Part VII

ReaLisv AND QuANTUM MECHANICS

https://doi.org/10.1086/psaprocbienmeetp.1978.2.192473 Published online by Cambridge University Press


https://doi.org/10.1086/psaprocbienmeetp.1978.2.192473

Comments on Kochen's Specification of Measurement Interactions*

Richard Healeyl

Darwin College, Cambridge University

These comments are divided into two parts. My remarks at
the meeting were prepared without access to a copy of Pro-
fessor Kochen's lecture, and so could not constitute a de-
tailed critical evaluation. They appear in Section 1 with only
minor revisions. Section 2 was prepared subsequently on the
basis of the text of the lecture as delivered; it contains
points of criticism and requests for clarification, which
are inevitably rather briefly stated.

1. Realism and Quantum Mechanics

Quantum mechanics raises many philosophical issues. I
shall focus on one: the issue of reallsm. The realist holds
that the proper form of acceptance of a scientific theory
is to believe that it presents a true, or at least part-
ially true, account of the workings of the world. Unless
the subject matter of the theory itself involves cognitive
agents (as pérhaps does that of psychology), the realist
holds further that statements of the theory have whatever
truth they do possess independently of the observer, whose
function 1s rather the epistemological one of discovering
which sentences in the language of the theory are true.
Some eminent physlcists have expressed themselves in ways
which prima facie seek to exclude such a realistic inter-
pretation of quantum mechanics. According to Wigner,
"...1% is not possible to formulate the laws of quantum
mechanics in a fully consistent way without reference to
the consclousness. All that quantum mechanics purports to
provide are probabillty connections between subsequent im-
pressions...of the consciousness." ([l41, p. 172) And Bohr
once sald "There is no quantum world. There is only an ab-
stract quantum physical description. It is wrong to think
that the task of physics is to find out how natuge is.
Physics concerns what we can say about nature."
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Such statements prompt the question: is it possible to form-
ulate the theory of quantum mechanics in such a way that it
admits of a realistic interpretation? Some philosophers have
apparently assumed that this gquestion may be answered af-
firmatively, and then treated utterances such as those I
have quoted as expressions of a general philosophical view
(perhaps positivism or instrumentalism), the adoption of
which has persuaded physicists not to adhere to a realistic
interpretation of quantum mechanics even when this is pre=~
sented as an option. Now it is very plausible to suppose
that positivism and other philosophical views indeed had
some influence on the development of quantum mechanics. But
whether or not this is so, the theory, once developed, pos-
sesses Iinternal features which make it very difficult to for-
mulate in such a way as even to admit of a realistic inter-~
pretation.

A text-book formulation of guantum mechanics typically
presents the statistical content of the theory in the form
of measurement conditionals: that is, as sentences to the
effect that if a system is in a particular quantum state
and if a measurement occurs, then there is a certain prob-
ability attached to a specified measurement outcome. A
realist would like to think that such sentences are true,
or at least approximately so, and that what makes them true
is the state of the world independent of any observer who
may seek to verify this truth. Yet such a measurement con-
ditional explicitly contains the word 'measurement'. And on
one natural understanding of the term, a measurement is an
~act of some observer which, if successful, gives him or her
knowledge of some structural feature of a phenomenon. With
this understanding, the truth-conditions of a measurement
conditional are not observer-independent in the way the
realist requires. Indeed, if the statistical predictions of
quantum mechanics have this form, and if measurement is so
understood, then guantum mechanics makes no nontrivial stat-
istical predictions concerning a world without observers.
The realist must face the challenge of reformulating the
statistical predictions of quantum mechanics so that these
consequences may not be drawn.

A natural attempt is simply to excise talk of measurement
from the statistical predictions. Each measurement condit-
ional is replaced by a possessed property conditional. This
1s a sentence to the effect that if a system is in a given
quantum state, then there 1s a certain probability attached
to i1ts possession of a specified property. The term 'measure-
ment' has been omitted from the antecedent of the.condi-
tional, and talk of a measurement outcome replaced in its
consequent by talk of a possessed property. This attempt is
so simple and straightforward as to be naive: and so I shall
call this the naive realist approach to the interpretation

-
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of quantum mechanics. The naive realist may go on to at-
tribute the appearance in the usual formulation of quantum
mechanics of measurement conditionals rather than pos-
sessed property conditionals to the influence of non-
realist philosophical views. He rejects these -views, and
thereby feels entitled to substitute possessed value con-
ditionals for measurement conditionals in his formulation
of quantum mechanics.

Unfortunately this kind of realism is too naive. It
fails to take account of the physical circumstances which
the founders of quantum mechanics sought to understand; and
it fails to square with the properties of the mathematical
structures they created to achieve this understanding. A
conclusive demonstration of the first failure is hard to
give, although 1t 1is perhaps this failure which has been
most influential in convincing physicists of the unten-
ability of a naive realist interpretation of quantum mech-
anics. In recent years the second failure has been demon-
strated in a manner sufficiently convincing as to force the
naive realist to become more sophisticated.

Recall that the nalve realist formulates the statistical
content of quantum mechanics by means of possessed property
conditionals. What are these properties? Pertaining to a
quantum system are certain measurable quantities (observ-
ables) known as dynamical variables. The name rightly sug-
gests that particular values of these quantities (for ex-
ample, of energy, of each component of momentum or posi-
tion) are not in general unchanging features of the system.
Corresponding to each dynamical variable and each range of
values is a property which the system possesses just when
the value of the variable lies in that range. On the naive
realist account, each such property 1s always determinately
either possessed or not possessed by the system. The pos-
sessed property conditionals correlate a description of a
system specifying which of these properties it possesses,
with the quantum state description, by giving the chance
that each property is possessed in each quantum state.
Measurement or observation merely reveals what properties a
system possesses, and so may provide a test of the statis
tical predictions of the theory as expressed in possessed
property conditionals. To perform such a test one could pre-
pare a large number of systems described by a single quantum
state, and then observe what fractions possess certain prop-
erties. If these fractions tend to approximate to the prob-
-abllities specified by the corresponding possessed property
conditional, then the theory is to that extent confirmed.

Now 1f thils account is correct, then two things follow.

In order that all the possessed property conditionals be
intelligible, it must be the case that every dynamical var-
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iable always has a precise value. And in order that each
such conditional be true, there must be a way of distrib-
uting these values among the members of a large collection
of systems in a single quantum state, so that the fraction
of these systems with particular values for any set of
dynamical variables assigned a joint probability by quantum
mechanics, approximates to the joint probability assigned
by the corresponding conditional. However, there are con-
vincing arguments to the effect that both these consequen-
ces are false [8]. The mathematical work of Gleason [7],
and of Professor Kochen himself in collaboration with
Professor Specker [10], provides the basis for very power-
ful arguments to the falsity of the first consequence; and,
suitably interpreted, papers of Bell [1] and Wigner {15] on
the impossibility of a local hidden variable theory for '
guantum mechanics may be seen to yield the falsity of the
second consequence.

If naive realism fails, what should the realist try
next? One approach is quantum logic. For one school of
quantum logicians ([2], [12}) views the Gleason and Kochen
and Specker preofs as promoting a re-examination of the
content of the c¢laim that a quantum system always determ-
inately either does or does not possess all its properties.
Perhaps by a modification of the logic of such property
ascriptions one can come to see that there is a sense in
which this is true in spite of these proofs, and that this
*sense 1s Jjust what is required to render the nalve real-
ist's possessed property conditionals intelligible? I shall
not further consider such approaches, save to remark that
the second argument against naive realism must still be
faced, that there is room for dispute as to whether the
resulting interpretation is really realistic, and that the
approach presupposes particular answers to a range of
highly controversial questions in the philosophy of logic.

Another approach would be to somehow restrict the set of
possessed property conditionals that need interpreting. If
this can be done, then the arguments from Gleason's and
Kochen and Specker's work may be evaded. For these show
that it is not possible for all dynamical variables to have
simultaneous precise values: this does not exclude some
privile§ed set of variables from always possessing precise
‘'values.” One may therefore attempt to interpret directly
only those conditionals about possessed values for those
variables. Other conditionals are to be gliven an indirect
interpretation: in so far as they are part of the theory at
all, this is because they are a result (perhaps approximate)
of applying the directly interpreted conditionals to some
more complex system of which the original system forms a
component part. Such an approach would be similar in many
respects to that outlined by Cartwright [4} in which the
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only real probabilities in quantum mechanics are for energy
interchanges.

Beside these’ and other attempts to improve on naive
realism, there is a different kind of approach, which I
shall call the interactive realist approach. Instead of
trying to excise talk of measurement from the statistical
predictions of quantum mechanlics, the realist may seek to
preserve but neutralize such talk. On one understanding of
the term a measurement .is a cognitively directed act of
some observer . There exists a well-established alternative
usage according to which the term 'measurement' applies to
just a particular class of physical interactions, any mem-
ber of which may, but need not, be employed by an observer
in his quest for knowledge. Understanding 'measurement' in
this second way, the realist construes the statistical con-
tent of quantum mechanics as given by interaction condition-
als: as sentences to the effect that if a system is in a
particular quantum state, and if a measurement-type inter-
action occurs, then there is a certain probability attached
to its subsequent possession of a specified property. I

. think the approach taken by Professor Kochen in his lecture
is of this kind.

The interactive realist does not assume that each dy-
namical variable always possesses g precise value. Rather,
the occurrence of a measurement-type Interaction selects
certain dynamical variables as those which have precise
values. If it is assumed that this selection does not occur
before the interaction takes place, then measurement does
not in all cases reveal possessed values, but must some-
times give rise to the measured value. While it is not un-
expected that measurement shoulg effect a change in the
properties of a system, it is at least surprising that

‘measurement should bring into being the very property it
reveals. And one may object to such a notion of measurement
on semantic grounds. But these are not appropriate in the
context: measurements are. just a class of physical inter-
actions, and quantum mechanics gives the chance that such an
interaction will result in the possession of any one of a
certain set of properties. And at least part of the cust-
omary epistemic force of the term 'measuremeht' is preserved
in this usage. For measurement-type interactions are prag-
matically distinguished from other interactions by the
feature that they may be used to gain knowledge at least of
the post-interaction properties of a system.

__ However, such a pragmatic distinction cannot ultimately
be satisfactory to the realist. For it rests the truth-
conditions of an interaction conditional on an expression
('measurement-type interaction') whose reference has been
characterized in terms that are unclear and apparently still
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observer-dependent. Thus the interactive realist faces the
task of giving a purely physical characterization of the
class of measurement-type interactions. But even if he can
succeed in this task, there 1s a further problem. If
quantum mechanics is only concerned to account for the be-
havior of systems during an interaction of a special class,
does this interpretation not restrict the universality of
the theory to an unacceptable extent? So this type of in-
teractive realist approach raises two important questions:
What makes an interaction a measurement interaction?
Doesn't this unacceptably restrict the universality of the
theory? One of the chief merits of Professor Kochen's
interpretation is that 1t gives relatively clear answers
to these questions. And one of the most ‘important challen-
ges to the interpretation is to deny the adequacy. of these
answers. .

One may attempt to answer these questions as a follower
of Bohr. A measurement interaction is an interaction with a
classical system; and since all we can expect of any
physical theory is prediction and explanation of the way
the world behaves at the classical level, quantum mechanics
is as universal as any physical theory can be expected to
be. Such answers seem unsatisfactory. The restriction of
the goals of a physical theory seems dubious, ill-supported
by Bohr's arguments, and ignored in practice by most quan-
,tum physicists. But the crucial objection 1is that we have
been given no precise criterion of what counts as a class-
ical system; and it is very hard to see how any such crit-
erion could be given. For example, 'classical' cannot mean
'macroscopic’': Bohr explicitly considers the application of
quantum mechanics to macroscopic objects, and low-temper-
ature physicists do it every day. And it cannot mean
'obeying the laws of classical mechanics': these conflict
with the laws of quantum mechanics itself, so no system is
a classical system in this sense.

It seems worthwhile explaining why these questlons are
so important for the interactive realist approach. For one
may think that determination of the class of measurement
interactions may safely be left to the experlmental physic-
ist, and that the degree of universality consequent upon
this determination is not open to criticism from the philo-
sopher. But the questions are not to be dismissed so easlly.
For without some theoretical restriction, there is nothing
to prevent the application of quantum mechanics itself to
the object-apparatus interaction associated with a measure-
ment. And notoriously this results in the measurement prob-
lem. The application leads to the conclusion that there ex-
ist initial object states resulting in a final object- :
apparatus state which as usually interpreted implies that
the apparatus fails to register any result at all (its
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pointer points nowhere at all)! If there were some charac-
terization of the class of measurement interactions giving a
theoretical reason preventing the application of quantum
mechanics to the object-apparatus interaction assoclated
with a measurement, then this problem would not arise. But
such a theoretical reason would apparently require a modifi-
cation of the theory of quantum mechanics itself. And the
modification would then constitute a kind of restriction on
the universality of the unmodified theory which must in-
fluence any attempt to interpret the latter.

Professor Kochen's approach seeks to glve a theoretical
characterization of the class of measurement interactions
without any substantial modification of gquantum mechanics.

A measurement interaction is indeed just a particular type
of interaction between quantum systems, and may be described
fully and correctly by quantum mechanics. This does not lead
to the measurement problem, however, as the interpretation
of the quantum state of a composite system is modified. It
now becomes quite consistent to suppose that while the ob-
ject-apparatus state subsequent to their interaction is in-
deed as quantum mechanics predicts, still the apparatus
registers a definite, and correct, result.

An interactive interpretation must give some account of
how a measurement interaction affects the properties of a
quantum system. And realism imposes constraints on this ac-
count. An important question here is: does a measurement
interaction change the set of properties a system possesses,
but in such a way that both before and after interacting the
system determinately either does or does not possess each
property? Or does a measurement lead to the realization of
some property which was formerly merely potential? That is,
does it result in the determinate possession or non-possess-
ion of each of a set of properties, although certain of
these were formerly neither possessed nor not possessed by
the system? Professor Kochen takes the second alternative:
an interactive property is a property which a system only
possesses or fails to possess consequent upon the occurr-
ence of a suiltable interaction. This 1line appears to raise
problems for realism, for in the absence of an appropriate
interaction, a sentence ascribing a certain interactive pro-
perty to a quantum system will be neither true nor false. So
the philosophical question arises: is this notion of an in-
teractive property acceptable to the realist?

It seems to me that one difficulty the realist faces here
has parallels in flelds unconnected with quantum mechanics.
Having such-and-such surface tension is a property approp-
riate to a substance only in the liquid phase. Is .it a vio-
lation of realism that a solid neither has nor fails to have
a surface tension of such-and-such? If not, then why should
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it constitute a violation of realism that interactive prop-
erties, which are appropriate to a quantum system only
under certain conditions, should be neither possessed nor
not possessed under other conditions?

What 1s required by the realist is that the conditions
of realization for an interactive property be clearly and
unambiguously specifiable. I consider in Section 2 the ques-~
tion of whether or not Professor Kochen's interpretation
meets this requirement.

Before proceeding with more detailed critical remarks,
I conclude this first part by sketching the picture of the
gquantum domain which emerges from Professor Kochen's inter-
pretation. This picture is rather a strange one. Not just
what position a system has, but whether the system has a
position at all will depend on its history of interaction
with other systems. And similarly for all other properties
assoclated with dynamical variables. Clearly it is neces-
sary for the interpretation to ensure that the interactive
history of most macroscopic objects be such that it is at
least an extremely good approximation to ascribe some fairly
definite position, momentum, energy, etc. to them. But at
the microscopic level this cannot be so: an electron may
behave in a particle-like way at one time, and a wavelike
way at another, and which way it behaves now may depend on
some other system with which it interacted in the past, and
which may not even now be near the electron. This sounds
strange. But quantum mechanics 1s a strange theory.

2. Measurement Interactions

A realistic interpretation of quantum mechanlcs must
make clear how the world would behave if the theory were
true. And it must also outline how it is that we human ob-
servers can come to know that the world is one way rather
than ,another. While Professor Kochen has provided some
novel = suggestions about the ontology of quantum theory,
his approach is somewhat procrustean as well as impertantily
incomplete in this first respect; and it is subject to
severe difficulties in the second, eplistemologlical, respect.

We are told that .interactive properties are realized at
the conclusion of an interaction. Buf when 1s an interaction
concluded? If, when the interaction terms in the. total
Hamiltonian are strictly zero, one may wonder whether inter-
active properties are ever actually realized. But if, when
these interaction terms become sufficiently small, then how
small, and why pick just 'this size? Perhaps the most natural
reply is to take the first horn of the dilemma and claim
that all actual interaction Hamiltonians in fact become zero
at some time, even though the approximate model Hamilton-
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lans we employ in calculations may not. The experimental
fact is that interactions cease, and if our models do not
reflect this fact then they are in this respect inadequate,
though adequate for other purposes. An example would be our
model Hamiltonian for the Coulomb interaction between two
charged particles. For no separation of the two particles
does this equal strictly zero, though for large separations
it becomes for most purposes negligible. According to what
is apparently the most plausible development of his view,
Professor Kochen would hold that the actual Coulomb inter-
action becomes zero at some finlte separation, in order
that an actual interaction between two charged particles
cease, and some set of interactive properties be realized.
But then what is the real Coulomb interaction Hamiltonian,
and can one Jjustify our use of the approximate model inter-
action Hamiltonian in calculations of scattering cross-
sections?

A more dramatic example in which one may wonder whether
an interaction ever literally ceases is provided by
Schrddinger's cat. On Kochen's account, when the inter-
action (between the atomic system and a series of macro-
scopic systems culminating in the cat) has ceased, the cat
is already alive or dead. But 1f the interaction involves
the triggering of a Gelger counter by an atomic decay
product, and if the decay product is absorbed in the Geiger
counter, then the interaction terms in the decay product--
Geiger counter system remain non-zero. And yet we wish to
say that the interaction ceases with the cat definitely
“alive or dead.

Suppose however that the details of when interactions
cease can be spelled out in a satisfactory and natural way.
A second difficulty for Kochen's approach concerns the spe-
cification of the interaction algebras which determine what
properties are then realized. The formal result concerning
tensor product Hilbert spaces to which Professor Kochen
appeals guarantees the existence, but not the uniqueness,
of a pair of correlated Boolean o-algebras of projection
operators in the two component spaces. Thus there are cir-
cumstances in which the final quantum state of a pair of
previously interacting systems does not uniquely determine
the resulting o-algebras of properties realized: one not-
‘able state for which this is so occurs in the unmodified
Bohm version of the EPR thought-experiment. Now any actual
interaction proceeds in accordance with some Interaction
Hamiltonian, and this may provide additional information,
sufficient to uniquely pick out one pair of correlated
interaction algebras even in an otherwise degenerate case.
It may, but Professor Kochen has given us no reason to
think that it does. What is required to complete his ‘onto-
logical picture is the provision of a precise algorithm
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which, for any interaction, specifies just which interact-
ion algebras of properties are realized at the conclusion
of that interaction. This algorithm may appeal to only
those features of the interaction which are already re-
presented within the theory, such as the compound state
and interaction Hamiltonian. It may not appeal to the uses
(e.g., measurement) to which this interaction i1s put, nor
to details of other interactions the system has undergone,
or may subsequently undergo.

A third objection is this: there are examples of inter-
actions which result in correlated pairs of systems such
that a non-orthogonal decomposition of the mixed statist-
ical state of a component system seems called for on phy-
sical grounds (cf., Cartwright, [3]). In such a case,
Kochen's approach requires that the properties realiged at
the conclusion of the interaction correspond to a biortho-
gonal decomposition, even though physical considerations
would apparently favor the realization of properties cor-
responding to the non-biorthogonal decomposition. Here the
approach, though consistent, fails to square with the phy-
sics of the situation. But if a non-biorthogonal decompo-
sition is permitted, then the uniqueness problem becomes
much more severe, since any state in the image space of the
statistical operator of a component system appears with non-
zero coefficient in some non-biorthogonal decomposition of
the state of the compound system.

One aspect of Professor Kochen's approach which makes it
attractive to the realist is the absence from its funda-
mental account of the world of references to measurement.
But if we are to investigate the behavior of the world we
must make measurements to determine properties of systems,
and quantum mechanics should also enable us to understand
how this is possible. Does Professor Kochen's approach
provide the basis for a quantum mechanical understanding of
measurement processes?

According to Professor Kochen, certain interactive pro-
perties may be realized at the conclusion of any interaction
between quantum systems. If we are to know which interactive
properties a system actually possesses at the conclusion of
a particular interaction, it will in general be necessary to
perform a measurement on that system. Now a measurement must
itself be considered to be an interaction between this sys-
tem and a further measuring system, capable of inducing the
realization of some correlated property in the measuring
system. A measurement interaction is therefore an interact-
ion characterized by a particular kind of interaction Ham-
iltonian, which will correlate the individual state of the
measuring system with (the relevant feature of) the indi-
vidual state of the measured system. Let us investigate the
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nature of the Hamiltonian required for this purpose.

Suppose the value of dynamical variable A is to be meas-
ured on system S by measuring system M. If the initial indi-
vidual state of S makes true val(A)=ai, then the measure-
ment Interaction must leave M in a distinct individual state
corresponding to val(A)=ai. Suppose then that the initial
statistical state of S is ¢, (where Apy= a,¢.) and that of
M is WO' We require that the interaction havelthe following
effect "on the combined statistical state

(Pi® ‘I’O d Xi® \l’i = U(‘Pi® ‘1’0)
where U 1s the unitary time evolution operator of the com-
pound system. Here the final individual state of M may be
correlated with the initial statistical and hence(?) indi-
vidual state of S (the general biorthogonal expansion
z a, (X, ® Wi) would not give this correlation). Since this
must hold for an arbitrary initial state ¢y, WE have by
linearity of the law of time' evolution

¢ ® Y, > I ci(Xi ® Wi) (where o #.Z'ciwi).
Now the final superposition must realize some individual
state of M out of those uniquely correlated with val(A)=a.,
for varying i. Hence the expansion must be bilorthogonal.
Thus the requirement on the total Hamiltonian governing a
measurement interaction is -that it correspond to a time
evolution operator U such that L

u(z c 04 ® \|fo) = 3 ci(xi ® \yi)
for arbitrary Cyo and with (Xi, XJ) = (wi, WJ) = aij‘
Now since thils U is indeed uniltary, such an interaction is
indeed dynamically possible. It may now seem that we have
given an adequate guantum mechanical account of a measure-
ment interaction. However there are two reasons why this
is not so. The first reason has to do with restriction ¥
imposed by Professor Kochen on property changes in inter-
actions.

., ¥ is related to the projection postulate, which asserts
that the quantum state of a system immediately after a
measurement of some observable is given by the normalized
projection of the original state vector onto the elgenspace
of this observable corresponding to the eigenvalue found in
the measurement. In effect, ¥ asserts for individual states
just what the projection postulate asserts for statistical
states. Presumably it is required so as to recover the
benefits of the projection postulate while preserving con-
sistency with the time evolution prescribed by the Schro-
dinger equation. However, the blessings of the projection
postulate are known to be mixed: there are in the literature.
powerful arguments for the conclusion that the projection
postulate is rarely if ever obeyed in any actual measure-
ment (11]. And in the literature on measurement in quantum
mechanics, a whole category of measurements is recognized
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(Jauch [9], p. 165, calls these measurements of the second
kind) which consists of measurements which do not obey the
projection postulate. Professor Kochen says of ¥ that it is
an intuitively reasonable fundamental assumption of quantum
mechanics which has always been verified in actual inter-
actions. However intuitively reasonable it may be, it is
hardly uncontroversial to clalm that ¥ is a fundamental
assumption of guantum mechanics, particularly since it
appears to be quite simple to give examples of interactions
which violate it. An obvious counterexample is furnished by
any scattering experiment in which an incoming particle
with definite momentum interacts then separates with defin-
ite, but different, momentum. A second counterexample is
more to the present point, since it concerns the coherence
of Kochen's account of measurement interactions.

Suppose that we require ¥ of the individual states of
the system under investigation in a measurement process,
and suppose that the initial individual and statistical
state of this system is reprgsented by Xj' Then wejhave

R _ ' -

U(XJ. ® wo) = 3 ci(xi ® q/i). \xj = 3 ciqai)
but by ¥, if the individual state of the system is repre-
sented by the vector X., then the final individual state of
this system must alsoYbe represented by X., and the final
apparatus individual state must be represénted by V.. But
then the interaction results in individual apgaratué state
¥, with probability &, , not probability |e]<, and the
iﬁteraction fails to ieet the requirements of a measurement
interaction after all. Similarly, applying ¥ to the appa-
ratus individual state ¥ _, no interaction can ever change
that state, provided th8t the ¥'s (including ¥_) form an
orthonormal set. But this means that no interaction can
function as a measurement interaction lrrespective of. the
initial individual state of the system under investigation.
Thus accepting ¥ seems fatal to the project of explaining
how we can use interactions to obtain knowledge of the in-
dividual state of a system. But since ¥ 1s independently
implausible, perhaps its abandonment will permit such an
explanation after all. )

The second reason why the above quantum mechanicai ac-
count of a measurement interaction is inadequate concerns
the relation between the individual.and statistical states
of a system. The above analysis of a measurement inter-
action showed how the final apparatus individual state re-
flected the initial system pure statistical state. But to
connect this to the initial system individual state, some
further principle 1is required. An obvious principle to try
is this: if the pure statistical state of a system which
has an individual state 1s ¢, then the individual state of
that system consists of the ultrafilter of all statements
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assigned unit probability by the application of the quan-
tum statistical algorithm to ¢. If this were true, then
knowledge of the final apparatus individual state would
yield knowledge of the initial individual, as well as stat-
istical, state. Furthermore, the attribution to Kochen of
this prineciple is rendered initially plausible by an exam-
ination of the way he introduces the statistical state via
¥, For this seems to guarantee the truth of the principle.
But matters can't be so simple, as becomes clear in
Kochen's discussion of his version of the EPR thought-ex-
periment. This discussion will be examined shortly. The im-
portant feature for present purposes is that to handle this
case Kochen has to deny the above principle linking indivi-
dual to pure statistical states of a system. But without
some such link, the above account of measurement fails to
explain how we can obtain knowledge of the individual state
of a system; and so the postulation of such individual
states remains undesirably metaphysical, and their use to
underpin the statistical assertions of quantum mechanics
makes it mysterious how we can have reason to believe these
assertions are even approximately correct.

This second obstacle to an account of measurement rested

on the difficulty of inferring the individual from the

" statistical state of a system. But in order to complete the
account of the epistemology of quantum mechanics, we also
require rules for the coherent attribution of statistical
states to systems. An obvious problem here concerns the
transition from a mixed to a pure statistical state to de-
scribe a previously interacting system. Under what circum-
stances and for what purposes is this transition permissible
.and what knowledge dictates the attribution of one rather
than another pure state to a system or collection of sim-
ilarly prepared systems?

. Professor Kochen's treatment of his version of the EPR
thought-experiment is puzzling, and highlights a number of
difficulties for his approach. We are invited to consider a
variant of Bohm's version of the EPR situation in which the
compound system is 1in a state with zero spin in the z dir-
ection, but non-zero total spin (it 1is a superposition of
spin zero and spin one states). The angle ¢ is chosen so
that the biorthogonal decomposition of the state & in terms
of eigenstates of z-component of spin is unique, so that
g%, o2 are realizeg at the conclusion of the interaction.
‘c8hsiferation of o° measurements reveals the conditional
certainties expres%ed as follows

o, =% = o L

o. ==% =+ ¢

= 1
=%

PSSR )
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If these are to be agcommodated by assigning any state to
system 1 after the o measuremeat, this state must be 6.
But before Ehe meisu%ement of o, L was assigned individu-
al state ¥ or ¥—. It thus appgars that simultaneous with
the measurement of o_, the state of syitem 1l,changes inst-
antaneously and discéntinuously from ¥, or £~ to &, in
spite of the fact that 1 and 2 may then be spatially and
physically isolated. To avoid this case of apparent instan-
taneous action at a distance, Kochenlsays Ehat though the
individual state of 1 is and remains ¥, or ¥_, neyerthelgss
its statistical state changes from a mixture of X, and %

to 8. And since a statistical state represents our know-
ledge, not the world, it may change discontinuously and "at
a distance" without any awkward physical or metaphysical
consequences.

What are we to make of this aicount? Pirst note that the
assignment of individual state Z and statistical state &
to 1 after the o_ measurement furnishes the promised coun-
terexample,to the“principle ennunciated above linking the
individual to the statistical state of a system. This has
unpleasant consequences for the interpretation of these
states. For howlcan we find out whether the individual
state of 1 is ¥, or ¥~, or indeed verify that it is either
one of these? I? we interact 1 with some measuring system,
then the resulting individual state of that system must
reflect the statistical state &, not the individual stat
%,. For example, there will be a finite probability (cos®®)
that the apparatus system will go into the state which,on
the above account of measurement, ii supposed to indicate
that the individual state of 1 is ¥, ; and this is solir- 1
respective of whether the individuai state of 1 is ¥, or ¢!
This merely demonstrates the incompatibility between the ~
projected account of measurement and the treatment of the
EPR-type case. But the latter treatment has paradoxical
features independent of the account of measurement . For we
are required to countenance a situation in which we have
justified belief in many statistical, and some non-statis-
tical, subjunctive conditional statements about the future
behavior of 1, and yet none of thls is grounded in present
truths about the actual present state of 1. But surely for
a realist there must be some present property of 1 in vir-
tue of which we can now know ‘that if a 6-realizing inter-
action with 1 were to take place, then the 6 property would
certainly be realized? And yet no such property is repre-
sented in the present individual state of 1. Is such a
property represented in the present statistical state of 17
Here we facé a dilemma. Since the statistical state is sup-
posed to represent only our knowledge, we may take it that
the answer must be no. But then we are left with true un-
grounded subjunctive conditionals, which seems unacceptable
to the realist. On the other hand, 1f we assume the answer

.
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is yes, then the statistical state must after all incor-
porate ontological aspects. But then the abrupt change in the
‘statistlcal state of 1 on measuring o_ must after all be a
case of real physical action at a dis%ance.

Such considerations recall a principle Einstein ({61,
p. T777) applied to the EPR case. "If, without in any way
disturbing a system, we can predict with certainty (that is,
with probability equal to unity) the value of a physical
quantity, then there exists an element of physical reality
corresponding to this physical quantity." Now Kochen's
treatment of the EPR-type case does not violate this cri-
terion, though at first sight it appears to. For it appears
that there mfst be an eliment of physigal reality corres-
ponding to o, (or else o) after the o_ measurement, since
this measuregent may be gupposed not to affect system 1,
and thire is probability unity that system 1 have o (or
else o) after that measuremgnt. However since the Indi-
vidual State of 1,after the o- measurement does not assign a
truth value to o., we seem t0 have a violatlion of Einstein's
criterion. Actuaily this is not so. For we can predict with
probability unity not that system 1 has o, (say), but only
that o, will be realized in a subsequent g—realizing inter-
action: But while the letter of Einstein's criterion is not
infringed, its spirit certainly is. Kochen's account of his
EPR-type thought experiment would not be acceptable to
Einstein, or indeed to any realist.

Notes

1My research has been supported by the Thyssen Foundation,
whose generosity permitted me to accept the invitation to
comment on the lecture. I have profited from conversations
with Nancy Cartwright, William Demopoulos, Hilary Putnam
and Abner Shimony, as well as from the views of participants
in a seminar at Cambridge University.

2I am unable to locate the origin of this quotation.

3Dr. J. Dorling has argued in an unpublished paper that
a relatively simple strengthening of the Gleason result
does exclude this possibility. I am unable to conslder this
argument here. (See [51).

uProfessor Kochen's interpretation is not unlike several

other interpretations in the literature. See in particular
van Fraassen {13] and the references therein.
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Editor's Note

¥Kochen's paper, given at the PSA Meeting and discussed in
these comments, was not submitted for publication. Dr.
Healey's comments are reasonably self-contained and were
thought to be worth publishing even without the paper on
which the comments are being made.
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