just about our ability to measure things, it seems to apply to the properties themselves. This is what upset Einstein. He felt that even if we are unable to make a precise measurement of position and momentum for an electron, nonetheless the electron must possess precise values for those properties. Quantum theory, and the experiments that have been carried out to test it suggest that the properties themselves are indeterminate, in a sense the electron ‘does not know’ where it is (in much the same way as the alive/dead cat does not know its final state).

5.
Richard Feynman and the ‘sum-over-histories’ approach.

Feynman developed a new approach to quantum theory that helped to elucidate how quantum ideas could be used to explain the interaction of light with matter. This resulted in QED (Quantum Electrodynamics) for which he shared the Nobel Prize with Tomonoga and Schwinger (who proposed different ways of approaching the same problems). Feynman’s approach forms the stating point for the treatment of quantum effects in the OCR Advancing Physics course (Physics B) and the chapter on ‘Quantum Behaviour’ in the student AS text book is well worth reading.

The catch phrase is that quantum objects (e.g. photons or electrons) ‘explore all paths’. Each path is then associated with a phasor which rotates at a particular frequency (f = E/h for the photon or f = KE/h for an electron in free space). If there is more than one path from source to detector (e.g. 2 paths in the double slit experiment) then each path contributes a phasor. If the paths are of different lengths then there is a phase difference between phasors at the detector. They add like vectors and the square of the resultant phasor amplitude is proportional to the probability of arrival for the quantum object. 

Feynman gave a simple description of quantum rules in ‘QED’:

“Grand Principle: The probability of an event is equal to the square of the length of an arrow called the ‘probability amplitude’…..

General Rule for drawing arrows if an event can happen in alternative ways: Draw an arrow for each way, and then combine the arrows (“add them”) by hooking the head of one to the tail of the next. A “final arrow” is then drawn from the tail of the first arrow to the head of the last one. The final arrow is the one whose square gives the probability of the entire event.”

Richard P. Feynman: QED

It is important to realize that the ‘sum of all histories’ or ‘many paths’ approach does not imply that individual photons or electrons actually travel along all paths – the exploration itself is not observable (like the wavefunction in the process of interacting with the apparatus). 

6.
The Many-Worlds Interpretation

Hugh Everitt III proposed this interpretation of quantum theory in 1957 as a way to reconcile the idea of a continuous evolution of the wavefunction with the discontinuous collapse of the wavefunction when an observation is made. In simple terms it takes all the superposed possibilities as actualities in parallel worlds. In Schrodinger’s cat experiment, for example, there is a world in which the cat is dead and one in which the cat lives. There is no need for wavefunction collapse because all possible worlds exist. A strong criticism of this formulation is that it is rather profligate! If it is correct, then we exist in one universe embedded in a multiverse of non-communicating parallel universes. Other versions of ourselves live out diverging lives in other strands of the multiverse. These ideas have been explored in an accessible way by David Deutsch in ‘The Fabric of Reality’. In fact Deutsch proposes that the many-worlds interpretation might actually be tested experimentally. 

The idea of a multiverse raises interesting questions about the nature of science and scientific theories. If parallel universes cannot (even in principle) be observed then what right do we have to say they exist? Is it sufficient that they help smooth out he logic of our prevailing theories? Of course some physicists think that there may be ways to observe their effects because they interact with our own strand of the multiverse (Deutsch is one of them). Another modern topic that raises similar questions is String Theory. The boundary between physics and metaphysics can be a little hazy!

N.B. There is another kind of ‘multiverse’ postulated by cosmologists and particle physicists. This multiverse assumes that there is a multiplicity of different universes in each of which the laws of physics are different (e.g. different values of the fundamental constants). The many-worlds theory described above assumes an infinite number of parallel universes in which the laws of physics are the same.

7.
Determinism and Inteterminism.

These are important terms and students need to be both familiar with them and able to discuss their significance in terms of classical and quantum theory. 

Determinism means that every event is causally determined – there is an unbroken chain of prior events which led up to that event. This also implies that the future is unique and inevitable. Of course it does not imply that we can be in a position to make precise predictions about the future. If Newtonian mechanics is true AND it is a complete description of the physical world (including the inner workings of our brains) then everything is determined and free will appears to be an impossibility.

Pierre Laplace described a thought experiment that illustrates this:

“….we must consider the present state of the universe as the effect of its previous state and as the cause of its following one. An intelligence which could know, at a given instant, the forces by which nature is animated and the respective situation of the beings whom compose it – and also was sufficiently vast to submit these data to analysis – would embrace in the same formula the movements of the greatest bodies of the universe and those of the lightest atom; for it, nothing would be uncertain and the future, like the past, would be present before its eyes.”
(Pierre Laplace, ‘Essai Philosophiae sur les Probabilites, Paris 1814)

The fact that similar causes can lead to different effects in quantum theory (the theory only provides us with probabilities) means that quantum theory is indeterministic – the same present is consistent with an infinite number of different possible futures). The fact that quantum theory leaves the future ‘open’ might be good news for those who believe in free will, but it is not clear whether quantum theory does or does not solve this problem. In fact it is hard to find a clear-cut definition of what is meant by ‘free-will’ so whilst discussions of the significance of quantum theory for free-will, consciousness etc… are fascinating it probably wise not to spend too much time on them! On the other hand the difference between a deterministic and an indeterministic universe is certainly worth discussing.
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