Chapter 8
On Time Order and Causal Order in the EPR

Experiment
Inaki San Pedro

Abstract The aim of this paper is to discuss the rejection of the so-called Mea-
surement Independence—i.e. No-conspiracy—condition, in the context of causal
explanations of EPR correlations, and survey some of its implications. In particular,
I pay attention here to a specific way Measurement Independence is violated. It
has to do with two assumptions about the presupposed causal order and space-
time arrangement of the events involved in the EPR picture. The consequences are
mostly, and more importantly, related to locality issues.

8.1 Introduction

Ever since Bas van Fraassen’s influential “Charybdis of Realism ...” (van Fraassen
1982) it is a widespread opinion among philosophers of science that common cause
accounts of the EPR violations are to be ruled out. This is because, as van Fraassen’s
paper shows, the idea of common cause (Reichenbach 1956) can be identified
with that of hidden variable, as in Bell’s theorem (Bell 1964). Thus, van Fraassen
argues, postulating the existence of (screening-off) common cause events for the
EPR correlations leads to the Bell inequalities, which are known to be empirically
violated. One should then conclude, following the very consequences of Bell’s
theorem, that common cause explanations of EPR are not a possibility, i.e. that the
hidden common cause variable that such accounts presuppose simply does not exist.

Such views attracted huge attention at the time and gave rise to a large literature
on whether the idea of common cause is sensible and useful a notion to explain
the EPR correlations. The general agreement being, as already pointed out, that
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148 1. San Pedro

EPR correlations cannot be accounted for in terms of common causes. Not that van
Fraassen’s derivation of the Bell inequalities was not contested at all. For instance,
Hofer-Szab6 et al. (2002) criticised the argument in “Charybdis of Realism ...”
on the grounds that van Fraassen’s definition of common cause does not exactly
match that of Reichenbach’s original proposal. In particular, van Fraassen’s common
causes are defined to be a rather restricted kind of events, which are required to
screen-off two or more correlations at once. (These are so-called common-common
causes, in contrast to Reichenbach’s original simple, or separate, common causes.)
Further refined versions of van Fraassen’s original derivation have nevertheless
reached similar conclusions than that in “Charybdis of Realism ... ”, reinforcing the
idea that Reichenbachian common causes cannot account for the EPR correlations. !

Typical derivations of the Bell inequalities presuppose a common cause on to
which several constraints and restrictions are set. Constraints on the postulated
common causes are intended to reflect standard requirements of a generic physical
system, including temporal order of causal relations or locality considerations.
As a result, some version of Bell’s factorizability—and therefore of a Bell-type
inequality—is derived. The strength of such arguments relies thus on the plausibility
of the conditions imposed on the common causes. There is, for instance, an extensive
literature regarding the idea of locality, particularly concerning the intuitions leading
to the concept of physical locality, the characterisation of the concept itself, its
implications and whether it may be appropriately captured and characterised in
terms of probabilistic relations.

Less attention has been paid to the requirement that the EPR experimenters do
take free independent decisions at the moment of setting up the EPR apparatus for
measurement. Roughly, this is usually taken to entail that the events representing
the experimenters’ decisions, and the foregoing corresponding free acts, be causally
independent of the hidden variables. This is usually expressed by means of the so-
called No-conspiracy condition—I shall in what follows refer to this condition, more
neutrally, as Measurement Independence—, a probabilistic expression which is in
some occasions taken to be necessary for free will.?

Rejecting Measurement Independence, however, is still an interesting option.
Indeed, we might have good reasons for entertaining this possibility, as I already
suggested in San Pedro (2013). These are mainly related to the different fashions in
which Measurement Independence can be violated. The aim of this paper is thus to
discuss and elaborate further some of the implications resulting form the rejection
of Measurement Independence. In particular, the paper is concerned with a specific
way the condition is violated, as a consequence of the rejection of two specific
assumptions about the presupposed causal order and space-time arrangement of the
events involved in the EPR picture.

ISee, for instance, (GraBhoff et al. 2005) for a more recent example.

2Reference to ‘free will’ in this context is usually set aside in favour of more general stronger
claims about ‘world (or cosmic) conspiracies’ instead. The exact relation between the requirement
of Measurement Independence, ‘free will’ and ‘world conspiracies’ will be addressed more in
detail in what follows.
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8 On Time Order and Causal Order in the EPR Experiment 149

The paper is divided in two parts. First, I shall review briefly the argu-
ments for the requirement of Measurement Independence in the EPR context.
Sections 8.2 and 8.3, in particular, provide an account of the general structure
of the problem and the different arguments against Measurement Independence
respectively, with special emphasis on the arguments as regards specific space-time
and causal presuppositions behind it. In the second part of the paper I take on the
implications of the actual violation of Measurement Independence as a consequence
of the rejection of such space-time and/or causal assumptions. Here, the three
resulting causal models initially hinted in San Pedro (2013) are discussed. The paper
closes with some brief remarks on the issue.

8.2 Free Will, Conspiracy and Measurement Independence

Measurement Independence is the requirement that common causes C postulated to
explain the EPR correlations be probabilistically independent from the correspond-
ing measurement operations m; performed on either wing of the experiment, i.e.

p(m;|C) = p(m;). (8.1)

(I will write m; for a generic measurement operation in an EPR experiment, with
i = L, R indicating that measurement is performed on the left and right wings of the
experiment respectively. Similarly, in what follows, O;, with i = L, R, will denote
generic outcomes of the experiment.)

That Equation (8.1) must hold in any common cause explanation of the EPR
correlations is often justified by the fact that EPR experimenters act freely to choose
which specific measurements to perform each time. This requirement for free will
in itself does not seem to be at all controversial. In particular, it seems desirable that
any theory we propose that aims at a description of nature and that may include or
refer to our (human) interaction with it, be consistent with the idea of free will—
unless, of course, we discard the possibility of free agents from the very start. A
more interesting matter concerns the issue as to how to represent appropriately the
idea of free will within the theory, be it as a piece of mathematical formalism, as
some set of background assumptions or presuppositions, etc. Addressing such issues
however would take us far from our purpose here, since we are just concerned, at
least in a first instance, with the more specific question whether there is indeed a
relation between Measurement Independence and the idea of free will.

So does Equation (8.1) adequately represent a requirement related to the
preservation of free will in the EPR context?

Many would claim already that this actually is not the right question to
ask. For perhaps Measurement Independence has nothing todo with us humans
having freedom of will, really, but rather with the idea that there be no (cosmic)
conspiracies. As I will suggest later, however, these two claims are related, one being
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150 1. San Pedro

the generalisation of the other, i.e. claims about conspiracies are a generalisation of
claims about the lack of free will. Let me then start with the arguments regarding
the more specific requirement of free will.

So, once more, is this really so, i.e. is Measurement Independence really
a requirement about free will? This question is very seldom addressed in the
literature. In most derivations of the Bell inequalities the assumption of Measu-
rement Independence—or for that matter No-conspiracy—is usually introduced
rather uncritically and without proper justification. In particular, why is it that
Measurement Independence guarantees the preservation of free will, or the lack of
world conspiracies, is almost never addressed.

I have discussed the issue in some detail before in San Pedro (2013). The
arguments there actually point to a conceptual independence between Measurement
Independence and free will. We need not review such arguments in detail here but
perhaps a brief sketch of them is in order—especially since the discussion that
follows draws on one of these specific arguments.

In (San Pedro 2013) I point out in the first place that there are at least two ways
to motivate a close relation between a statistical conditions such as Measurement
Independence and the idea of free will. Namely, one may want to build an account
of free will in terms of probabilistic relations from scratch—e.g. by defining
acts of will in the first place and then providing a formalism which is able to
accommodate dependence/independence between them. Alternatively, one may take
the less ambitious option of identifying central features associated to free will
which may have a more or less straightforward translation into probabilistic terms.
Causation, or causal relations, seem like a good candidate if we are to pursue this
later strategy. In fact, the notion of free will involves and presupposes a number of
causal assumptions.

Thus, by paying a closer attention to those causal presuppositions behind the idea
of free will which carry over to the formulation of Measurement Independence, we
are in a position to address whether the two are indeed related or not.* In San Pedro
(2013) T identify three such causal assumptions. I note that for Measurement
Independence to represent some idea of free will one needs to assume (i) that
there is a faithful connection between causal relations and statistical relations, i.e.
cause-statistics link assumption, (ii) that the events involved have a precise fixed
temporal arrangement, i.e. time order assumption, and (iii) that there are no causal
influences at all between the postulated common causes and the events representing
the corresponding settings of the experiment (and therefore between the common
cause and the experimenters decisions), i.e. no-cause assumption (San Pedro 2013,
pp- 92-94).

3T would even say that it is indeed the fact that these assumptions behind the idea of free will carry
over to Measurement Independence what it is most often seen as justifying that the later stands
for the former. And my point in San Pedro (2013) is precisely that such assumptions are not well
grounded and can all be challenged.
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8 On Time Order and Causal Order in the EPR Experiment 151

All the above assumptions can be challenged on their own grounds to show that
the putative link between the notion of free will and Measurement Independence
is, if at all, weaker than initially supposed. Since in what follows I shall expand
on the original argument concerning assumption (ii), i.e. time order, to the more
general case of world conspiracies (see below), let me just briefly comment on
assumptions (i) and (iii) above. Starting with the assumption that there is a faithful
correspondence between causal relations and probabilistic statements it is clearly a
strong idealisation. It is worth noting however that we need this assumption to be in
place if our aim is to give causal explanations of correlations at all. Thus, we must
assume the cause-statistics link even if it is not fully justified to do so if we attempt
to provide a causal explanation of EPR correlations (San Pedro 2013, pp. 94-95).
As regards assumption (iii) above, i.e. no-cause, it entails that the postulated
common cause is either a deterministic common cause or at least a total cause of the
measurement settings. In the face of it, this seems to be too strong an assumption
(San Pedro 2013, pp. 99-100).

Despite the conclusion suggesting there is no conceptual connection between
Measurement Independence and the idea of free will, thus casting doubts on
Measurement Independence as an adequate requirement in the derivation of the
Bell inequalities, it may be pointed out that the discussion—and therefore the
conclusions as well- misses the point. For, it may be argued, it is not free will
actually what Measurement Independence stands for but rather a more general idea
related to the lack of a world (or cosmic) conspiracy (by which EPR measurement
settings would be pre-established by a hidden variable in their past history).* More
precisely, one can claim that it is not free will, in fact, what is behind the justification
of Equation (8.1), but just the intuition that the world is not such that it conspires
to pre-set measurement choices in an EPR experiment, regardless of how are
those actually decided, i.e. be it by means of random radioactive devices, lottery
boxes, some computer routine involving random numbers with no need for human
interaction or operation, or even by means of human (free) decisions. In this view,
thus, lack of free will would only be one very specific way among other possibilities
a world conspiracy may show-up in a theory.

Under this more general approach we need to concentrate then on the alleged
correspondence between Measurement Independence and the lack of a world
conspiracy. Just like before, we may ask, does Measurement Independence need
to be required in order to exclude a world conspiracy?

Again, and just like in the case of free will as a justification for Measurement
Independence, the question above is very seldom addressed in the literature.
I shall tackle the issue only briefly here. In particular, I shall generalise one
of the arguments offered in San Pedro (2013), as noted above, in relation to
Measurement Independence and free will to claim that requiring the world to be
free of conspiracies does not necessarily mean that the condition of Measurement
Independence is to be in place. The actual argument, as we shall see below, exploits

“This is, by the way, where the origin of the terminology No-conspiracy can be traced back to.
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152 1. San Pedro

two specific background assumptions behind the requirement of Measurement
Independence, related to the space-time arrangement of events in the EPR scenario.
As a consequence, I shall conclude that it is not the case that violations of
Measurement Independence entail any sort of world conspiracy, and therefore by
contraposition that we can make sense of (common cause) causal pictures of EPR
which feature such violations explicitly.

8.3 Temporal Order and Causal Order

Measurement Independence, as we have seen, is a probabilistic independence
requirement with a straightforward causal grounding (and interpretation). Namely
that common causes C postulated to explain the EPR correlations be causally
independent of measurement operations m; which lead to the correlated outcomes
O;. This interpretation however involves further assumptions related among other
things to the specific time arrangement of events in an EPR experiment as well as,
more generally, to how causal relations are to be understood.

(This last sentence is deliberately left vague. There are a number of causal
assumptions onto which the referred interpretation of Measurement Independence
is grounded. For instance, one needs to assume that causal relations, or the lack
of them, are faithfully represented by probabilistic expressions, be it correlations
in case of causal dependence, or probabilistic independence in case of causal
independence. In what follows however I shall only concentrate on one such
assumption, specifically related to the direction of causation. The reason for this
is that, as we shall see, it is this particular assumption that can help us make sense of
the other presupposition discussed here, about the temporal arrangement of events
in the EPR scenario.)

Starting with the more specific assumptions behind Measurement Indepen-
dence. The causal independence between the postulated common cause C and the
measurement operations m; presuppose a particular (fixed) time ordering of the
events involved. More precisely, common causes are assumed to take place before
measurement operations do (and therefore before any outcome is registered).

Let us call this presupposition Time Order:

Presupposition (Time Order) The temporal arrangement of events in EPR is such
that postulated common causes C take place before measurement operations m; in
both wings of the experiment do.

The meaning of ‘before’ above amounts to an event ‘being in the past’ of
the other, i.e. laying within the corresponding backwards light-cone. The actual
time arrangement presupposed by Time Order results in the light-cone structure of
Fig.8.1.

The presupposition of Time Order above is rooted in the intuition that common
causes are just hidden variables aimed at completing the otherwise incomplete
description of the EPR phenomena offered by quantum mechanics—and by
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8 On Time Order and Causal Order in the EPR Experiment 153

Fig. 8.1 Time Order demands that common causes C be in the past of measurement operations
m; (i = L, R) in both wings of the EPR set-up (and therefore in the past of measurement outcomes
O; (i = L,R) as well)

extension, therefore of any quantum phenomena.> As such, they are supposed
to be a “missing” part of the quantum mechanical description of the singlet state,
i.e. some missing bit of the actual (real) singlet state itself. This so close a relation
to the actual singlet state is what seems to warrant the assumption that such hidden
variables, i.e. common causes, need to be spatio-temporally located, if not at the
very same source—where the singlet state sits—, in its (very) close vicinity. That
is, in the intersection of the measurement operations’ backwards light-cones.

As it happens Time Order is rarely discussed in the literature and very often
assumed only implicitly. I shall suggest in a moment however that the particular
temporal arrangement of events presupposed is not the only available option. In
particular, causal models can be conceived in which this particular temporal order
of events is altered.

Before going through such examples, let us discuss a further more general
assumption behind Measurement Independence. It has to do with how actual causal
relations propagate, and more precisely with the direction of causation. Indeed, for
the above interpretation of Measurement Independence to make sense at all one
needs to presuppose that causes always lie in the past of their effects. Let us call this
presupposition Causal Order:

Presupposition (Causal Order) Causes propagate always forward in time, i.e.
causes always precede (temporally) their effects.

Causal Order as formulated above seems closely related to our previous
Time Order presupposition. In fact, they are related but only in the sense that
presupposing Time Order in the usual attempts to provide causal explanations of
EPR correlations does only make sense in the context of Causal Order. In other
words, the particular temporal arrangement of events demanded in Time Order is a
consequence of the assumption that all causes propagate forward in time. This is

SThis is indeed the view defended by Bas van Fraassen in his influential “Charybdis of Realism
...” (van Fraassen 1982).
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154 1. San Pedro

not however a logical consequence. Indeed, the two presuppositions are logically
independent and, as we will see, can each hold or fail regardless of the other. Failure
of any of them, or both, will also entail a failure of Measurement Independence in
any case.

What Causal Order practically does is to rule out any possibility of backwards
in time causation in our causal picture, whatever the particular time arrangement of
events is. It is in fact what our most robust commonsense intuitions about causal
relations seem to recommend. In the particular case of the EPR correlations then,
Causal Order bans the postulated common causes to influence events in their past, or
else be influenced by any events in their future—such as for instance measurement
operations (in case Time Order is also in place, of course). Once more, this is usually
taken to be the correct and most natural way to think about causal influences in
the EPR scenario. Some authors disagree however and prefer to leave open the
possibility that some causal relations may propagate backwards in time.®

In sum, requiring Measurement Independence involves a combination of an
assumption about the temporal order of events, i.e. Time Order, as well as an
assumption about the direction of causal influences, i.e. Causal Order.

8.4 Three Common Cause Models

As noted above, Time Order and Causal Order are logically independent statements
which can each hold or fail on their own grounds, regardless of the other. And
in fact rejecting either of them separately, or both of them at the same time,
yields at least three different causal pictures or models, as suggested in San Pedro
(2013). Obviously, all such causal models will violate Measurement Independence.
Table 8.1 (page 154) displays the logical structure, when it comes to the Time Order

Table 8.1 Common cause models where Measurement Independence is not satisfied do violate
either Time Order or Causal Order presuppositions, or both. The standard common cause structure
assumed in the usual derivations of Bell’s theorem (i.e. ‘Standard Common Cause Model’), in
contrast, satisfies both of these, and of course Measurement Independence as well

Time and causal order in common cause models

Measurem. Ind. Time order Causal order
CC Model 1 X v X
CC Model 2 X X v
CC Model 3 X X X
Stand. CC Model v v v

6 As we shall see in a moment, a violation of Causal Order will not mean that all causal influences
propagate backwards in time but just that some do. This will be in fact the source of some criticism
as regards common cause models featuring a violation of Causal Order.
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8 On Time Order and Causal Order in the EPR Experiment 155

and Causal Order presuppositions, of each of the three common cause models
discussed below, plus that corresponding to the common cause model assumed in
the usual approaches, which I refer to as ‘Standard Common Cause Model’.

Common Cause Model 1: A first causal picture results from keeping the temporal
arrangement of events assumed in standard treatments of causal explanations of the
EPR correlations, i.e. what I called Time Order above, but rejecting the assumption
that causal influences propagate only forward in time, i.e. Causal Order.

In other words, one may assume that, as usual, postulated common causes take
place before both measurement operation events (in both wings), as well as of course
before the outcome events. Again, that this is the right temporal sequence of events
which a given run of an EPR experiment must feature is normally presupposed
without further justification. Yet I cannot see any particular reason why this needs
to be so.” With the Time Order assumption in place, nevertheless, the intuition is
that violations of Measurement Independence can only make sense—with no world
conspiracies involved—if the corresponding causal model features backwards in
time causation.

In this picture then actual measurement operations m; are (future) causes of the
postulated common causes C, which are in turn causes of the measured outcomes
O;. Provided the common cause C is postulated to be an event in the remote past
of both outcomes, i.e. an event located somewhere in the overlap of the outcomes
backwards light-cones, all causal influences in the model will be completely local
influences, hence avoiding conflict with special relativity (see Fig. 8.2).

Fig. 8.2 Backward light-cone structure for measurement operations propagating causally back-
wards in time to influence the postulated common causes in their past. Common causes, in turn
propagate, as usual forward in time to cause corresponding future outcomes

"However, rejecting Time Order would result in other different causal pictures (see causal models 2
and 3 below).
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Problems with such a model will come obviously from the fact that some of
the causal influences they feature propagate backwards in time. On the one hand,
backwards causation is not really a preferred option in the relevant literature, as
it is taken by most to be highly counter-intuitive. It is fair to say that some quite
influential authors still keep this option open.®

This kind of causal models will also face difficulties related to the fact that only
some of the causal influences in them propagate backwards in time. In particular,
for such models to work they need to display a combination of causal influences
propagating in both directions (of time), i.e. both backward and forward causal
influences. (Note that saying that the model is a backwards causation model does
not mean that all causal influences in it take place backward in time. To ensure
that all causal influences took place backwards in time we would need to change—
reverse—the time order of all events, which would probably take us to a full
backwards in time causal model in which Measurement Independence would not
be violated.)

The question is then, how can one tell, in a particular causal structure, which
causal relations should actually take place forward time and which backward in
time (and why these and not some others). Is seems, in particular, there is no way to
identify in advance what events will feature causal influences in one or the other
direction, i.e. there is no way to know when to expect one or the other. In the
EPR case above, for instance, why should measurement operation events m;, and
not some other event, have the “privilege” of being able to propagate their causal
influences backward in time?

Further worries may arise as well in relation to the possibility of facing paradoxi-
cal situations if we admit both forward and backward causal influences.’ The causal
picture above, for instance, leaves unspecified what kind of causal influences may
the experiment’s outcomes be associated to, i.e. whether they are causes propagating
forward or backward in time. It would be perfectly fine not to worry about this if
the outcomes would operate causally as usual, i.e. forward in time. However once
we admit the possibility that one of them may propagate causally backwards in time
we are open to paradox. In particular, it is perfectly conceivable in that case, say,
that O in Fig. 8.2 has some causal influence on my, i.e. that an outcome has some
causal influence on the measurement setting that gave rise to it in the first place.'?

This would have undesired consequences. On the one hand, it would be a clear
threat to the attempt of the model to save free will since the experimenter’s choices
when setting the measurement apparatus would no longer be free—they would be

8Classical references to retrocausal pictures include Sutherland (1983), de Beauregard (1987)
or more recently Price (1994, 1996). Huw Price, for instance, has gone as far as to argue that
the characteristic time-symmetry of quantum mechanics (and of microphysics in particular) may
imply, given some further assumptions about the ontology of the theory, the existence of backwards
in time causation, or retrocausality, as he terms it (Price 2012).

°T must thank a reviewer for hinting this further kind of difficulties.

10Note that we cannot rule out this possibility completely just by looking at the other relevant
probabilistic relations among O, and my. In fact, we should expect them both to be correlated.
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caused by the outcome. On the other hand, allowing O, to causally influence my,
would result in the model featuring a causal loop between these and the common
cause C. All these are problems that any retrocausal model of EPR correlations
needs to address.

Worries as the above also reveal the close relation between Time Order and
Causal Order and suggest further causal models resulting from a violation of
the requirement that the time arrangement of events follows the specific structure
demanded in Time Order. So, why not considering actual violations of Measurement
Independence via a failure of (at least) Time Order? In other words, why not revise
the particular time arrangement of events fixed by Time Order, and consider possible
modifications of it? This would lead to at least two further causal models.

Common Cause Model 2: As a first option, we could consider causal structures
which violate Measurement Independence via a failure of Time Order only. That is,
causal models built without the premise that the postulated common cause C be in
the past of both measurement operations m; and corresponding outcomes O;, while
keeping the intuition that, in effect, causal influences propagate exclusively forward
in time, i.e. satisfying Causal Order above.

A causal model along these lines is discussed in San Pedro (2012), for instance.
There, a common cause C is postulated to take place just in between the actual
measurements m; and the corresponding outcomes O;. That is, the common cause
is now taken to lie in the future of measurement operations m; but in the past of the
resulting EPR outcomes O;.'! In terms of space-time structure, the model postulates
a common cause which ought to be located somewhere in the union of the two
regions defined by the double light-cones formed by each measurement operation
m; and the corresponding outcome O; (see Fig. 8.3).'?

With this new temporal arrangement of events therefore, measurement operations
can well be thought to be causally relevant for the postulated common cause, which
in turn would be responsible of such and such outcome being observed. And all
causal influences propagate forward in time. This has as a consequence that some of
the causal influences in the model will clearly turn out to be non-local. This becomes
obvious from the fact that, as already pointed out, postulated common causes C shall
now be located somewhere in the union of the double light-cones formed by the
measurement operations m; and the corresponding outcomes O; (see again Fig. 8.3).
And since these two regions are space-like separated any causal influence from any
of them on the distant wing outcomes will forcefully be non-local.

"1Obviously, this is not the only temporal arrangement possible. Time Order could be violated as
well by altering the order between measurements and outcomes, and leaving the common cause in
the past of both, just as it is standard. The problem with such a structure, of course, is that it is very
difficult to think of outcomes taking palace (or being observed) before measurements have been
performed.

12This model, of course, needs to assume that there is some lapse of time—or rather some region
of space-time—, however little this may be, between the performance of a measurement and the
occurrence of the corresponding outcome. See San Pedro (2012) for details.

inaki.sanpedro@ehu.eus



158 1. San Pedro

Fig. 8.3 Backward
light-cone structure for
common causes C located in
the future of measurement
events m;, but in the past of
resulting outcomes O;. All
causal influences propagate,
as usual, forward in time

Quantum non-locality is not new however, and one may even argue that it is
not really such a strange feature any more. Critics may want to note nevertheless
that simpler non-local explanations of the EPR correlations are already available
without the need to refer to the notion of common cause at all—such as non-local
direct causal models, for instance. In other words, why do we need common causes
for the explanation of EPR correlations at all, if they just seem to constitute a further
unnecessary complication?

It is worth noting, in response to such criticism, that common cause models as
the above might have more to offer than simpler direct cause models. In the case
of the model outlined here, for instance, the fact that measurement operations are
taken to be explicit causal relevant factors for the EPR outcomes can be seen as
the model telling us something about measurement in quantum mechanics. Namely,
that quantum measurement is a causal, generally non-local, process.

Finally, let me point out that endorsing a model along these lines can also be
motivated by some results in algebraic quantum field theory (AQFT). In particular,
for instance, it has been recently shown that (the equivalent to) common cause events
postulated to explain distant correlations in AQFT exist, but these must be located
in the union of the correlated events backward light-cones, i.e. a so-called “Weak
Reichenbach’s Common Cause Principle” holds in AQFT (Rédei and Summers
2002). This of course does not mean that the common cause events be necessarily
located precisely in the shaded double-cone regions in Fig. 8.3 above. However, that
this may be so certainly remains an open possibility.

Common Cause Model 3: Rejecting both Time Order and Causal Order at the same
time results in yet another causal structure displaying backwards in time causation
(just as in the first causal model discussed above). In this case however the presence
of backwards in time causal influences will only make sense if the alteration of the
temporal arrangement of events originally fixed by Time Order is just different than
the one assumed in our previous Common Cause Model 2. In particular, putative
common causes C need now be postulated as events located in the future of both
measurement operations m; and corresponding outcomes O; (see Fig. 8.4).
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Fig. 8.4 Backward light-cone structure for common causes in the future of both measurement
operations and outcome events. Common causes operate backwards in time to cause corresponding
events

Also as in the first model above, causal influences shall now turn out to be
completely local as long as the postulated common cause is located far enough
in the future of the experiment outcome events. Locality will be assured, more
in particular, if the common cause C is assumed to lie in the overlap of the EPR
outcomes future light-cones (see again Fig. 8.4). We can see then, once more, that
locality is achieved at the cost of introducing backwards in time causation in our
models. Just as in Model 1, this causal picture can avoid conflict with special
relativity fairly easily.

Obviously, we shall now also face similar problems to the ones encountered with
Model 1, related precisely to backwards causation. Namely, we shall face the charge
that backwards in time causal influences are highly counterintuitive. But also, and
just as with Model 1, we shall now face the fact that cannot provide a satisfactory
account of how backward in time influences can be identified precisely. In particular
in this model the causal structure also features now a combination of forward and
backward causal influences. And again there does not seem a good way to tell what
this precise combination is, i.e. which events exactly will propagate causally forward
in time, and which will do it backwards. Once more the only reply available to such
criticism seems to be that it is the specific temporal arrangement of events that the
model presupposes what fixes the specific combination of events propagating either
forward or backward in time.

8.5 Conclusion

I have revised above three common cause models all of which violate Measurement
Independence, and therefore avoid the implications of Bell’s theorem as regards the
existence of common cause explanations of EPR correlations. The three models
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were obtained each as a result of rejecting two further presuppositions behind
Measurement Independence. Namely, that the temporal arrangement of events is a
given specific one—that in Fig. 8.1—, which needs to be kept fixed, i.e. Time Order,
and that the direction of causal influences is also fixed (and taken to be forward in
time), i.e. Causal Order.

The discussion above highlighted, in each case, a particular aspect of the quantum
description of the EPR experiment and/or its phenomenology. For instance, causal
pictures in which Causal Order was violated, i.e. Models 1 and 3, showed that the
tension between causality and non-locality (most commonly taken to be expressed
by the implications of Bell’s theorem) can be dissolved once we admit the possibility
that backwards in time causal influences may take place, and regardless of the
specific space-time arrangement of the events involved. However, backwards in time
causation suffers from its own problems.

On the other hand, preserving our usual intuitions about the direction of
causation, but allowing instead that the temporal arrangement of events fixed by
Time Order be altered results in a causal structure where some of the causal
relations happen to be non-local. Despite the well known difficulties that non-
locality introduces, such a model might be useful to investigate the precise (causal)
role of measurement in quantum mechanics.

To close, aside the above specific issues the three models discussed here raise,
what they show, above all, is that it makes perfect sense to consider violations of
Measurement Independence which do not convey in any way world conspiracies, or
conflict with us having freedom of will at all.

References

Bell, J. 1964. On the Einstein-Podolsky-Rosen paradox. Physics 1: 195-200. Reprinted in Bell
1987, pp. 14-21.

Bell, J. 1987. Speakable and unspeakable in quantum mechanics. Cambridge: Cambridge Univer-
sity Press.

Cushing, J., and E. McMullin, eds. 1989. Philosophical consequences of quantum theory. Notre
Dame: University of Notre Dame Press.

de Beauregard, O.C. 1987. On the zigzagging causality EPR model: Answer to Vigier and
coworkers and to Sutherland. Foundations of Physics 17: 775-785.

Grabhoff, G., S. Portmann, and A. Wiithrich. 2005. Minimal assumption derivation of a Bell-type
inequality. The British Journal for the Philosophy of Science 56: 663—680.

Hofer-Szabd, G., M. Rédei, and L.E. Szab4. 2002. Common causes are not common-common
causes. Philosophy of Science 69: 623—636.

Price, H. 1994. A neglected route to realism about quantum mechanics. Mind 103: 303-336.

Price, H. 1996. Time’s arrow and Archimedes’ point. New York/Oxford: Oxford University Press.

Price, H. 2012. Does time-symmetry imply retrocausality? How the quantum world says “maybe”?
Studies in History and Philosophy of Modern Physics 43: 75-83.

Rédei, M., and S. Summers. 2002. Local primitive causality and the common cause principle in
quantum field theory. Foundations of Physics 32: 335-355.

Reichenbach, H. 1956. The direction of time, ed. M. Reichenbach. Unabridged Dover, 1999
(republication of the original University of California Press 1956 publication).

inaki.sanpedro@ehu.eus



8 On Time Order and Causal Order in the EPR Experiment 161

San Pedro, I. 2012. Causation, measurement relevance and no-conspiracy in EPR. European
Journal for Philosophy of Science 2: 137-156.

San Pedro, 1. 2013. On free will and no-conspiracy. In New vistas on old problems: Recent
approaches to the foundations of quantum mechanics, eds. T. Sauer and A. Wiithrich, 87-102.
Berlin: Edition Open Access, Max Planck Research Library for the History and Development
of Knowledge.

Sutherland, R.I. 1983. Bells theorem and backwards-in-time causality. International Journal
Theoretical Physics 22: 377-384.

van Fraassen, B.C. 1982. The charybdis of realism: Epistemological implications of Bell’s
inequality. Synthese 52: 25-38. Reprinted with corrections in (Cushing and Mcmullin, 1989,
pp. 97-113).

inaki.sanpedro@ehu.eus



	Preface
	Contents
	About the Authors
	Introduction
	Part I Probability and Chance-Credence Norms
	1 A Principled Analysis of Consistency of an Abstract Principal Principle
	1.1 The Claims
	1.2 The Abstract Principal Principle Informally
	1.3 Weak Consistency of the Abstract Principal Principle
	1.4 Strong Consistency of the Abstract Principal Principle
	1.5 Strengthening the Abstract Principal Principle: The Stable Abstract Principal Principle
	1.6 Is the Stable Abstract Principal Principle Strongly Consistent?
	1.7 Can Bayesian Agents Always Be Rational?
	1.8 Relation to Other Works
	1.8.1 David Lewis' Principal Principle and Strong Consistency of the Stable Abstract Principal Principle
	1.8.2 Undermining and Consistency of Debugged Principal Principles
	1.8.3 Gaifman's Theory of Higher Order Probabilities and Strong Consistency of the Stable Abstract Principal Principle

	1.9 The General Principal Principle
	Appendix
	Proof of Strong Consistency of the Abstract Principal Principle (Proposition 4.4)
	Proof of Weak Consistency of the Stable Abstract Principal Principle (Proposition 6.2)
	Example Showing That the General Method That Proves the Strong Consistency of the Abstract Principal Principle Does Not Prove the Strong Consistency of the Stable Abstract Principal Principle
	Proof of Strong Consistency of the General Principal Principle (Proof of Theorem 9.2)

	References

	2 Is it the Principal Principle that Implies the Principle of Indifference?
	Appendix
	Proof of Proposition 2'
	Remarks on Conditions 1 and 2 and a Counterexample

	References

	3 Models of Objective Chance: An Analysis through Examples
	3.1 Introduction
	3.2 The Agent and His Model
	3.3 Examples
	3.3.1 The Basics
	3.3.1.1 A Set of Possible Worlds
	3.3.1.2 The Event Algebra of Chancy Outcomes and Objective Chance
	3.3.1.3 The Event Algebra of the Probabilistic Setup and Historic Evidence
	3.3.1.4 Extending the Chancy Algebra
	3.3.1.5 Observations on the Structure

	3.3.2 What Is Time?
	3.3.2.1 After the First Step
	3.3.2.2 At Some Stopping Time
	3.3.2.3 Observations on the Structure

	3.3.3 Is It Always the Past?
	3.3.4 Impossible Events Have Zero Chance
	3.3.5 Frequentist's Objective Chance

	3.4 The Subjectivist Agent's Model of Objective Chance
	References

	4 Four Approaches to the Reference Class Problem
	4.1 Introduction
	4.2 An Objective Bayesian Approach
	4.3 Pollock's Approach
	4.4 The Similarity Approach
	4.5 Generic-Probability vs Single-Case-Probability Approaches
	4.6 A Mechanism-Based Approach
	4.6.1 Evidence of Mechanisms and Causal Structure
	4.6.2 Evidence of Mechanisms and Extrapolation

	4.7 Conclusions
	References


	Part II Structures for Quantum Experiments
	5 Separate Common Causes and EPR Correlations: An ``Almost No-Go'' Result
	5.1 Introduction
	5.2 Background: From Bell's Local Causality to Separate Systems of Screeners
	5.3 Screener Systems: Definitions
	5.3.1 The Different Forms Parameter Independence Can Take

	5.4 A Survey of Earlier Results and the Issue of Reducibility
	5.5 Main Results
	5.5.1 To an Atomistic Algebra of Events
	5.5.2 From an Unfaithful to Faithful Measure
	5.5.3 From Separate-ss Models to Common-ss Models

	5.6 Strong PI and Partially Deterministic Separate-ss Models
	5.7 Conclusions
	References

	6 Small Probability Space Formulation of Bell's Theorem
	6.1 Introduction
	6.2 Representing Quantum Probabilities
	6.3 Small Kolmogorovian Representation of the Bell–Aspect Experiment
	6.4 Hidden Variables: Creation of New Small Probability Spaces
	6.5 The Mathematical Meaning of OI, PI, and NOCONS
	6.6 Conclusions
	References

	7 Reichenbachian Common Cause Systems of Size 3 in General Probability Theories
	7.1 Introduction
	7.2 Reichenbachian Common Cause Systems
	7.3 Conclusion
	References

	8 On Time Order and Causal Order in the EPR Experiment
	8.1 Introduction
	8.2 Free Will, Conspiracy and Measurement Independence
	8.3 Temporal Order and Causal Order
	8.4 Three Common Cause Models
	8.5 Conclusion
	References


	Part III Indeterminism, Undecidability,and Macrostates
	9 Meaning, Truth, and Physics
	9.1 Introduction
	9.2 Physico-Formalist Philosophy of Mathematics
	9.3 Physical Theory
	References

	10 Indeterminism, Gravitation, and Spacetime Theory
	10.1 Introduction: Varieties of Indeterminism
	10.2 Indeterminism Through Forced and Unforced Motion
	10.2.1 Indeterminism of Forced Motion in Newtonian Spacetime
	10.2.2 Indeterminism of Forced Motion in Special Relativity
	10.2.3 Indeterminism of Natural Motion in General Relativity

	10.3 Indeterminism and the Strong Energy Condition 
	10.4 Discussion and Conclusions
	References

	11 Non-uniquely Extendible Maximal Globally Hyperbolic Spacetimes in Classical General Relativity: A PhilosophicalSurvey
	11.1 Introduction
	11.1.1 Defining Determinism
	11.1.2 Relativistic Spacetimes
	11.1.3 Levels of Indeterminism in Classical General Relativity
	11.1.4 Initial Value Problem in GR and Choquet-Bruhat and Geroch Theorem

	11.2 Extendible MGHD
	11.3 What Do Extendible MGHDs Teach About Classical General Relativity?
	11.3.1 Common Features
	11.3.2 Physical Equivalence
	11.3.3 Distinguishing Physically Reasonable Spacetimes from Physically Unreasonable Ones
	11.3.4 Rarity, Stability, Cosmic Censorship and Determinism of General Relativity
	11.3.5 Connections Between Some Forms of Indeterminism and Existence of Time Machines
	11.3.6 Open Question

	11.4 Summary: Laplacian Indeterminism in Classical General Relativity
	References

	12 How Do Macrostates Come About?
	12.1 Introduction
	12.2 Macrostates: Triggering Intuition
	12.3 Macrostates: The Formal Definition
	12.4 Macrostates are Observer-Relative
	12.5 Distinguishability, Regularity and Measurement
	12.6 Conclusions
	Appendix
	Reference

	13 Experimental Logics as a Model of Development of Deductive Science and Computational Properties of Undecidable Sentences
	13.1 Knowability as Algorithmic Learnability
	13.2 Experimental Logic
	13.3 Main Results
	13.4 Conclusions and Final Remarks
	References



