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ABSTRACT

We reconsider the nonlocal aspects of quantum mechanics with special refer-
ence to the EPR-argument. We first confine our considerations to the correlations
between the outcomes of measurements on spatially distant constituents, without
worrying about the measurement problem. We pay particular attention to the
relativistic aspects of the problem. Our first conclusion is that, when developed
along the lines we follow, the EPR inference that quantum correlations and local-
ity together imply incompleteness, is appropriate. We then investigate whether
the other common conclusion from the EPR argument, i.e. that standard quan-
tum theory implies a spooky action at a distance, is correct. We emphasize the
crucial role played by the locality assumption and we discuss the use of couterfac-
tuals in the “relativistic” reformulation of the EPR argument. We show that the
above conclusion is false if understood as saying that standard quantum theory
exhibits, at least with reference to possessed elements of physical reality, some
sort of parameter dependence. Thus, in a sense, the coexistence of quantum
mechanics with relativity is even more peaceful than commonly thought.

We then go through a similar analysis by taking explicitly into account the
measurement process. We point out the difficulties which one meets when con-
fronting reduction mechanisms with relativistic requirements. This leads us to
recognise the necessity of reconsidering the criteria for attributing objective prop-
erties to individual physical systems. Our final conclusion is that, in principle, it
is perfectly possible to build up theories leading to the objectification of macro-

scopic properties which do not imply any spooky action at a distance.

1. Introduction

Probably the most striking and puzzling general implication of the
quantum character of natural phenomena - which has been put into clear
evidence in the celebrated paper! by Einstein, Podolsky and Rosen and
even more in the important papers? by Bell - is nonlocality. This means
that if the quantum mechanical predictions about the outcomes of
measurement processes are true, then, under appropriate circumstances,
events occurring in a certain space-time region may depend on events
occurring in a space-like separated region. As is well known, this does not
imply the possibility of faster-than-light signalling3 (thus prompting the
peaceful coexistence of quantum mechanics and relativity) since the
nonlocality implied by the formalism is# of the uncontrollable typeS.



In what follows we will be specifically interested in considering
individual physical systems and processes and in examining nonlocality
from the point of view of individual systems. To make our argument
definite without attempting to be too general we will mainly refer to a
standard EPR-Bohm® like situation. We assume that the complete
specification of the state of an individual physical system is given by
appropriate parameters A (which may include the quantum mechanical
state vector or even reduce to it alone). We denote’ by

P, (x,y;n,m) (1.1)

the joint probability, given A, of getting the outcome x (x=t1) in a
measurement of the spin component along n at the left (L) and y (y=£1) in
a measurement of the spin component along m at the right (R) wing of the
apparatus. We assume that the experimenter at L. can make a free-will
choice of the direction n and similarly for the experimenter at R and the
direction m. Both experimenters can also choose not to perform the
measurement.

Bell's locality assumption can be expressed as the factorizability

condition:
B-Loc: p,"(x.y;n,m) = p, "(xin,*) e p, " (y;*¥.m), 1.2)

where the symbol * appearing in the probabilities on the r.h.s. denotes

that the corresponding measurement is not performed.

As is well known8.9, assumption (1.2) is equivalent to the

conjunction of the following two logically independent conditions:

a. Parameter independence

P.L: p,"(xin,m) =p, " (x;n.*); P (yimm) = p, *(y:*,m), (1.3)
b. Qutcome independence:

O.L: p,"*(x.y:n.m)=p,"(x;n,m) e p, X (y:n,m), 1.4

expressing that the probability of getting an outcome at L (R) is
independent from the setting chosen at R (L), and that the probability of
an outcome in one wing does not depend on the outcome which is obtained

in the other wing, respectively. We mention that standard quantum
mechanics meets the P.I. requirement while violating O.1.

The above discussion of the non-local features of the theory makes
reference to the outcomes of macroscopic measurement processes.
Nonlocality presents new interesting aspects when one enriches the
analysis, as was done (appropriately, in our opinion) in the EPR paper, by
adding a new desideratum, viz. that one should be allowed, at least under
appropriate circumstances, to speak of properties (or of elements of
physical reality) objectively possessed by individual microscopic physical
systems. If one makes this desideratum, the burden of the EPR argument
is that, in a sense, even standard quantum mechanics with the
completeness assumption exhibits a form of parameter dependence
concerning these elements of physical reality. Roughly speaking, one could
state that in a situation like the one discussed above, one could freely
decide, by simply switching on an apparatus, whether to create,

instantaneously, a property of a system far away.

It is the main aim of this paper to critically investigate this point.
For this purpose we will follow two different (though related) lines, which
will be presented in Sections 2 and 3 of the paper. In the first one we want
to avoid dealing with the quantum measurement problem and to be quite
general. In particular we will assume that measurements have outcomes
and we will take as true of the process only the strict correlations
predicted by the theory for what concerns the outcomes of measurements
of spin components along the same direction at the two wings of the
apparatus. The problems arising from taking into account the reduction
mechanism and the ensuing implications for its relativistic description
will be discussed in Section 3.

To start with let us go through an historical and critical
reconsideration of the EPR argument and of the debate about it.

2. Reconsidering the EPR Argument in a Relativistic Context.
2.1. Introductory Considerations.

The celebrated paper written in 1935 by Einstein, Fodolsky and
Rosen! has been the subject of so many interesting investigations that it
would be a hopeless task even to simply list them. We will not discuss
here any of the contributions to this theme; we will limit ourselves to



stressing that most of the literature is concerned with two fundamental
points of ref.1, i.e. the reality and locality requirements. As regards the
reality criterton, we will focus our attention on the possibility of
"predicting” measurement outcomes, which in the EPR analysis
constitutes the logical prerequisite of the very possibility of property
attribution to individual physical systems.

The problem of the attribution of objective properties to individual
physical systems was, at the time of the EPR paper, the crucial problem
about which a passionate debate was going on. It is useful to recall that,
according to Bohr, it is not meaningful to regard, in general, an individual
microscopic quantum system as having any intrinsic property independent
of some measuring instrument. In general, according to the Copenhagen
interpretation there are no pre-existing values of phys.cal observables of
microscopic systems; it is the very act of measurement that produces
them, rather than ascertaining their values. Said differently, the referent
of the theory is what do we find not what is. The universe of discourse, the
set of propositions the theory deals with, are conditional statements of the

kind: "if h m ment i rform 1

One is naturally led to raise the question of the legitimacy of
enlarging the universe of discourse (at least under appropriate
circumstances) so as to include propositions of the type: "the individual

system S has the property A=a".

The EPR paper is fundamentally based on the desideratum that
statements like the one above must be, at least in some cases, perfectly
legitimate. Such cases are identified by resorting to the following minimal

requirement: if, wi i i

This criterion allows one to cxhibit, following the treatment of
ref.10, a very general and simple derivation of the EPR paradox. With
reference to the EPR-Bohm singlet state set-up considered in Section 1, we
assume that the measurement at L and R both refer to the z-spin
components of the two particles; (accordingly we will drop the subscript z

from the spin observables we will deal with). So measuring oR enables one
to predict that a subsequent measurement of o1, will show the opposite
value to the one obtained for ogr. Denoting by tgr the time of the
measurement at R, we can infer, according to the EPR criterion, that the
particle at L possesses an element of physical reality corresponding to of,
for any time t,>tR. Adopting Einstein's locality requirement, in particular
that a system's elements of physical reality cannot be changed by actions
taking place at a distance, one can infer that the particle at L possessed
this element of physical reality also for times ty <tr. But for such times the
system is in the singlet state which does not contain any formal
counterpart of this element of physical reality. So one concludes thut
quantum mechanics is incomplete.

We stress that the above analysis is performed within a non-
relativistic context, i.e., assuming an absolute time ordering between
events. So, an observer performing a measurement at (R,tg) and finding a
certain outcome, can predict the outcome of a subsequent measurement by
another observer. The existence of an absolute time ordering is essential
to guarantee a definite and unambiguous meaning to the word predict,
which refers basically to possible future events. If one looks at the EPR-
Bohm experiment from a relativistic point of view, one must take into
account that since (L,t;,) and (R,tr) are space-like separated there is no
objectively defined time ordering between them. For this reason the
observer at R cannot use his knowledge of the outcome of the
measurement of or at (R,tg) to predict the outcome of a measurement in a
space-like separated region. Consequently, the EPR criterion for property
attribution is not satisfactory within a relativistic context, and it requires

a detailed critical reconsideration.
2.2. A Short Digression: Counterfactuals.

In the next subsection, this reconsideration of the EPR criterion will
lead us to deal with counterfactual statements. Thus, it seems appropriate
to illustrate briefly that form of common-sense non-monotonic inference
which is referred to as counterfactual reasoning which is of some use in
clarifying the blurred notions of our everyday - and in some cases our

scientific - use of "If ... then ..." statements. This holds in particular with

reference to the analysis we want to perform.



A counterfactual is a statement of the "If ... then ... " type in which
the antecedent is known (or expected) to be false. In our discussion it it
will always be false. As a consequence, on the naive formalization using >
for "if ... then ..." all counterfactual statements would be true, contrary to
our intuitive understanding of them.

A widely accepted way of dealing with counterfactuals is the one
discussed in the lucid textll by D. Lewis, who treats them as variably
strict conditionals in the usual possible worlds semantic for modal logic.
This requires to make precisel? how the truth-value at a given possible
world of a counterfactual depends on the truth values at various possible

worlds of its antecedent and consequent.

Let us denote the counterfactual "If ¢ were true, then y would be
true" as "¢ [J— y" for propositions ¢ and y. Then Lewis proposes the
following truth condition: ¢ []— y is true at world w iff either (i) there
are no possible worlds in which ¢ is true or (ii) some world where both ¢
and y are true is more similar ("closer”) to w than any world in which ¢ is
true and y is false. Obviously one has to specify the possible worlds one is
taking into account; this is done by assigning to each world w a set of
worlds S,, called!! the sphere of accessibility around w.

We agree with Lewis that the concept of similarity between worlds
is to some extent vague, but in various cases, in particular in those we will
consider in what follows, this vagueness can be advantageously resolved

by appropriate natural assumptions.
2.3. Property Attribution and Counterfaciuals.

To analyse in full detail the EPR criterion for the attribution of
elements of physical reality to individual physical systems and to
investigate how one should adapt it to a relativistic context, we discuss a

very simple example.

Suppose we are dealing with a spin-1/2 particle of which we know
that, at the initial time t=tg, its state vector is not an eigenstate of ¢,.
Assuming that the spin is a constant of the motion, let us consider the
following situation:

i). At time t a measurement of 6, is performed and yields the outcome +1;

ii). At time tp>t1 , an observer who knows that o, has been measured at
t1 repeats the measurement and, obviously, he finds again the outcome

+1;

i11). Finally, at time t2 another measurement of o, is performed (and its

outcome is, once more, +1).

The observer performing the measurement at tM and finding +1,
can predict that in the subsequent measurement at time ta the outcome
will be +1, and thus, according to the EPR criterion, he can attribute the
corresponding property to the system just before tg. According to his
knowledge the same observer can retrodict that the outcome of the
measurment at t] has been +1, but he cannot legitimately state that just
before t; the system possesses an element of physical reality
corresponding to o,=+1. In fact, if one assumes that the quantum
description is complete then, one must recognize that, due to the initial
conditions, one could have obtained the outcome -1 in the measurement.
This last assertion is clearly a counterfactual statement (since it refers to
an alternative world, not the actual one). This shows how naturally
counterfactuals enter in the problem of attributing elements of physical
reality to individual physical systems!3.

Counterfactuals enter in a very natural way also in connection with
the interpretation of the physical laws of quantum mechanics. Indeed if
one maintains that counterfactuals must be avoided, one must to take a
position a la Bohr according to which any analysis of a quantum
phenomenon must take into account the whole experimental set up.
Moreover, one has to say that one can meaningfully speak of probabilities
of outcomes of a certain observable, only if an instrument designed to
measure it is actually in place (note that in taking such a position one
must identify probabilities with limits of relative frequencies). According
to the lucid analysis of B. d'Espagnat14:

“as a rule, however the physical probability laws are not of this kind.
In classical physics, and also in most of the usual formulations of
quantum mechanics, when we say that the probability of such and
such a value of an observable A is equal to some number p what “ve
mean is that if an appropriate instrument were placed at an
appropriate location and if the experiment were repeated a large
number of times, the value in question, let us call it a, would be



obtained in a fraction of the cases (approximately) equal to p. And we
consider such a statement to be meaningful even in the cases in which

no instrument is actually set that way ...".

To understand better the implications of the above example let us
take now into account the case in which only the measurement at tyf is
performed and the outcome +1 is obtained. The observer can make the
following counterfactual assertion: if a measurement of o, is performed at
time tg then the outcome is +1. In fact, in the considered case, it is possible
and appropriate to define the accessibility spheres in terms of matching
up to a time shortly before the time of the counterfactual’s antecedent - in
our case to - and preserving the laws of nature or at least spin being a
constant of motion, an assumption which is usually referred toll as
. Thus, in all the accessible worlds the outcome of the
measurement at ty (tm<ts) is the same as in the actual world (i.e. +1) and
then, in all accessible worlds in which the measurement at tais
performed, the outcome is +1. This proves the truth of the counterfactual
assertion. Of course, according to the Lewis criterion for truth conditions,
any counterfactual statement specifying an outcome of a spin-
measurement at time t1, is not true.

Thus, we are led to link, with d'Espagnat!4, the attribution at time
t of the property corresponding to 6,=+1 to the truth of the counterfactual
assertion: if a measurement of o, were performed at time t, then the
outcome would be +1. This criterion for the attribution of elements of
physical reality to individual physical systems derives quite naturally
from the EPR criterion; and it is equivalent to it in those cases, like the
present one, in which there is a definite absolute time ordering among
events. But it allews vs to deal with situations in which the EPR criterion,
based on the possibility of predicting the outcome of a measurement,
cannot be used because a definite time ordering is lacking. Therefore we
consider it fully appropriate to base the analysis of the EPR paradox in a
relativistic context on this criterion for the attribution of elements of

physical reality to individual systems.

It is convenient, in order to prepare the ground for further
developments to give a concise formal expression of the above argument.
To this purpose we introduce some notational shortcuts:

MgA(t): A measurement of the observable A of the physical system S is

performed at time t.
0gA=a(t): The outcome of MgA(t) is -A=a.

PsA=4(t): The system S possesses, at time t, the objective property (or the
element of physical reality) A=a.

Definition of Property Attribution: We relate the possibility of
attributing a specific objective property to an individual physical system
to the validity of a counterfactual statement15:

P.A.1:[MsAt[— 0s2=3(t)] > PsA=a(t). (2.3.1)

We would like to stress that the above criterion P.A.1 for property
attribution allows inferences from statements involving propositions
which constitute the natural universe of discourse for quantum theory, to
the enlarged propositional system which allows sentences referring to

objective elements of reality.

More generally, we will assert that the system S possesses an
element of physical reality referring to the observable A, and we will
write PsA(t), in accordance with the following prescription. Let us denote
by A the self-adjoint operator associated to the observable -A. The

corresponding eigenvalue equation is
Ala, >=ala, > (2.3.2)

The spectrum of the operator A, which, for simplicity, we assume to be
purely discrete, will be denoted by SpiA}). We now put:
P.A.2: PsAt) m&g.m/,,\zz PgA=ay (t). (2.3.3)
Thus, the truth of PgA(t) is equivalent to the fact that S possesses
an element of physical reality pertaining to -A. Note that
[MgAt)[]-052=2(t)] holding true is a sufficient but not a necessary
condition for the truth of the statement PgA(t). For example: within
quantum mechanics, one could know that the state vector is an eigenstate
of A& without knowing to which eigenvalue it belongs; or one could be
dealing with a classical theory in which one can always claim Pg-A(t), even



though one has no specific information about the system under
consideration and about the nutcomes of hypothetical measurements.

Before coming to a precise analysis of the EPR argument along the
lines we have just presented, it seems appropriate to deepen the
discussion by recalling some conceptually relevant points. The argument
considers two spatio-temporally separated systems. As appropriately
stressed by Howard!$, in considering with such a situation we should
distinguish two conceptually different principles: separability and locality.
The first requires thatl? "whatever we regard as existing (real) should
somehow be localized in time and space"; the second requires that events
or objective properties pertaining to a space-time region A cannot be
influenced by events occurring in a space-like separated region B. Usually,
in discussing EPR like situations one pays little attention to separability,
which is in a sense tacitly assumed as a prerequisite of the locality
principle. We follow an analogous line. In fact, our aim in this Section is
simply to show that the completeness assumption about quantum theory
does not imply that, in EPR-like situations, something real concerning the
system at L (R) is being created!? as a consequence of a measurement on
the system at R (L), the act of measurement being space-like with respect
to the distant system. Equivalently, we aim to show that a system cannot
bel8 “steered or piloted into one or another type of state at the
experimenter’s mercy in spite of his having no access to it".

2.4. The EPR argument - the Galilean case.

In this subsection we will limit ourselves to repeating in more
formal terms the argument of Section 2.1. As we remarked there, we will
make no use of incompatible measurements on R; we will simply take into
account 2 incompatible outcomes, viz. *1, for o,g. Thus our approach,
following the line of many interesting papers10:19 will be simpler than the
original EPR one. As revealed by Fine20 and Howard16 this simpler
argument is closer to Einstein's intentions.

We argue within a Galilean context: implying, as already remarked,
an absolute time order and no backward causation. We assume that both
in the actual and in the accessible worlds a measurement is performed at
R at time tg, and we are interested in counterfactual statements

concerning the outcome of a possible measurement performed at L at time
tp>tr. Thus:

10

i. MgRrO(tR): A measurement of the z-spin component is performed on the
particle at R at time tg.

ii. MGRI(tR) DOSRO=+1(tR) vOSRO="I(tR): such a measurement has as its
outcome one of the two possible eigenvalues of ;.

We express the various assumptions which are used by resorting to
appropriately abbreviated notations:

i Vte(t' t)[(L,t){Iso}(R,tr)]: Particle L is isolated from particle R for an
appropriate time interval (t',t") including both the time tg at which
particle R is subjected to the measurement and the time tf,.

iv. L{100% CorriR: It is a law of nature (to be preserved in the accessible
worlds) that the outcomes of spin measurements at L and R are 100%

correlated.

v. G-Loc: A system cannot be affected by actions on a system from which it
is isolated. In particular, elements of physical reality of a system cannot
be influenced by actions on systems from which it is isolated.

The argument is then straightforward. Let us express it formally:

1. 05rO=*1(tR)VOSRO="!(tR) (by ii)
2. 0grT=1(tR) DMSLO(tL)[J— 051,9="I(ty, )] (by iv)
and: [MgrOo(t)[J— 05.9= (ty, o PgLo=(t) (by PA.1)
3. 0gr%l(tg) o [Mso(ty) (] - 05,971ty )] (by iv)
and: [Mgp0(ty)[]— 0s1.0=+1(t, )] o Pgro=+(ty) (by P.A.1)
4. PgLO(tL) (by 2,3 and P.A.2)

5.P5L9(t*) for some appropriate t'<t¥<tg (by v and spin constant of motion)
6. The state vector at t* is the singlet state. (hypothesis)
7. Quantum Mechanics is incomplete. (see below).

Formally, one usually expresses the essence of the argument by
writing:

11



[{100% Corr} A G-Loc]o> —~Compl.

In steps 2 and 3 one derives, by iv, the truth of a counterfactual
statement concerning 0gy,(t,) from a premise concerning 0gg(tg). This, as
in the case of a single system discussed in Section 2.3, is perfectly
legitimate since within a Galilean context there is an absolute time

ordering.

2.5. The EPR argument - the Lorentz case with the locality
assumption.

We can now present the reformulation of the EPR argument which
is appropriate for a relativistic context. In the relativistic framework,
when speaking of two events A and B, one has to take into account three
possibilities about their time ordering: A is in the future of B; A is in the
past of B; and A and B are space-like separated. The interesting case for
the EPR argument is the one in which the space-time region where the
measurement on particle R occurs is space-like with respect to the space-
time region2! one is interested in for particle L. One can now understand
why, in such a case, it seems inappropriate to relate the criteria for the
attribution of properties to future events. Our formulation of the
conditions which make the attribution legitimate, lead to a clean analysis
of the argument and to a more appropriate understanding of the essential

role of the locality requirement.

Obviously, some of the previous assumptions must be adapted to
the new context, but this raises no problems and the way to do it is quite
natural. We have simply to replace assumpticns iii and v by the following

ones:

iii. [(L,tp){Space-Likel(R,tr)l: The space-time regions (L,ty) and (R,tr) are
space-like separated.

v. L-Loc: An event cannot be influenced by events in space-like separated
regions. In particular, the outcome obtained in a measurement cannot be
influenced by measurements performed in space-like separated regions;
and analogously, possessed elements of physical reality referring to a
system cannot be changed by actions taking place in space-like separated

regions.

12

With these premises the argument can be developed. We must,
however, remark that, in spite of the similarity with the previous case,
there is now an essential difference in the use one makes of the locality
assumption. In fact, in the present case, such an assumption must enter
into play from the very beginning. In the counterfactual argument leading
to the assertion that there is an element of physical reality at (L,ty), the
antecedent is MgLo(ty,). Accordingly, when defining the sphere of
accessible worlds, in our opinion, one can keep as true everything
independent of the occurrence of the left measurement. In fact, even
though, in accordance with the previous considerations there is a certain
vagueness about the definition of the accessibility spheres, due to the
locality assumption v, it is quite natural to consider the outcome of
MgrO(tr) as independent of the occurrence of Mg 0(ty,). This means that in
all accessible worlds the considered outcome at right is the same as the

one of the actual world.

Once this is clarified one can trivially go on and repeat exactly the
steps from 1 to 4 of the previous section, arriving at the conclusion
Pgro(ty,).

Since, by the locality condition v, the element of physical reality
existing at (L,t,) is independent of whether ot not the measurement at
(R,tr) has been performed, it should exist even if such a measurement is
not performed. But in such a case the system is described by the singlet
state. So, once more, one can correctly conclude that quantum mechanics

is incomplete.

2.6. Assuming Completeness and so accepting nonlocality: the

relativistic case.

The argument of the previous Section has made clear the crucial
role of the locality assumption in deriving the EPR conclusion within a
relativistic context. The final formal statement of Section 1.4 can also be

expressed as
[{100% Corr) A Compl.]1D> —Loc.

As a consequence, a critical investigation of the implications of accepting
nonlocality becomes necessary. In particular, one has to face Einstein's
own question22 whether quantum theory, when completeness is assumed,

13



, in spite of the fact

would imply some form of
that it does not allow faster than light signalling.

This necessity of reconsidering the matter can be easily understood.
As we have seen in the previous sections, the very requirements that one
should be allowed, at least under appropriate circumstances, to speak of
properties objectively possessed by individual physical systems and that
the theory is complete, leads to the conclusion that such properties, in the
Galilean case, emerge instantaneously as a consequence of the
measurement which is performed on a distant system. This seems to allow
one to state that, in spite of the analysis we have presented in Section 1,
even standard quantum mechanics with the completeness assumption
exhibits some form of parameter dependence; precisely the one referring
to the possible instantaneous emergence of elements of physical reality.

We consider it essential to stress firmly that, in the relativistic case,
one cannot draw such a conclusion. In fact let us investigate whether one
can repeat the previous argument about possessed properties when the
locality assumption is released. And here comes the crucial point. The
very first step of the analysis, i.e. the assumption that for all the
accessible worlds the specific outcome at (R,tg) is the same as the one, e.g.
0srO=*1(tg), which has occurred in the actual world, when the locality
assumption is given up, cannot be maintained. In fact, accepting
nonlocality amounts exactly to admitting23 that the outcome at (R,tgr)
might depend on the occurrence of Mg 5(ty,). If it were not so, then the
quantum correlations would not imply a genuine violation of Bell's locality
condition but would simply correspond to occasional coincidences of

outcomes?24,

The above arguments can be made quite convincing by considering,
as we do in the next section, the example of a nonlocal hidden variable
theory which is perfectly acceptable and makes clear why one cannot keep
0sr%=*1(tR) to hold within the accessibility sphere.

2.7. A clarifying example.

Suppose we consider, in a relativistic context, a deterministic
nonlocal hidden variable theory with the following features. There exists a
set A in the space of the hidden variables such that A e A implies that, if
only the right measurement is performed, then the outcome +1 is

14

obtained. The set A is, however, the union of two subsets A = A'[J A" such
that, when both measurement are performed there is a difference between
A* and A, as follows. While 4 € A" implies that the outcomes +1 and -1
are obtained at R and at L, respectively, A € A" implies that the opposite
outcomes -1 and +1 are obtained. Obviously in the context of the
unavoidable parameter dependence of deterministic hidden variable
theories, this situation is quite natural.

It is obvious that in the above example, when considering
counterfactual statements, what one has to keep fixed is the value of the
hidden variable at the actual world. So, if A € A", the fact that in the
actual world the outcome +1 has been obtained in the measurement at R
cannot be taken as holding also for the accessible worlds.

2.8. Consequences of accepting nonlocality.

The arguments of the previous sections have made clear that, when
locality holds and {100% Corr} is taken into account, the counterfactual
statement Mg 9(t)[]—051,9="!(ty,) is non-vacuously true. But, as
discussed in Sections 2.6 and 2.7, this does not hold when nonlocality is

accepted.

As a consequence, if one assumes only that quantum predictions
about outcomes are correct, the fact that in the actual world, in which only

the measurement at R takes place,

owwoui:wv

holds true, does not justify, by itself, either the counterfactual statement
(Mgt []— 0ggo= 1ty 1,

or its opposite, i.e., the statement

[MsLo(tr) []— 0gro=+1(ty, )] .

To conclude: when one allows for nonlocality, one cannot make
property attribution for the particle at L on the basis of one’s knowledge
about the particle at R. This obviously does not mean that, when
nonlocality is accepted, the sy.tem at (L,ty) possesses no objective
properties; it simply means that in such a case, an argument of the EPR-
type does not lead to its having such properties. This being the situation,

15



it is obviously also illegitimate to claim that in an EPR-Bohm like
situation there is instantaneous creation of properties at-a-distance.

2.9, Enriching the previous argument.

Up to this point we have adopted a strictly counterfactual point of
view, in order to focus on the subtle points of the EPR analysis and to call
attention to the inappropriateness of drawing certain conclusions from it.
As we have repeatedly stressed, this requires the consideration of an
actual world and of the appropriate spheres of accessible worlds.

Now we want to point out that one could have followed also another
logical path to perform essentially the same analysis25- Namely, one
considers only an actual world in which both measurements are
performed. Concerning the outcomes of the measurements one can raise
the following question: does knowledge about the system and the
theoretical framework allow one to establish whether a certain outcome is
determined or due to chance? In this approach, one assumes that when
the outcome is determined (and noncontextual) then the individual
physical system has an objective property corresponding to the considered

observable.

One can repeat almost all previous arguments along these new
lines. We will not present all the details; we will limit ourselves to making
some general comments. To start with one can consider the example of
Section 2.3. It is obvious that in this case one can legitimately state that
the outcome of the spin measurement at t>ty is determined. Similarly,
one can go through the EPR argument in the Galilean case and reach the
conclusion that the outcome at (L,t1,) is determined. Consequently, there is
an element of physical reality referring to the spin component of the
particle at L.

Let us now consider the relativistic case when the locality

assumption is made. As is well known27:
[{100% Corr} A Loc]> Determinism.

In fact, let j denote one individual of a pure ensemble of correlated
composite systems described within quantum mechanics by the singlet
state. Bell's locality requirement (1.2) implies, for the specific situation we
are dealing with:
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p R+l +Lnz)=p (+L2)ep (+L2) =0 (2.9.1a)
?EAI_.I_“N,NV = F_;Alri . Pil_usv ={). (2.9.1b)

It is easily verified that Egs. (2.9.1) imply that the outcomes at
(L,tr) and at (R,tR) are determined. Obviously, since the two events (R,tR)
and (L,ty,) are space-like separated, similar conclusions can be drawn for
both of them. Thus we can state that also in a relativistic context, when
the locality assumption is made, the outcome (e.g.) at (L,tr,) must be
determined and consequently that there is an element of physical reality
referring to the spin component of the particle at L.

In the relativistic case one cannot reach the same conclusions when
nonlocality is accepted. In fact {100% Corr} does not imply, by itself, that
the two outcomes at the two wings of the apparatus are determined. Note
that we do not claim that (e.g.) the left outcome is due to chance (which
would amount to denying the existence of an objective property);, we
simply point out that one cannot legitimately state that it is determined.
As a consequence one cannot speak of possessed spin properties for the

particle at L.

2.10. Concluding Remarks.

In this first part we have critically reconsidered the EPR argument.
We have seen that the conclusions of the seminal EPR paper are perfectly
appropriate and correct not only for the Galilean context but also,
provided locality is assumed, within a relativistic context. On the other
hand, we have shown that the conclusion that quantum mechanics implies
spooky actions at-a-distance, i.e. effects of parameter dependence, is not
justified. This fact is, in our opinion, of some interest. For it shows that,
the peaceful coexistence of standard quantum mechanics with relativity
holds to a higher degree than is implied by the well known fact that
nonlocality, being of the uncontrollable type, does not allow faster than
light signalling.
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3. Taking into Account Reductions.
3.1. Introductory Considerations.

The conclusions of Section 2 have to be taken into account, also
when one wants to enrich the analysis, as we are going to do now, by
taking into account possible reduction mechanisms. As we shall show, the
counterpart of the impossibility of attributing properties to individual
systems is the emergence of ambiguities in the expectation values of local
observables; and this fact prompts a reconsideration of the whole problem
of the identification of the elements of physical reality.

To be allowed to speak of measurement outcomes, one has to
account, in one way or another, for the emergence of definite properties of
the physical systems that play the role of measuring apparata. Although
the nature of measurement is of course very controversial, we believe that
to account for such definite properties one has to consider explicitly the
occurrence of statevector reduction either by postulating it or by deriving
it from an appropriately modified dynamics. So, in this part we will
reconsider the same problems discussed in Section 2, taking however into
account the reduction process. We will discuss the difficulties one meets
when trying to incorporate the wave packet reduction postulate within a
relativistic framework. We will also analyse the implications of
considering explicit models of dynamical reduction28-30.26 which have
been presented recently and which do not exhibit parameter dependence
(barring some extremely improbable situations).

3.2. The Standard Theory with Wave Packet Reduction.

As we use the term, the “standard scheme” means simply the
assumption that as a consequence of the system-apparatus interaction
wave packet reduction takes place. On this assumption one can relate the
properties of individual physical systems directly to the statevector. Let A
be the self-adjoint operator associated to the observable -4 we are
interested in, a one of its eigenvalues and P, the projection operator on
the corresponding eigenmanifold.

Definition of Property Attribution: We relate an individual physical
system possessing an objective property to the validity of an appropriate
relation31 for the statevector describing the system at time t:
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PgA=a(t)=df (IIP, I, t >lI=1]. 3.2.1)

With reference to the usual EPR-Bohm set-up we can develop the
analogue of the arguments of Sections 2.4 and 2.5 by making use of this
criterion for property attribution. Only one macroscopic apparatus is
present (e.g. at the right wing) measuring, at time tg, the spin component
along the z-axis. One is interested in z-spin properties of the particle at
the left wing at a time t], subsequent to tg.

a. Galilean Context

Wave packet reduction (WPR) is assumed to take place
instantaneously. We have as before:

1. MSRO(tR).
il. MSRO(tRID[OSRO= H{tRVOSRO="1(tR)].
The formal argument is then straightforward:

1. 0grS=*{tR)vOgRT="!(tR)

2. 05pT=+U{tRD (Ve > IW. 1 +£>=IS, ,6=-1> ®IS,.0=+]>} (by WPR)
and: {(Ve>0)I¥.t+¢ >=S,,0=~1>0IS,.0=+1 va:_va_.uL_i.:m >ll=1]

and: [IIP, __ I, 1+e>ll=1] 5Pg 07 1(ty) (by 3.2.1)
3. 05RO l(tRID {(Ve > 0)IW.t+e>=1S, .o =+1> ®IS,.0=-1>} (by WPR)
and: (Ve > 0),IW,: +¢ >=IS,,0=+1>®IS,,0=~1>} U:_va, oI t+eli=1]

and: [IP, _ . IW.1+¢ >ll=1] >Pg,0=+(ty) (by 3.2.1)
4. PgLo(tL) (by 2,3 and P.A.2)

b. Relativistic context

An important difference from the previous case derives from the
necessity to identify precisely the modalities of the reduction mechanism.
Let us start by considering the observer O who performs the measurement
at R and let us tentatively assume that wave packet reduction takes place
instantaneously in his reference frame. For such a reference frame the
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same argument as before and the ensuing conclusions seem to follow
legitimately.

However, in the present case, for arbitrarily large L-R space
separations, even for an observer O' moving with extremely low velocity
with respect to O, it may happen that t'L<t'g. If the theory must exhibit at
least a ghost of Lorentz invariance, one has to assume that, even for O’,
WPR takes place instantaneously in his reference frame at the time t'g at
which the system-apparatus interaction occurs. This means that, in place
of propositions 2 or 3 or 4 above (which holds true in the present case for
the observer O) observer O’ has:

e sli=

4. (19,0, >=ISinglet >] D[P, __ 1¥,0, >=IP_ _, :

and: [IIP, It >l=liP,

oy =-1 a4

't >ll= W~ D —PsLO(t'L).

The situation is summarised in Fig. la and 1b. The conclusion
should be obvious: if one accepts the postulate of WPR and tries to make
the reduction mechanism covariant one has to face the following difficulty:

World line L World line R World ine L Warld Ine A

t=const for O

L) : .
(Rlg) - Measurement =41 ‘ (Rl )- Measuoment o=-1
t=const tor O

1siInglet>

Fig.1a Fig.1b

Fig.1.- Instantaneous wave packet reduction for different observers.

observers O and O’ cannot agree on a statement referring to a local
property at a space-time point. This shows the inappropriateness of
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claiming, without a more detailed analysis, that there is instantaneous
creation of properties at-a-distance33.

3.3. Relativistic Dynamical Reduction Models

In recent years various attempts have been made28 to describe, at
the nonrelativistic level, wave packet reduction on the basis of a unified
dynamics governing all natural processes. Relativistic generalisations of
such models have also been presented26. 29, 30, Even though they meet
serious mathematical difficulties, more specifically the appearance of
intractable divergences, these theoretical frameworks yield interesting
new insights about the issues of this paper.

Within the model of refs. (26, 29, 30), the dynamical reduction
mechanism is governed by a skew-hermitian coupling between
appropriate field operators and c-number white noise processes. More
precisely: one works in the Interaction Picture and assumes that the fields
are solutions of the Heisenberg equations of motion obtained from a
Lagrangian density Lp(x). We remark that Lo(x) is not assumed to

describe only free fields. The statevector evolves according to the

Tomonaga-Schwinger equation:

SI¥, (o) >

5000 =L, (x)V(x) =~ AL () (0) > (33.1)

where a(x) is a space-like surface, Li(x) is the Interaction Lagrangian
density in the Interaction Picture and V(x) are c-number stochastic

"potentials” satisfying:
<< V(X)>>=0; << V(x)V(x')>>= A3(1 —t' )d(x — x") (3.3.2)

The evolution equation does not preserve the norm of the statevector but
it preserves the average square norm. It has to be supplemented by the

following prescriptions:

- Given the initial statevector on the space-like surface o9, the statevector
on the arbitrary space-like surface o lying entirely in the future of o is
obtained, for a particular occurrence of the stochastic potential V, by
solving the above equation (3.3.1) with the considered initial conditions

and normalizing the resulting statevector.
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- The actual probability of occurrence Pc[V] of the stochastic potential V is
determined by resorting to a “cooking procedure” of the "natural”
probability P[V] of occurrence (i.e. the one associated to the white noise
processes defined by (3.3.2)). The "cooking” involves the norm of the
solution of Eq.(3.3.1) according to:

P.[V]=P[VIII¥, (c)>IF, (3.3.3)

It is important to stress that Eq.(3.3.1) is integrable. The explicit
case which has been most widely discussed is that of a fermion field
coupled to a real scalar meson field by a standard trilinear coupling, so
that the Lagrangian density Lo(x) contains, besides the terms describing
the free fields, an additional term

2P ()Y (x)d(x). (3.3.4)
g being a coupling constant. Moreover the choice

L, (x) = d(x) (3.3.5)
is made for the interaction term appearing in Eq.(3.3.1).

As discussed in full detail in refs. 29 and 30, this model assigns to
each space-like hypersurface a unique, well defined state vector (so that
no difficulties arise in connection with nonlocal observables); and the
reduction occurs as soon as the hypersurface crosses, towards the future,
the space-time region where a macroscopic measurement process takes

place.

For our interests here, the most significant feature of the model is
that, due to the skew-hermitian nature of the coupling in the Tomonaga-
Schwinger equation, at the individual level (unlike the ensemble level) the
expectation value of a local observable with compact support depends on
which space-like hypersurface, among all those containing its support, 18
considered. This means that:

<W¥(0)AY¥(q)> 4 <¥(o,)AI¥(0,)>
<¥(o)I¥(o,)> <¥(0,)¥(c,) >

in spite of the fact that, since the support of A is space-like with respect
to th~ space-time region where the measurement takes place, Aj itself
commutes with the operator describing the evolution from o1 to o9.
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3.4. Reconsidering the EPR Argument within the New Context.

We consider once more our EPR-Bohm like example and we denote
by P(L,0=-1) the projection operator associated to the local observable
“component along z" of the spin of the particle at (L,t1,). Since:

1. [(L,ty) {Space-Like} (R,tg)]

there are both space-like surfaces through (L,ty) which pass below (R,tg)
and surfaces which pass above it. Because dynamical reduction is induced
by crossing the region containing the macroscopic apparatus, it follows
that while the mean value of this local projection operator is extremely
close to 1 on the surfaces passing above (R,tg), it takes a value extremely

close to 1/2 on those passing below it.

Thus this model exhibits the same kind of ambiguity we have met
in Section 3.2. This should be expected. In fact, the dynamical reduction
models and their generalisations are simply, as remarked by J. Bell 28:

ntum mechani ional.

3.5. The Criteria for Property Attribution Reconsidered.

The analysis of the previous sections prompt us to reconsider the
criteria, modelled on the nonrelativistic case, that we have adopted for
property attributions to individual physical systems. For this purpose we
denote, in analogy with Section 2, by -2 a local observable with compact
support, by a one of its eigenvalues and by P, the associated projection

operator.

Definition of Property Attribution for the Relativistic Context: ‘Ve
relate an individual physical system possessing an objective local property
to the expectation value of the appropriate projection operator on the
whole family of space-like surfaces containing its support:

PgA=a=(f (Vo)ilo-space-like Asupport of .Ae 6] (Ja)[lIP,I1W¥(0) >l= 1]} . (3.5.1)

Some remarks:

- According to this criterion, together with the analysis of Section 3.4, the
occurrence of MRO(R,tr) does not imply the creation of elements of

physical reality for the particle at L until the space-time region in which
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its world-line crosses the future light cone originating from (R,tgr); see Fig.
2.

- The fact that a constituent of a microsystem can have no property at all
is, of course, not peculiar to this criterion. In general, if the spin state of
the composite system is entangled and no measurement at all occurs,
neither of the constituents possesses objective properties for spin. So, the
criterion simply requires this to hold true for a constituent, for an
appropriate time interval, also when a measurement occurs on the other

constituent.

Emergence of
an L-property

Fig.2.- Emergence of a property according to the relativistic criterion for the attribution

of elements of physical reality of Section. 3.5.

- As we will show in Section 3.8, the situation is radically different when
one considers an analogous process involving two macroscopic objects in

space-like separated regions.

- Finally, this criterion also makes acceptable the covariant version of the
WPR postulate described in Section 3.2. Obviously this does not make the
dynamical reduction program useless. For the motivation for such a
program does not stem just from the desire to deal with the relativistic
aspects of the reduction process; but mainly from the desire to make WPR
compatible with the unique dynamics which governs all phenomena
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contrary to what happens for the standard theory, in which WPR plainly
contradicts the linear nature of the evolution equation.

3.6. The Slight Parameter Dependence of Relativistic Dynamical
Reduction Models.

Strictly speaking, and as has been discussed in detail in recent
papers34, even within the relativistic dynamical reduction model
considered in Section 3.3, there are still (extremely improbable) nonlocal
effects of the kind which make macroscopic outcomes parameter
dependent; and also (extremely improbable) nonlocal EPR effects in which
an objective property can be modified by a far away free-will choice. We
will confine ourselves here to this last possibility.

Consider two particles which are emitted from a common origin in

the normalized spin state

¥ >=o0lL,6=-1>R,0=+1>+PIL,o=+I>R,c=-1> (3.6.1)

where 1«12 is extremely close to 1. According to our criterion, the particle
at L possesses the property cl=-1. Suppose now that at (R,tg) there is an
observer who can, at free will, switch on an apparatus devised to measure
oR. According to the standard theory, as well as to the dynamical
reduction models, there is an extremely small but nonvanishing
probability |B12 that, if the apparatus at R is switched on, the outcome
oR=-1 is obtained. Suppose this happens. Let us now describe the general

picture.

At a point on the world line of the L-particle that lies outside the
light cone from (R,tg) there are both space-like surfaces which pass below
(R,tR) and space-like surfaces which pass above (R,tg). The mean value of
the projection operator associated to the value +1 for the z-spin component
of the L-particle at such a point is, given that the measurement at (R,tr)
yields og=-1, very close to zero for the earlier hypersurfaces and very close
to one for the later hypersurfaces. Then, according to our criterion, the
particle at L does not possess any property corresponding to this local
observable; and this is just due to the fact that the measurement at R has
been performed. One could then assert that such a measurement has
influenced the physical property of a system in a space-like separated
region.
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The above conclusion is certainly correct and cannot be avoided
since it is logically implied by the formal structure of the theory. However,
we emphasize that these peculiar effects have such a low probability of
occurrence that they can in practice be disregarded.

We shall also mention that one could also make other choices about
the criteria for the attribution of properties related to local observables.
One possibility is the following:

-Define X(AA,0¢) to be the space-like surface that consists of the compact
support of A, the past light cone originating from it, and the part of the
hypersurface on which the initial conditions are assigned that lies outside
this past light cone. Then one adopts the following criterion for property
attribution: a physical system S possesses the objective property ,A=a
when the mean value of P, is extremely close to 1 on £(-4,5¢).

If this criterion is adopted, the theory would exhibit no nonlocal
effects of parameter dependence, as well as no nonlocal effects of the type
discussed above, not even with extreme improbability. The reason for this
should be obvious. The statevector (and consequently the possessed
properties) associated to Z(-4,5¢) is by no means influenced by the
measurement process as long as the spatial support of A is space-like with
respect to the space-time region in which the measurement occurs. Only
when the past light cone from the support of -4 includes (R,tg), i.e. only
when a luminal propagation allows the measurement to influence the
property of the left particle, can the properties of this particle depend on
whether the measurement at (R,tg) is performed or not.

To avoid being misunderstood, we should stress that the above
considerations allow the theory to exhibit nonlocal effects at the individual
level. Actually the relativistic dynamical reduction models exhibit cutcome
dependence just as standard quantum mechanics does34. This dependence
finds its origin in the correlations between the two stochastic potentials
which give rise to outcomes reproducing quantum predictions, when one
has two apparatuses which are both switched on.

3.7. Micro-events versus Macro-events.

Thus, the conclusion of the this third section is that it is possible to
build up theories that (i) account for reduction as a dynamical process in
which no element of physical reality can be influenced by actions
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performed at space-like points; and that (ii) do not exhibit parameter
dependence (barring cases having extremely small probability of
occurrence), and therefore do not entail any spooky action at a distance.
To fully appreciate the precise meaning and the implications of these
assertions, it turns out to be useful to deepen the analysis by comparing
the case in which one measuring apparatus is present with the one in

which two macroscopic apparata are present.

Let us consider, first of all, a possible objection to our analysis. One
might be tempted to say: so what? You have played a trick, you have
changed in an ad-ho¢ way the criteria for property attribution so that in
all puzzling cases which one encounters you can claim that there is no
element of physical reality. Our answer is that the above criterion is a
fairly natural one and it solves the problem very neatly. Moreover, we
would like to stress that, due to the reduction dynamics, the criterion has
quite different implications in the cases of microscopic and of macroscopic
systems. In particular, while one is led to admit that at the microscopic
level an individual system can possess no property, i.e., in J. Bell's
words3% can _enjoy the vagueness of waves, the situation is quite different
for macroscopic systems. To show this in more detail, we will now give an
analysis, similar to the preceding ones, but in which there are, in the
actual world, two macroscopic apparata at L and R which are both

switched on.
3.8. Performing two measurements.

With reference to Fig.3, we consider a situation in which two
particles in the singlet state trigger two macroscopic apparata36 in two
space-like separated regions. In the figure the squares L and R; denote
the space-time regions where the interactions between the particles and
the apparata (which trigger the recording process by the macroscopic
apparata) take place; while the squares Ly and Rg denote the space-time
regions where the stochastic processes leading to reduction, i.e. to the
localisation of the macroscopic pointers, occur.

The initial state on the space-like surface o¢ is (disregarding the
configuration space part describing the propagation of the particles
towards left and right):

¥(a,) nl_m_:rau —“1>IR,6=+1>-1L,c =+ >R, 6= -1 >]I,, >I%e > (3.8.1)

2
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where 1y, > and lyg, > describe the untriggered (ready) stat~s of the

apparata at left and at right, respectively.

Let us change the surface by going from o to 6o*. The right particle
triggers the apparatus at right, so that:

_fﬁq_.*vuaz\_wzr,onn_v:ﬁaui S, > -IL.6=+1>IR,0 = -1 >l >y, >(3.8.2)

s,

S,

G+

1

o

\\...l\..|| 0

\\ g,

o*

o =
S

o,

Fig.3.- Properties for entangled macroscopic systems.

If one changes ance more the surface and goes to 6o**, i.e. one crosses the
region where the stochastic reduction process occurs, then, assuming that
the measurement at R yields the outcome +1, one gets the statevector:

W(o,* ") =(IL,6 = -1>IR,0 = +I >lxg, >N, >. (3.8.3)

We emphasize that on all these three space-like surfaces the
statevector is factorized into the direct product of a state belonging to the
Hilbert space of the left apparatus and the rest. Moreover the factor
describing this apparatus is ly,, >, so that the apparatus possesses, in the

region lying “below L1”, the objective property of being in the ready state,
i.e. its pointer "points at 0".

Let us now constder the situation on the space-like surface o1 on

which both particles have triggered the appropriate apparata. We have:

[IL,6 = =1 >IR,6 = +1>ly,, >lx,_ >-IL,o=+I>R,0=~1>x, >IX,,

Y(o,) = ;I\_Ml
(3.84)

while, if one crosses the region where the reduction of the right apparatus
states take place, i.e. if one reaches the space-like surface 61*; one has:

¥(0,*) =[IL,6 = —1>IR,0 = +1>Ix,, >Ix,_ >]. (3.8.5)

Clomparison of the last two equations shows that there is an
ambiguity about the property of the macroscopic measuring apparatus at
left in the region “between L1 and L2".

However, let us now consider the space-like surface 62. On it the

statevector turns out to be:
I¥(0,)=[IL,6 ==1>R,0 =+ >y, >y, >] (3.8.6)

and this precise state has to be associated to all surfaces which pass above
the region Lo, in particular to o2* and even to a surface like o2**. So, in
accordance with our criterion for attributing properties, we can state that
the apparatus at left possesses, in the region lying “above L2~ the

’

"

objective property that its pointer "points at -".
3.9. Conclusions.

The detailed analysis of the previous subsection has shown that,
even though ambiguities (and correspondingly the lack of definite
properties) can occur also for macroscopic systems and outcomes, such
ambiguities last only for the characteristic reduction times of the theory
which, in these models, are extremely small.

Thus we could say, rephrasing a statement35 by J. Bell that, just as
nonrelativistic reduction models allow microsystems to enjoy the
vagueness of waves, but require tables and chairs and pointers to possess
objectively definite macroscopic properties (actually those of "being at
definite places”) independently of our free choice to acquire knowledge of
such propeities; so also the relativistic generalisations of such models
show that a microsystem can still enjoy the vagueness which characterises
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the quantum world, even when it is entangled with another system and its
partner is subjected to a measurement. In order that the microscopic
system acquires objective properties, the time required for a luminal
propagation from the region where its partner has been measured to its
own region has to elapse. On the other hand, a macroscopic system can
remain in the vague situation which characterises quantum
superpositions only for "a split second”, independently of any entangling
mechanisms which may be operative and/or knowledge that some
conscious observer might have about other macroscopic systems.

Obviously, the above statements would be fully appropriate only if a
perfectly satisfactory relativistic reduction model were available. As we
have mentioned above, such a program at present still faces some serious
difficulties. But we take the third section of this paper to indicate that
there are no logical or conceptual reasons that forbid a fully satisfactory
development of the relativistic reduction program. We hope also to have
identified some typical features that models of this type must exhibit.
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