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Abstract: <span>After a review of the axiomatic formulation of quantum theory, the generalized operational structure of the theory will be
introduced (including POVM measurements, sequential measurements, and CP maps). There will be an introduction to the orthodox (sometimes
called Copenhagen) interpretation of quantum mechanics and the historical problems/issues/debates regarding that interpretation, in particular, the
measurement problem and the EPR paradox, and a discussion of contemporary views on these topics. The maority of the course lectures will
consist of guest lectures from international experts covering the various approaches to the interpretation of quantum theory (in particular,
many-worlds, de Broglie-Bohm, consistent/decoherent histories, and statistical/epistemic interpretations, as time permits) and fundamental
properties and tests of quantum theory (such as entanglement and experimental tests of Bell inequalities, contextuality, macroscopic quantum
phenomena, and the problem of quantum gravity, as time permits).</span>
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What are some of the challenges to interpreting quantum
theory?

Let's start by considering some of the historical issues that have motivated
much heated debate about interpretation.

@ The indeterminism and uncertainty of quantum predictions.
» Indeterminism of outcomes
» Heisenberg uncertainty principle
» Robertson inequality
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Imt=rpr=tation  The Licsral Reslism of von Neumann and Dirac

The Orthodox Interpretation and Literal Realism

@ [he orthodox interpretation is usually understood to go further and
suggest that the pure quantum state is the fundamental ontology.

@ [his idea, that the objective reality of the world is literally just
the quantum wavefunction itself, is what | call literal realism.

@ This is psychologically a very natural interpretation for physicists
admiring their own theory... After all, why wouldn't one presume such
a status for the central mathematical object in the most
fundamental theory of nature’
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The Orthodox Interpretation and Literal Realism

@ [ he orthodox interpretation is usually understood to go further and
suggest that the pure quantum state is the fundamental ontology.

@ [his idea, that the objective reality of the world is literally just
the quantum wavefunction itself, is what | call literal realism.

e This is psychologically a very natural interpretation for physicists
admiring their own theory... After all, why wouldn’t one presume such
a status for the central mathematical object in the most
fundamental theory of nature’




The projection postulate is necessary

“This discontinuous transition from the wavefunction into one of [the
eigenstates of the observable] is certainly not of the type described by the
time dependent Schrodinger equation. This latter always results in a
continuous change of [the wavefunction], in which the final result is
uniquely determined and is dependent on [the wavefunction].”

von Neumann (1932/1955)

@ But now that we understand open system guantum mechanics better,
is it be possible for the state after measurement to be somehow
determined by the quantum state associated with some additional
degrees of freedom of the environment, and hence the projection
postulate could be deduced from a unitary transformation on some
larger Hilbert space?
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projection postulate is necessary

o If we demand faithful measurements, which just means that the
measurement apparatus works properly, then for any |y ),

Ulap) @ [ready) 2 |x) = |up) @ |left) @ |

&

Uldown) @ [readyv) @ |y} = [|[down) @ |night) @ |x")

where |\’ and [\”) are allowed to be independent of |y ).

@ Now if we prepare a coherent superposition over atomic trajectories,
then by linearity it follows that (for any \) we must have:

U(a|up) + Fldown)) @ jready) @ |x) = alup) @ |left) @ |\

+ Jldown) = |right) @ [\ ).
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The projection postulate is necessary

e If we demand faithful measurements, which just means that the
measurement apparatus works properly, then for any |y,
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where [\') and [\”) are allowed to be independent of |y ).

@ Now if we prepare a coherent superposition over atomic trajectories,

then by linearity it follows that (for any ) we must have:
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The projection postulate is necessary

@ The main point is that linearity of unitary evolution makes it
impossible for any other quantum degrees of freedom to (non-linearly)
drive the state of the apparatus to a state consistent with only one of

the possible outcomes.
@ Hence the projection postulate (which serves this role of singling out

either the ‘left’ or ‘right’ state) can not be modeled by any unitary
transformation acting on (any choice of ) quantum systems.




:ill‘ 'ﬁ*“”‘aa;jiﬁ ggln%'-zlgﬁh-_.,: %

von Neumann struggles to make sense of measurement

von Neumann felt the resulting situation was “unexplained”:

“We have then answered the question as to what happens in the
measurement of [an observable]. To be sure, the “how” remains
unexplained for the present.”

von Neumann (1932/1955)

@ von Neumann goes through a long analysis to show that, within his
interpretation, the application of the projection postulate can be
applied in a consistent way either to the system directly or to the
system -+ apparatus.

@ He insists that ultimately the postulate must be applied whenever an
“interaction” takes place between the “measuring portion” and the
“measured portion” of the world.
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von Neumann struggles to make sense of measurement

“That is, we must always divide the world into two parts, the one being
the observed system, the other the observer. In the former, we can follow
up all physical processes (in principle at least) arbitrarily precisely. In the
later, this is meaningless. The boundary between the two is arbitrary to a
very large extent. ... That this boundary can be pushed arbitrarily deeply
into the interior of the body of the actual observer is the content of the
principle of the psycho-physical parallelism - but this does not change the
fact that in each method of description the boundary must be put
somewhere, if the method is not to proceed vacuously, i.e., if a comparison
with experiment is to be possible. Indeed experience only makes
statements of this type: an observer has make a3 certain (subjective)
observation; and never any like this: a physical quantity has a certain
value. [continued on next slide]
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von Neumann struggles to make sense of measurement

Now quantum mechanics describes the events which occur in the observed
portions of the world, so long as they do not interact with the observing
portion, with the aid of the process 2 [Schrodinger evolution], but as scon
as such an interaction occurs, i.e., 3 measurement, it requires the
application of the process 1 [projection postulate]. The dual form is
therefore justified.”

von Neumann (1932/1955)

@ T his arbitrary boundary between the ‘measurer’ and the measuree’ is
sometimes called the “von Neumann cut.” Clearly von Neumann took
great pains to justify this boundary and its arbitrariness.




von Neumann struggles to make sense of measurement

“First, it is inherently entirely correct that the measurement of the related
process of the subjective perception is a new entity relative to the physical
environment and is not reducible to the latter. Indeed, subjective
perception leads us into the intellectual inner life of the individual, which is
extra-observational by its every nature (since it must be take for granted
by any conceivable observation or experiment). Nevertheless, it is a
fundamental requirement of the scientific viewpoint - the so-called
principle of the psycho-physical parallelism (!) - that it must be possible so
to describe the extra-physical process of the subjective perception as if it
were in reality in the physical world - i.e., to assign to its parts equivalent
physical processes in the objective environment, in ordinary space.

von Neumann (1955)
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For Dirac, a consequence of literal realism is that the projection
postulate must represent a physical process, an actual ‘jump’:

“When we measure a real dynamical variable, the disturbance involved in
the act of measurement causes a jump in the state of the dynamical
system. From physical continuity, if we make second measurement of the
same dynamical variable immediately after the first, the result of the
second measurement must be the same as that of the first. Thus after the
first measurement has been made, there is no indeterminacy in the result of

the second. Hence, after the first measurement has been made, the system
is in an eigenstate of the dynamical variable, the eigenvalue it belongs to
being equal to the result of the first measurement. This conclusion must
still hold if the second measurement is not actually made. In this way we
see that 3 measurement always causes the system to jump into an
eigenstate of the dynamical variable that is being measured, the eigenvalue
this eigenstate belongs to being equal to the result of the measurement.”

Dirac (1958)




EE'%MCMFHMT&IEM%%

;_" ﬁ ,'___E :.?" = |_:_|.'.—_,;TutEﬂs- &'./f E\ =i @ B - O / mj_h
¥ = .-,;1& & P = /n iaflhﬁﬁ ggmcg._-_ljg 3
t B %9

Literal realism (but not quantum theory itself) implies the absence
of causality:

“The question of causality could be put to a true test only in the atom, in
the elementary processes themselves, and here everything in the present
state of our knowledge militates against it. The only formal theory existing
at the present time which orders and summarizes our experiences in this
area in a half-way satisfactory manner, i.e., quantum mechanics, is in
compelling logical contradiction with causality. Of course it would be an
exaggeration to maintain that causality has thereby been done away with:
quantum mechanics has, in its present form, several serious lacunae, and it
may even be that it is false, although this latter possibility is highly
unlikely, in the face of its startling capacity in the qualitative explanation
of general problems, and in the quantitative calculation of special ones.”

von Neumann (1932/1955)
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Literal realism implies the absence of causality
“This concept of quantum mechanics, which accepts its statistical

expression as the actual form of the laws of nature, and which abandons
the principle of causality, is the so-called statistical interpretation.”

von Neumann (1932/1955)

@ Note that von Neumann is oddly using the label “statistical
interpretation’ to refer to his “literal realist” view that quantum
states specify the “complete ontology™ .

@ However, nowadays the label “statistical interpretation” refers to the
exact opposite point of view, in particular that of Einstein and
Ballentine, which posits that quantum states do not give a complete
description of the properties of individual systems.

® In any case the key point here is that it is the unnecessary
interpretational assumption of completeness that implies the loss
of causality.
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Literal Realism and Schrodinger’'s cat

Schrodinger’s cat paradox is an expression of the under-determined reality
resulting from literal realism:

“A cat is penned up in a steel chamber, along with the following diabaolical
device (which must be secured against direct interference by the cat): in a
Geiger counter there is a tiny amount of radioactive substance, so small,
that perhaps in the course of one hour one of the atoms decays, but also,
with equal probability, perhaps none; if it happens, the counter tube
discharges and through a relay releases a hammer which shatters a small
flask of hydrocyanic acid. If one has left this entire system to itself for an
hour, one would say that the cat still lives if mean while no atom has
decayed. The first atomic decay would have poisoned it. The z-function
of the entire system would express this by having in it the living and the
dead cat (pardon the expression) mixed or smeared out in equal parts.”

Schrodinger (1935)




Literal Realism and Schrodinger’'s cat

@ Many commentators take Schrodinger’'s argument as a literal claim
about the ambiguous ontology that results from coherent
superposition.

® As such they fail to appreciate that Schrodinger’'s cat argument was a
reduction ad absurdum intended to ridicule the literal realism of the

orthodox interpretation and the anti-realism of the Copenhagen
interpretation.

@ Consider how Schrodinger introduced the above passage:
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Literal Realism and Schrodinger’'s cat

Schrodinger’s cat paradox is an expression of the under-determined reality
resulting from literal realism:

“A cat is penned up in a steel chamber, along with the following diabolical
device (which must be secured against direct interference by the cat): in a
Geiger counter there is a tiny amount of radioactive substance, so small,
that perhaps in the course of one hour one of the atoms decays, but also,
with equal probability, perhaps none; if it happens, the counter tube
discharges and through a relay releases a hammer which shatters 2 small
flask of hydrocyanic acid. If one has left this entire system to itself for an
hour, one would say that the cat still lives if mean while no atom has
decayed. The first atomic decay would have poisoned it. The -function
of the entire system would express this by having in it the living and the
dead cat (pardon the expression) mixed or smeared out in equal parts.”

Schrodinger (1935)
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Literal Realism and Schrodinger’'s cat

@ Many commentators take Schrodinger’'s argument as a literal claim
about the ambiguous ontology that results from coherent
superposition.

@ As such they fail to appreciate that Schrodinger’s cat argument was a
reduction ad absurdum intended to ridicule the literal realism of the
orthodox interpretation and the anti-realism of the Copenhagen
interpretation.

@ Consider how Schrodinger introduced the above passage:



Literal Realism and Schrodinger’'s cat

@ Many commentators take Schrodinger’'s argument as a literal claim
about the ambiguous ontology that results from coherent
superposition.

@ As such they fail to appreciate that Schrodinger’'s cat argument was a
reduction ad absurdum intended to ridicule the literal realism of the

orthodox interpretation and the anti-realism of the Copenhagen
interpretation.

@ Consider how Schrodinger introduced the above passage:

“One can even set up quite ridiculous cases. A cat is penned up in a steel
chamber, along with the following diabolical device ...

@ Unfortunately this opening sentence is usually left out when
Schrodinger is quoted!
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According to von Neumann and Dirac, the question of whether the cat is
finally either alive or dead (as opposed to a coherent superposition)

depends on when the “dynamical process” for collapse is supposed to have
taken place.

@ Is the cat’s status in an undefined state until it is observed? Or is the
cat's own observation enough to collapse the wavefunction?




According to von Neumann and Dirac, the question of whether the cat is
finally either alive or dead (as opposed to a coherent superposition)
depends on when the “dynamical process” for collapse is supposed to have
taken place.

@ Is the cat’s status in an undefined state until it is observed? Or is the

cat's own observation enough to collapse the wavefunction?

@ [ he ambiguity of this point has been stressed in 3 more comical way
by John Bell (1990):
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According to von Neumann and Dirac, the question of whether the cat is
finally either alive or dead (as opposed to a coherent superposition)
depends on when the “dynamical process” for collapse is supposed to have
taken place.
@ Is the cat’'s status in an undefined state until it is observed? Or is the
cat's own observation enough to collapse the wavefunction?
@ [ he ambiguity of this point has been stressed in a more comical way

by John Bell (1990):

“What exactly qualifies some physical systems to play the role of
measurer? Was the wavefunction of the world waiting to jump for
thousands of millions of years until a single-celled living creature appeared?

Or did it have to wait a little longer, for some better qualified system ..
with a PhD?”




The Measurement Problem

All of the above considerations are different aspects of what is now called
“the measurement problem”.

@ [ he measurement problem is usually identified as the failure of the
unitary evolution to account for the unigue outcomes that are
observed in practice.

@ As we've seen, the projection postulate is designed to solve this
problem, but it is creates new problems for the orthodox
interpretation:

» it implies that the fundamental ontology is governed by two different

dvnamical laws.
» the question of when 3 measurement takes place (and which dynamical

law should apply) is left unspecified.
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Decoherence and the Measurement Problem

There is a common contempeorary view that decoherence somehow solves
the measurement problem.

@ As we saw previously, by assuming the presence of an environment,
which we then trace over, the apparatus pointer is left in the state

p = |a|?|left) (left| + | 3]%|right) (left|

which is a weighted mixture of the two possible outcomes.

@ Note that we obtain the same mixed state by ignoring the existence

of the environment and simply tracing over the atomic system that is
being measured.

@ So it is clear that decoherence explains why interference effects will
not be observed in the pointer, but while some may have considered

this to be a problem in need of explanation, it is not the measurement
problem.




Decoherence and the Measurement Problem

@ In either case, as von Neumann realized as far back as 1932, the

mixed state gives an inadequate account of the experimental
situation, which is that the pointer must be described by either the
pure state |left) or the pure state [right) .

@ Hence, within the orthodox view, decoherence buys us nothing, and
the projection postulate, with all of its assorted interpretation
ambiguities, is still necessary.
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Decoherence and the Measurement Problem

There is a common contemporary view that decoherence somehow solves
the measurement problem.

@ As we saw previously, by assuming the presence of an environment,
which we then trace over, the apparatus pointer is left in the state

p = |a?[left) (left] + | 3|%|right) {left]

which is a weighted mixture of the two possible outcomes.

@ Note that we obtain the same mixed state by ignoring the existence

of the environment and simply tracing over the atomic system that is
being measured.

@ So it is clear that decoherence explains why interference effects will
not be observed in the pointer, but while some may have considered

this to be a problem in need of explanation, it is not the measurement
problem.
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Decoherence and the Measurement Problem

@ In either case, as von Neumann realized as far back as 1932, the

mixed state gives an inadequate account of the experimental
situation, which is that the pointer must be described by either the
pure state |left) or the pure state [right) .

@ Hence, within the orthodox view, decoherence buys us nothing, and
the projection postulate, with all of its assorted interpretation
ambiguities, is still necessary.
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Decoherence and the Measurement Problem

Within the context of modern interpretations, such as many worlds and
consistent histories, decoherence provides a crucial ingredient for the
self-consistency of those interpretations. It is worth bearing mind that:

@ No matter what kind of environment you assume and then trace over,
the quantum state of the system + apparatus + environment is still
going to be a pure state.

@ So the composite system is still in a coherent superposition and will
have to confront the same interpretational issues confronted by the
original subsystem when it was imagined to be a pure state (without
decoherence).

@ In other words, to some extent considering the environment explicitly
and then ignoring it (by tracing it out), is just sweeping the problem
(of coherent superposition) under the rug.
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Decoherence and the Measurement Problem

There is a common contemporary view that decoherence somehow solves
the measurement problem.

@ As we saw previously, by assuming the presence of an environment,
which we then trace over, the apparatus pointer is left in the state

p = |af?|left) (left| + | 3|%|right) (left]

which is a2 weighted mixture of the two possible outcomes.

@ Note that we obtain the same mixed state by ignoring the existence
of the environment and simply tracing over the atomic system that is
being measured.

@ So it is clear that decoherence explains why interference effects will
not be observed in the pointer, but while some may have considered
this to be a problem in need of explanation, it is not the measurement
problem.
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Decoherence and the Measurement Problem

@ In either case, as von Neumann realized as far back as 1932, the
mixed state gives an inadequate account of the experimental
situation, which is that the pointer must be described by either the

pure state |left) or the pure state [right) .

@ Hence, within the orthodox view, decoherence buys us nothing, and
the projection postulate, with all of its assorted interpretation
ambiguities, is still necessary.
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Decoherence and the Measurement Problem

Within the context of modern interpretations, such as many worlds and
consistent histories, decoherence provides a crucial ingredient for the
self-consistency of those interpretations. It is worth bearing mind that:

@ No matter what kind of environment vou assume and then trace over,
the quantum state of the system + apparatus +— environment is still
going to be a pure state.

@ So the composite system is still in a coherent superposition and will
have to confront the same interpretational issues confronted by the
original subsystem when it was imagined to be a pure state (without
decoherence).

@ In other words, to some extent considering the environment explicitly
and then ignoring it (by tracing it out), is just sweeping the problem
(of coherent superposition) under the rug.
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The Measurement Problem

But wait! Is the measurement problem really a “problem” that
solved?
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The Measurement Problem

But wait! [s the measurement problem really a “problem” that needs to be
solved?

@ As | hope to convince you, the measurement problem is not a problem
of quantum mechanics, but a problem created by the orthodox

interpretation.
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The Measurement Problem

But wait! [s the measurement problem really a2 “problem” that needs to be
solved?

@ As | hope to convince you, the measurement problem is not a problem

of quantum mechanics, but a problem created by the orthodox
interpretation.

e Hideo Mabuchi, a contemporary quantum information scientist from
Cal Tech, has put this best:
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The Measurement Problem

But wait! Is the measurement problem really a2 “problem” that needs to be
solved?

@ As | hope to convince you, the measurement problem is not a problem
of quantum mechanics, but a problem created by the orthodox

interpretation.

e Hideo Mabuchi, a contemporary quantum information scientist from
Cal Tech, has put this best:

“The measurement problem is a set of people.”
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The Measurement Problem

But wait! [s the measurement problem really a2 “problem” that needs to be
solved?

@ As | hope to convince you, the measurement problem is not a problem

of quantum mechanics, but a problem created by the orthodox
interpretation.

e Hideo Mabuchi, a contemporary quantum information scientist from
Cal Tech, has put this best:

“The measurement problem is a set of people.”

@ So then, for whom is the measurement problem not a problem?
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Einstein’'s Perspective

Einstein believed that quantum theory gave an incomplete description of

reality. He advocated this view at least as early as 1927 and maintained it
throughout his life.

“The attempt to conceive the
quantum-theoretical description as the
complete description of the individual
systems leads to unnatural theoretical
interpretations, which become
immediately unnecessary if one accepts
the interpretation that the description
refers to ensembles of systems and not
to individual systems.”

A. Einstein (1949)
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A. Einstein (1949)




Criticism of the Orthodox Interpretation  Einstein’s Perspective

Einstein’'s Perspective

Einstezn believed that quantum theory gave an incomplete description of

reality. He advocated this view at least as early as 1927 and maintained it
throughout his life.

“The attempt to conceive the

quantum-theoretical description as the
complete description of the individual
systems leads to unnatural theoretical
interpretations, which become
immediately unnecessary if one accepts
the interpretation that the description
refers to ensembles of systems and not
to individual systems.”

A. Einstein (1949)
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