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V I E W P O I N T

The Quantum Measurement Problem
A. J. Leggett

Despite the spectacular success of quantum mechanics (QM) over the last 80 years
in explaining phenomena observed at the atomic and subatomic level, the
conceptual status of the theory is still a topic of lively controversy. Most of the
discussion centers around two famous paradoxes (or, as some would have it,
pseudoparadoxes) associated, respectively, with the names of Einstein, Podolsky, and
Rosen (EPR) and with Schrödinger’s cat. In this Viewpoint, I will concentrate on the
paradox of Schrödinger’s cat or, as it is often known (to my mind somewhat
misleadingly), the quantum measurement paradox.

Basically, the quantum measurement paradox

is that most interpretations of QM at the

microscopic level do not allow definite out-

comes to be realized, whereas at the level of

our human consciousness it seems a matter of

direct experience that such outcomes occur

(indeed, it seems so difficult to imagine what

it would be like for the world to be otherwise

that I suspect that Immanuel Kant, had he had

occasion to consider the problem, would have

classified our knowledge of this state of

affairs as Bsynthetic a priori[).

It is convenient to classify reactions to

this problem into three broad classes, defined

by the following three different views on the

status of QM: (a) QM is the complete truth

about the physical world, at all levels, and

describes an external reality. (b) QM is the

complete truth (in the sense that it will

always give reliable predictions concerning

the nature of experiments) but describes no

external reality. (c) QM is not the complete

truth about the world; at some level between

that of the atom and that of human con-

sciousness, other non–quantum mechanical

principles intervene.

I briefly discuss each of these possibil-

ities in turn Efor a more extended discussion,

see (1)^. Let_s start with option (a). Consider

the following two questions:

(1) In a typical situation involving an

ensemble of microscopic entities (such as a

Young_s slits experiment with, for example,

electrons or neutrons) in which the QM

description of the ensemble is by a superpo-

sition of amplitudes corresponding to alter-

native microscopic possibilities A and B

(e.g., Bwent through slit 1[ and Bwent through

slit 2[), is it the case that each individual

member of the ensemble either definitely

realizes alternative A or definitely realizes

alternative B?

(2) In a (thought) experiment of the

SchrPdinger_s cat type involving an ensem-

ble of macroscopic objects (e.g., cats) for

which the formal QM description of the

ensemble of relevant Buniverses[ is by a

superposition of amplitudes corresponding

to macroscopically distinct alternative states

A and B (e.g., Bcat alive[ and Bcat dead[), is

it the case that each member (cat) of the

ensemble either definitely realizes alter-

native A or definitely realizes alternative

B (in the absence of inspection by a human

agent)?

I believe that a large majority of the

portion of the physics community that ad-

vocates option (a) would answer Bno[ to the

first question and Byes[ to the second (2).

The usual argument given in favor of

these answers involves the phenomenon of

decoherence: As a result of the latter phenom-

enon, it is impossible to see any effects of

interference between (for example) the living

and dead states of the cat, and it is argued

that Btherefore[ one state or the other has

been definitely realized, irrespective of wheth-

er we have or have not observed the partic-

ular cat in question.

As I have argued at greater length else-

where, I believe this argument embodies a

gross logical fallacy: It confuses the question

of truth with the question of evidence. At the

microscopic level, the adherents of view (a)

felt (mostly) obliged to reject a realistic in-

terpretation; the evidence they would cite

against it is the well-known phenomenon of

interference between possibilities A and B. By

the time we get to the macroscopic level, the

evidence has gone away, but the QM formal-

ism is in no way changed; thus, its interpreta-

tion cannot have changed either.

To complete my argument at this point, it

would be necessary to discuss also those

interpretations of QM (such as the Bohm-

de Broglie Bhidden-variables[ interpretation)

that answer Byes[ to both the above ques-

tions, and those (such as the Everett-Wheeler

Bmany-universes[ interpretation) that answer

Bno[ to both. Because space is limited, I will

just state my own view that both these

interpretations amount to little more than

verbal window dressing of the basic paradox,

and thus that no interpretation of class (a) is

viable (3).

I next turn more briefly to option (b).

According to the adherents of this view, the

whole formalism of QM amounts to nothing

but a calculational recipe, designed in the

last resort to predict the probabilities of

various directly observed macroscopic out-

comes (Bthis particular cat is dead/alive[),

and the symbols occurring in it, such as the

probability amplitudes, correspond to nothing

in the Breal world.[ The extreme operation-

alism implied in this view is often softened

by the observation that under many condi-

tions relevant to human existence, the ex-

perimental predictions of QM are Bas if[ the

world had behaved classically; this argument

is made most explicit in the Bconsistent-

histories[ (or Bdecoherent-histories[) interpre-

tation. However, that observation does not

get around the fact that these conditions

are not invariably fulfilled; in particular, it

does not exclude a priori the possibility that

we may some day be able not merely to

generate quantum superpositions like that of

SchrPdinger_s cat, but to observe the corre-

sponding interference effects. Personally, if I

could be sure that we will forever regard QM

as the whole truth about the physical world, I

think I should grit my teeth and plump for

option (b).

Finally, what of option (c)? Indeed, there

have been a number of concrete proposals to

modify standard QM at some level interme-

diate between that of the atom and that of

human consciousness, the currently best-

developed one being probably that associ-

ated with the names of Ghirardi, Rimini,

Weber, and Pearle. All of these proposals

have in common the feature that at a suf-

ficiently Bmacroscopic[ level (the precise

threshold depends on the specific proposal),

the superpositions predicted by the formal

extrapolation of the QM formalism do not

occur; rather, some non-QM mechanism in-

tervenes and guarantees the realization of a

definite macroscopic outcome for each par-

ticular member of the ensemble in question.

In principle, once the threshold for such real-

ization is specified, it would be possible to test

such theories unambiguously by comparing

their predictions with those of standard QM;

however, for the test to be definitive it is ob-

viously necessary that QM continues to pre-

dict interference effects, i.e., that decoherence

(which of course is a concept only meaning-

ful within the QM formalism) has not washed

them out. If one can indeed detect the char-

acteristic QM interference effects at a given

level of Bmacroscopicness,[ then it is a reason-
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able inference Ethough not in itself a logical-

ly watertight one (1)^ that no such mecha-

nism of Brealization[ has come into play by

that level.

Even a decade ago, considerable skepti-

cism existed about the prospect of ever ob-

serving quantum superpositions involving more

than a few Belementary[ particles. However,

in the last 5 years progress in this direction

has been spectacular, ranging from tradition-

al Young_s slits experiments conducted with

C
70

molecules (È1300 Belementary[ particles)

to SQUID experiments in which the two super-

posed states involved È1010 electrons be-

having differently (1). Thus, the experiments

are beginning to impose nontrivial constraints

on hypotheses of class (c). If in the future

these constraints grow tighter and tighter, we

may find that at the end of the day we have

no alternative but to live with option (b).

References and Notes
1. A. J. Leggett, J. Phys. Cond. Mat. 14, R415 (2002).
2. This belief is based on extensive canvassing of

representative physics-colloquium audiences.
3. It is fair to warn any readers new to this topic that

this conclusion is controversial in the extreme.
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V I E W P O I N T

From Pedigree Cats to Fluffy-Bunnies
Jacob Dunningham, Alexander Rau, Keith Burnett*

We consider two distinct classes of quantum mechanical entanglement. The first
‘‘pedigree’’ class consists of delicate highly entangled states, which hold great po-
tential for use in future quantum technologies. By focusing on Schrödinger cat states,
we demonstrate not only the possibilities these states hold but also the difficulties they
present. The second ‘‘fluffy-bunny’’ class is made up of robust states that arise
naturally as a result of measurements and interactions between particles. This class of
entanglement may be responsible for the classical-like world we see around us.

The nature of quantum superposition states

and how we can Bsee[ them in our classical

world continues to fascinate scientists. In re-

cent years, this fascination has led to a new

awareness of the potential uses of these

states in science and technology. Their na-

ture opens the door to a whole range of new

types of precision measurements. They also

have important implications for what the clas-

sical world around us can look like. In this

Viewpoint, we illustrate the nature of entan-

glement by focusing on two types of quan-

tum states that we call Bpedigree cats[ and

Bfluffy-bunnies[ (1). We want to explain

why these states are so fascinating and why

the pedigree cats are so difficult to breed and

keep alive. They can be thought of as highly

entangled, highly vulnerable, and easily killed

off. The type of quantum entanglement that

is breeding all around us and is responsible

for the way we see the world is the wild

fluffy-bunny kind.

The idea of a cat state first came about as

a consequence of a famous thought experi-

ment of SchrPdinger in 1935 (2). In it, he

imagined that a cat was placed in a box along

with a radioactive sample arranged so that if a

decay occurred, a toxic gas would be released

and the cat killed. Quantum mechanics tells

us that at any time the nucleus involved is in

a superposition of the decayed and original

state. Because the fate of the cat is perfectly

correlated with the state of the nucleus under-

going decay, we are forced to conclude that

the cat must also be in a superposition state,

this time of being alive and dead. This result

does not sit comfortably with our experience

of the world around us—we would expect

the cat to be either alive or dead but not

both—and continues to fascinate and pro-

voke discussion. Cat states have now come

to refer to any quantum superposition of mac-

roscopically distinct states. Here we call them

pedigree cats to emphasize their prized but

delicate nature.

Cat states are interesting not only for the

questions they raise about quantum mechan-

ics but also for their potential use in new

quantum technologies. An important exam-

ple of this is their use in pushing the limits of

precision measurements. Because measure-

ment is a physical process, we would expect

the accuracy we can achieve in any measure-

ment to be governed by the laws of physics.

For quantum states, the very act of mea-

suring changes the state and so affects sub-

sequent results. This process is known as

back-action. We will focus our discussion on

interferometry, which is the basis for a wide

range of precision measurements. Ultimate-

ly the precision that can be achieved in any

measurement is subject to Heisenberg_s un-

certainty principle, which states that the un-

certainty in any pair of conjugate variables

obeys an inverse relation. The more accurately

one variable is measured, the less accurately

the other can be known. This leads to a funda-

mental limit to how accurately quantum phases

can be measured that scales as Df È 1/N,

where N is the total number of particles in-

volved. In practice, however, measurements

are limited by more practical effects. Inter-

ferometry schemes, for example, usually use

a stream of photons or atoms and are, there-

fore, normally limited by shot noise, where

the measurement accuracy scales as Nj1/2.

This conventional bound to measurement ac-

curacy is a consequence both of the discrete

nature of particles and of independent-particle

statistics. The fundamental quantum limit (3, 4)

can be reached, however, by taking advan-

tage of Bcooperation[ between the particles

in entangled states. There are a number of

proposals for how this might be achieved,

and an excellent review of them is given by

Giovannetti et al. (5). We will focus here on

how entangled states, i.e., pedigree cats, open

the door to this possibility.

If we were to split a single particle

along the two paths of an interferometer,

the state of the particle would be kYÀ 0
ðk1Àk0À þ eifk0Àk1ÀÞ=

ffiffiffi

2
p

, where the first ket

in each term represents the number of par-

ticles on one path and the second ket rep-

resents the number of particles on the other

path. A particle on the second path acquires

a phase shift f relative to one on the first.

Interferometry schemes generally use a stream

of such single-particle states to make a mea-

surement of f. If instead we had a cat state of

the form

kYÀ 0
1
ffiffiffi

2
p ðkNÀk0À þ k0ÀkNÀÞ ð1Þ

things would be quite different. The particles

in this state are entangled because we cannot

write the total state as a tensor product of the

state of each of the particles. Another way of

saying this is that if we know which way one

of the particles goes, we know which way all

of them go. This property makes these states

very fragile—knowledge of the whereabouts

of one particle blows the cover for all the

others and destroys the superposition. How-

ever, this same property also makes the state

very sensitive to phase shifts. In the case

considered here, the phase shifts acquired
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