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Abstract. Bell's theorem requires the assumption that hidden variables are independent of future
measurement settings. This independence assumption rests on surprisingly shaky ground. In partic-
ular, it is puzzlingly time-asymmetric. The paper begins with a summary of the case for considering
hidden variable models which, in abandoning this independence assumption, allow a degree of ‘back-
ward causation’. The remainder of the paper clarifies the physical significance of such models, in
relation to the issue as to whether quantum mechanics provides a complete description of physical
reality.
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1. Bell's theorem and the independence assumption

Let us begin, as in figure 1, with a standard Bell-type experimental arrangement, involving
particles postulated to possess ‘hidden variables’. Ngrand)\, are the supposed hidden
variables of the particles andy, and Sef and Se} are determinations of the settings of
the measuring device¥, and/,.

The derivation of Bell’s inequality relies on an assumption of the following kind:

Independence assumpti@a): The values of the hidden variablgs, A, are independent
of the measurement settings Sebet,.

This assumption is rarely challenged. Even Bell [4] himself seems to have thought of
giving it up as the ‘most weird’ of the four or so possibilities he could se@forin the

light of his own famous results [3]. And yet it is not hard to findrama faciereason for
putting a question mark against (independently of the fact that it is a crucial assumption

in what, as it stands, is perhaps the most puzzling single result in quantum theory).

What is this reason? Simply that the assumption is time-asymmetric: the states of the
particlesz andy betweenS and the measuremenig, and M, arenotassumed to be
independent of what happens to thenbatin other words, we do not find it at all prob-
lematic that\,, and), should be correlated with what has happened to the pariidesl
y in the immediate past. Yet amounts to the assumption that there is no such correlation
with what happens to them in the immediate future. Where does this time-asymmetry
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Figure 1. A Bell experiment.

come from? It is not given to us by observation. (The variablgand\, are supposed to
be ‘hidden’, after all!) By what right do we assume it so lightly?

Could it perhaps be associated with the macroscopic time-asymmetry of thermodynam-
ics? Certainly, this asymmetry seems to have something to deowitknowledge asym-
metry’ — the fact thatve humangnow the past better than the future. However, we are
many-patrticle systems, apt vehicles for embodiment of statistical laws. Not so the individ-
ual photon or electron, to whial is supposed to apply.

A more promising suggestion might seem to be that the time-asymmetry assumed in
IA is the familiar asymmetry of causation — the familiar fact that effects never precede
their causes. But what sort of fact is this ‘familiar’ fact? If it is an observational matter,
then we do not seem entitled to assume it prevails in regions of the microworld assumed
to be unobserved. If on the other hand it is a logical matter, then it does not seem to be
what underpins the temporal asymmetryf There seems to be tagical barrier toHv
models which violatea. How then does our theorising aba@m get to be constrained in
this way?

More on causation in a moment. My immediate point is tikratembodies a time-
asymmetry which is puzzling, at legstima facie. Despite this, models which give up
IA have been considered very little (even, as | noted, by the unconventional Bell). Why
is this? What makes\ so ‘obvious’ in the minds of people who care about the interpre-
tation of @QM? What makes giving upr so ‘counter intuitive’, even by the notoriously
relaxed standards of the discipline? | want to discuss what seem to me to be the two most
significant objections to giving u., and to show that they are surprisingly weak.

1.1 Initial randomness

It might be thought thai follows from the familiar assumption that all initial distributions

of the relevant hidden states are equally likely — in other words, that failure wbuld
require a very ‘special’ initial distribution of hidden states. For example, Lebowitz [9]
suggests that a no-correlation principle of this kind follows from the ‘reasonable minimalist
assumption’ that the ‘initiainicrostate(of the universe) wasypical with respect to some

(at least vaguely defined) weight or measure on the different microstates compatible with
the initial macrostate’.
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However, this argument assumes that the failuresoffould be afact-like matter. If it
were a law-like matter, as it might well be indv model exploiting this loophole in Bell’s
theorem, then no special choice of initial distribution would be needed. The required
correlations would obtain in all possible initial distributions, because ‘possible’ simply
means ‘allowed by the laws’. (By way of comparison, do we need a special choice of
initial conditions to ensure that conservation of momentum holds in Newtonian mechanics?
Obviously not.)

One corollary of this point is that we should not confuse the time-asymmeisyweith
the macroscopic time-asymmetry associated with thermodynamics, at least so long as the
latter is held to be a fact-like matter, dependent on boundary conditiorshould not be
confused with Boltzmann'stoRzahlansatin other words. The latter is a fact-like matter,
on most accounts, while the former might well be law-like.

1.2 Fatalism and backward causation

Another common objection to relinquishing is that it leads to fatalism. The thought is

that if the incoming photon (say) already ‘knows’ how we are going to orient a polarizer
which it is to encounter in the future, then we do not really have a choice in the matter.
(This factor seems to have been influential in John Bell’s thinking about these matters; see
Price [11].)

This is a very puzzling objection, in several ways. For one thing, many people, including
presumably many physicists, regard themselves as fatalists already, for a variety of reasons.
From such a standpoint it could hardly be an objection to relinquishirigat it confirms
what they already believe. And even for non-fatalists, should not they acknowledge that
physics might show that they are wrong, that fatalism holds after all?

But does relinquishinga really imply fatalism in the first place? Why not say instead
that in choosing the orientation of the future polarizer, we control the earlier state of the
photon, rather than the other way around? It might be objected that would imply backward
causation: our choice would be affecting the past. Indeed, but what is so bad about that?

At this point, the objection to relinquishing is no longer that leads to fatalism, but that
it leads to backward causation. The usual objection to backward causation is that it would
make possible ‘paradoxical’ or contradictory causal loops. In the philosophical literature
this is known as the Bilking argument.

The basic structure of the Bilking argument is shown in figure 2. In essence, the claim
is that there were backward causation (A causing E, in the terminology of the diagram),
then it would be possible to set up a triangle of correlations, two of which are positive
correlations, and the third of which (the diagonal link in the diagram) is negative. This
supplies the required contradiction.

The Bilking argument was discussed by the Oxford philosopher Michael Dummett, in
1964 [7]. Dummett made the following observation. The argument depends on the as-
sumption that it is possible to detect whether the event E occurs aftimd), before
A occurs (or does not occur) at tinae If this is not possible, then the Bilking apparatus
is impossible to construct, even in principle. For the apparatus relies on such a detection,
in order to guide our choice as to whether to bring about A. (Dummett’s point is usefully
amended in one respect: what is crucial is not merely that E should be detectable, but that
it should be detectablgithout disturbing the circumstances under which A is claimed to
cause ELet us call this the detectability assumption.)
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Figure 2. The Bilking argument.
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Figure 3. Dummett’s loophole in quantum mechanics.

Dummett himself did not considem. (His discussion relies on imaginary examples,
of an anthropological flavour.) But it turns out that is nicely placed to exploit the
loophole in the Bilking argument identified by Dummett. For what does the assumption
that it is possible to detect the claimed earlier effect amount to in the photon case? The
claim is that the state of the photon is affected by the next polarizer it is going to encounter.
To ‘bilk’ this claim, we would need to detect the polarization before it gets to the future
polarizer.

However, the only way to detect the polarization is to put another polarizer in the path
of the photon, before it gets to the future polarizer in question (see figure 3). And if we
do that, the future polarizer is not tinextpolarizer any longer, and so the circumstances
required for the claimed causal influence no longer obtain!

In other words, the restrictions thaw itself places on what it is possible to measure
seem to ensure that the detectability assumption fails. If so, then the backward causation
needed to make senseif1 does not lead to paradoxes.

1.3Conclusion

The usual objections to relinquishimgthus seem weak or misguided. On the other hand,
as we saw, considerations of time-symmetry seems to count in favour of abantaning
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On this balance of pros and cons alone, thenmodels based on relinquishing seem
to deserve some serious attention in the foundatios/of— no less attention, one might
think, than other contextual models.

This assessment seriously understates the case, however. Unlike other contextual mod-
els, the backward causation approach offers the prospect of a resolution of the apparently
space-like correlations implied by the failure of Bell’s inequalities into a ‘zig-zag’ sequence
of individually time-like correlations. In other words, this approach offers the prospect of
alocal explanation of the apparently non-local aspectgmaf This prospect might turn
out to be illusory, of course. The required models might turn out to rule out on some other
grounds, for example. But until these issues are addressed — until such models are inves-
tigated in depth — the whole issue of nonlocality in quantum theory is up in the air, and
there can be no ‘closure’ for one of the great puzzles of twentieth century physics.

So much, at least in barest outline, for the case for investigatingnodels which aban-
doniA. (I have developed this case at much greater length elsewhere [10].) However, much
remains unclear, not only about the technical possibilities for such models, but also about
their physical significance, and their relation to other approaches to the conceptual foun-
dations ofgom. In the remainder of the present paper | shall attempt to throw some light on
these matters, by relating tie approach in question to the issue of the completeness of
the quantum-mechanical description of the world.

2. Two notions of completeness

At the heart of the debate between Einstein and Bohr in the early yearswés the issue

as to whether the wave function providessmpletedescription of a physical system. Does

it, as Bohr claimed, give us all that is actually true in reality of the system in question? Or
is it, as Einstein argued, merely a partial or incomplete description, telling us the truth but
not the whole truth about the system?

In one sense, allv approaches side with Einstein on this issue. By definition, a hidden
variable is an aspect of physical reality not captured by the standard wave function. Often
such views are associated with the claim that the wave function is not physically real, but
this is quite inessential. After all, it is an incomplete description of Einstein to say that
he was male, but the relevant aspect of his chromosomal structure (his possession of a Y-
chromosome) is not therefore unreal. The crucial issue is that of completeness, not that of
the ‘reality’ of the wave function.

It turns out, however, that althougtv views agree with Einstein that the standard quan-
tum mechanical description of reality is incomplete, they may need to disagree about what
completeness requires. In fact, they may find themselves agreeing with Bolanhat
complete in the sense of completeness which Einstein shares with Bohr; while maintaining
that it is incomplete in another important sense, which neither Einstein nor Bohr seems to
have entertained.

2.1 Potentiality

We humans are creatures with some knowledge of the past, but little knowledge of the
future. Most of us care very much about what happens to our future selves. Unfortunately,
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this often depends on unpredictable features of our, or ‘their’, future environment. The
best we can do is to prepare our future selves to meet a wide range of possible futures.

As aresult, it is useful for us — the best we can do, in fact, in many cases — to arm our
future selves with a description of the world which is rich in ‘potentiality’; in other words,

a description which yields useful information about a wide range of possible futures. Po-
tentiality is the best substitute for knowledge of the actual future itself. It gives us a kind of
generic knowledge, useful in each of a wide range of future circumstances, many of which
may be compatible with what presently we know.

Potentiality is a feature of many, if not all, commonplace descriptions of the world in
which we live. Many properties are ‘dispositional’, or defined in terms of wiaild
happento the bearer of such a property in certain circumstances. Consider the property
of fragility, for example, and the difference between saying merely that an object is frag-
ile, and that it has or wilbctuallybreak. Some philosophers argue that all properties are
dispositional, and at least implicitly, such views are common in physics. Think of op-
erationalism, for example, which insists that properties be characterised in terms of their
‘disposition’ or ‘potential’ to produce certain observable effects.

Whatever the truth about physical descriptions in generalghéescription is highly
potential in nature. A familiar way to make this explicit is to use a propositional represen-
tation, in which the information carried by the wave functipiis represented as a set of
conditional probabilities for the outcomes of possible yes/no measurements.

{P(Q1|F1), P(Q2|F2), ..., P(Q]F}), .. .},

where{F;} is the set of possible future yes/no measurements(and the proposition
tested in casé;.

Suppose thapMm provides the best possible theory of this kind, in the sense that it en-
codes all the ‘potentiality’ that could be derived from a complete knowledge of a system’s
pastinteractions with the rest of the world (including us). In that case, let us saypthat
is Hy,-completewhere ‘H’ stands for ‘human’ and the'* for ‘past’, to remind us that this
model of ‘perfect knowledge’ is tied to the kind of access to the world that we humans
have: roughly, knowledge of the past but not the future. (Analogously, we could charac-
terise H ;-completenesas perfect knowledge for creatures whose knowledge asymmetry
is reversed.)

Now consider the same system from the perspective of an imaginary observer who is
able to survey the future as well as the past; from an Archimedean point, so to speak. And
let us suppose that treetual future measurement visible from this pointfg. For the
Archimedean observer, then, all the terfid¥Q ;| F;) };; areredundantin the sense that
they provide information for futures known not to be actual.

From the Archimedean perspective, then, the standard quantum mechanical description
looks bothincomplete in not providing the information that'; is actual; and massively
redundantjn providing a lot of information which is irrelevant — which has no application
— in the light of this information abouf’;.

Let us say that a description #-completeif it includes all the information accessible
from the Archimedean standpoint. Our conclusion is then that evem i§ H ,-complete,
it is both A-incomplete andi-redundant.

One important note. The distinction betweEp-completeness and-completeness is
a matter of degree. A description which tells us thatis the actual future and gives us
the value ofP(Q ;| F;) (or equivalentlyP (@ ;)) is not entirelyA-complete, because it does
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not encode the information as to whetldgy is actually true or false. But it is much more
A-complete than the original quantum mechanical description.

2.2Hidden variables and kinds of completeness

What is the relevance of the distinction betwdércompleteness and-completeness to
the possibility ofHv models based on relinquishing? The crucial point is this. Once
IA is abandoned, so that ‘hidden’ states are allowed to depend in part on what happens
to the system in question in the future, then a specification of the hidden state provides
information about the future. On the assumption that the standard quantum mechanical
description is alreadyi ,-complete, this information about the future must be information
that could not be gleaned from a knowledge of the past interactions of the system. (In
any case, such knowledge would open the door to bilking.) Hence it is information which
could only be accessible from a more Archimedean standpoint.

Thus aHv model of this kind trades off some potentiality in return for a gaimin
Completeness. The values of the hidden variableand, will not be predictive, in the
fully counterfactual way thap is. To be precise, they lose predictivity with respect to the
class of possible futures which they themselves exclude.

2.3The Bohr—Einstein debate revisited

This discussion throws an interesting light on the Bohr—Einstein debate about the com-
pleteness of the quantum mechanical description of reality. The additional ‘elements of
reality’ for which Einstein hope#vereintended to be counterfactually-predictive. Recall
Einstein’s [8] ‘criterion of reality’: if we can predict with certainty what the result of a mea-
surementvould be then there is an element of reality underlying that prediction, even if the
measurement is natctually performed. The extra elements of reality provided by a hid-
den variable theory which violates would not in general be counterfactually-predictive

in this way. If the state of a particle depends on the next measurement it is to encounter,
then it will not be true in general that elements of reality which exist in the presence of
later measurements would still exist if those measurements had not taken place.

In terms of the distinction drawn above, it thus appears that Einstein took for granted
the (potentiality-laden) view of physical properties associated Wifhcompleteness. In
these terms, it may well be the case that Bohr is right — ¢hatis H,-complete. This
is compatible with possibility thapm is also A-incomplete, and that there are ‘hidden’
properties in reality in addition to the properties ascribedby though properties less
counterfactually-predictive. Thus Einstein may have been right, too, in a sense — albeit a
sense which he himself did not envisage.

3. Advice for hidden variable theorists

The moral of this discussion ferv approaches — especially for those involving backward
causation, but also, | think, for other contextual approaches — is that the goal should be
A-completeness, ndf,,-completeness. (ArguablgMm is H,-complete already.) However,

Pramana — J. Phys.Vol. 56, Nos 2 & 3, Feb. & Mar. 2001 205



Huw Price

it should also be borne in mind thdtcompleteness is a matter of degree. A consistent
model which extendgem without achieving fullA-Completeness is already an important
step forward, in that it shows that models are possible, once we loosen the demand for
counterfactual predictivity.

Here is a simple way to produce such a model. Begin with the conditional probabilities
of the propositional representation mentioned above:

{P(Q1|F1), P(Q2|F»), ..., P(Q;]F)), .- .},

where{F;} is the set of possible future yes/no measurements(and the proposition
tested in casé;.

Now let one of the items in this list be flagged as the one corresponding &wtitne
next measurement, replace it with the corresponding unconditional probability, and delete
all the other items. What remains is a description of the system in question which is more
A-complete than it®m predecessor. Is it consistent? Yes, surelpnf itself is, for all
we have added is the information that a partic#alF}, say) is actual. If the result were
inconsistent, thepm would already imply that’; does not happen!

One might anticipate two kinds of objection to this simple model. First, some people
will throw up their hands at the suggestion thatmight be false. | recommend that we
ignore such people, until they offer us better arguments in defensetbén the ones we
considered above.

Second, people will object to details of the model. For example, they may object that
the model does not tell us how the system knows about future measurements. To this kind
of objection two replies are appropriate, | think. Firstly, we should acknowledge that as it
stands, the model provides no mechanism for the influence of the future on the present. It
simply has the status of a primitive law-like fact. But every physical theory relies even-
tually on facts of this kind, so the fact that our model does so is not a damning objection.
Secondly, and perhaps more importantly, we should observe that this objection misses the
point of the model. The real purpose of the model is to establish an existence claim, the
claim that there are consistem¢ models forgm which are based on relinquishing. We
do not need an elegant model to prove such a claim — any model will do.

3.1 Two-time approaches

One possible source of more elegant models abandoning is in the so-called ‘two-

time’ approach t@m, pioneered by Aharonov, Bergmann and Lebowitz [1] (see also [2]).
The basic idea of such approaches is to take the state of a system between measurements
to be constrained or described by two wave functions, one of them the standard wave
functiony (orv,,, as we usefully call it) ‘coming from the past’, and the other an analogous
wave functiony ; ‘coming from the future’.¢) ; depends on what happens to the system

in the future, just as), depends on what happens to it in the past.¢(}fis taken to

be H,-complete, as suggested above, tggnmight be the correspondindd ;-complete
description.) Hence the resulting model violates at least so long as a changesjry
corresponds to a physical change in the system concerned. (The qualification is important.
We do not have backward causation if changing the future measurement merely changes
our evidence about the nature of the system at earlier times.) It may seem odd to describe
this as aHv model, since it is couched in terms of wave functions. But for our present
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purposes, alv model is simply one which takes the standard wave function to be an
incomplete description. This will be true of the two-time approach, considered in the
current framework, according to which the descriptignsand; are individually A-
incomplete.

Interesting as these models are, | think they suffer from one serious design flaw. They
move towardsA-completeness by combining two descriptions which are not dnly
incomplete (a flaw which might be remedied by the combination) but also masdively
redundant. If the goal is an Archimedean description, it seems unnecessarily circuitous to
begin with two descriptions which, in their massive ‘potentiality’, reflect the great deficien-
cies of non-Archimedean perspectives. Why should we be trying to get to an Archimedean
description by ‘adding’ something to the standard description, if (as | have suggested) the
latter is designed for a different job all together, that of characterising reality frof the
perspective? Why not start from scratch, or rather from the classical notions we used in the
good old days when (thanks to determinism and the assumption that there were no princi-
pled restrictions on observatiod}completeness anll ,-completeness came to the same
thing?

3.2 A natural alternative?

Here is another possibility. Let us think of the ‘*hidden’ reality in terms of Feynman paths,
between an initial state (e.g., an electron being emitted by a source) and a final state (e.qg,
detection of that electron at a particular point on the screen in a two-slit experiment). In
Feynman'’s path integral approach, calculation of the probability of the outcome in question
depends on an integration over the possible individual paths between the given initial state
and the given final state, each weighted by a complex number. The fact that the weights
associated with individual paths are complex makes it impossible to interpret them as real-
valued probabilities, associated with a classical statistical distribution of possibilities.

However, there is no such difficulty at the level of the entire ‘bundle’ of paths which
comprise the path integral. If we think of the hidden reality as the instantiation not of one
path rather than another but of one entire bundle rather than another, then the quantum
mechanical probabilities can be thought of as classical probability distributions over such
elements of reality. (For example, suppose we specify the boundary conditions in terms of
the electron source, the fact that two slits are open, and the fact that a detector screen is
present at a certain distance on the opposite side of the central screen. We then partition the
detector screen, so as to define possible outcomes for the experiment. For each@lement
of this partition, there is a bundlg; of Feynman paths, constituting the path integral used
in calculating the probability of outcom@;. We have a classical probability distribution
over the set of sucB;.

Of course, this conception of the hidden reality violatesThe range of possible bun-
dles depends on all the boundary conditions, including those in the future. However, this
is the kind of model we were looking for.

It might be objected that the model does not fully restore a classical picture of real-
ity, because it does not assign an individual classical trajectory, but only membership of a
bundle of trajectories. However, this misses the point of the exercise. We notedHthat
completeness is a matter of degree, and that it is legitimate and interesting to enquire into
the existence ofiv models which arenore A-complete than the standapi description,
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without insisting that they be entirel§-complete. The present model seems to provide a
positive answer to the existence question, in a way which is much more ‘naturally’ mo-
tivated than our previous proposals. It is a further question whether it is possible to do
better, and to find av model which is even mord-complete; but a question for another
occasion.

4. Conclusion

| have argued thattv models violatingA deserve far more attention than they have yet
received. On the one hand, the usual arguments in favour afe very poor. On the
other handHv models which give upa have two big potential advantages. First, they
avoid the time-asymmetry inherentiim itself. Second, they offer the prospect of a time-
like resolution of the Bell correlations, and thus the elimination of the apparent tension
betweemM and special relativity.

| have also argued that in order to understand the significance of such models, it is
important to realise that they do not offer further ‘completeness of descriptitité sense
taken for granted both by Bohr and by Einsteinstead, they offer further completeness in
a different sense. The issue of which sense of completeness is more important for physics
warrants further discussion. But for the moment, | think, we can afford to be pluralists. We
should simply recognise that they are different, and get on with the business of exploring
Hv models with this improved understanding of what their goals may be.
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