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A new formulation of the EPR argument is presented, one which uses John Bell’s mathematically
precise local causality condition in place of the looser locality assumption which was used in the
original EPR paper and on which Niels Bohr seems to have based his objection to the EPR argu-
ment. The new formulation of EPR bears a striking resemblance to Bell’s derivation of his famous
inequalities. The relation between these two arguments — in particular, the role of EPR as part one
of Bell’s two-part argument for nonlocality — is also discussed in detail.

I. INTRODUCTION

FEugene P. Wigner summed up what has since become
the standard view of the implications of Bell’s Theorem?!
when he stated: “In my opinion, the most convincing
argument against the theory of hidden variables was pre-
sented by J. S. Bell. ....The...argument shows that any
theory of hidden variables conforming to the postulate of
locality is in conflict with quantum mechanics.”2

N. David Mermin echoed this view in his characteris-
tically brilliant review article on “Hidden Variables and
the Two Theorems of John Bell”:

Bell’s theorem establishes that the value as-
signed to an observable must depend on
the complete experimental arrangement un-
der which it is measured, even when two ar-
rangements differ only far from the region in
which the value is ascertained — a fact that
Bohm theory exemplifies, and that is now un-
derstood to be an unavoidable feature of any
hidden-variables theory.

To those for whom nonlocality is anathema,
Bell’s Theorem finally spells the death of the
hidden-variables program.3

This, then, is the standard view: Bell proved that hidden-
variables theories have to be nonlocal (in order to agree
with the empirically correct predictions of quantum me-
chanics); nonlocality conflicts with relativity’s prohibi-
tion on super-luminal causation; relativity is true; so
hidden-variables theories must be false.

Yet somehow this obvious and now standard argument
seems to have escaped Bell himself — who, according to
Mermin’s summary, “did not believe that either of his
no-hidden-variables theorems excluded the possibility of
a deeper level of description than quantum mechanics.”4
How strange! Bell himself did not believe that what Mer-
min refers to as Bell’s two no-hidden-variables theorems,
actually exclude hidden-variables! Why didn’t Bell ac-
cede to the standard view of his own theorems? Was this
universally-recognized genius really so obtuse?

Mermin provides a clue in the continuation of the
above block-quote:

But not for Bell. None of the no-
hidden-variables theorems persuaded him
that hidden-variables were impossible. What
Bell’s Theorem did suggest to Bell was the
need to reexamine our understanding of
Lorentz invariance...2

Thus Bell believed that his theorems brought out a con-
flict not merely between relativity and hidden-variables
theories, but, rather, between relativity and the predic-
tions of quantum theory as such, in any interpretation.
Mermin briefly mentions this possible view in a footnote:
“Many people contend that Bell’s Theorem demonstrates
nonlocality independent of a hidden-variables program,
but there is not general agreement about this.”8

Evidently the “many people” referred to here by Mer-
min include in their ranks Bell himself.

Given the unique clarity and forthrightness of Bell’s
writings, it is not surprising that we needn’t undertake
extensive detective work to infer Bell’s views. He tells us
quite explicitly both that and why he believes his theo-
rems call into question our understanding of fundamental
space-time structure, and not merely the attempt to sup-
plement quantum mechanics with additional variables.

Here is the that: “...the nonlocality of quantum me-
chanics cannot be attributed to incompleteness, but is
somehow irreducible.”” Also: “The obvious definition of
‘local causality’ does not work in quantum mechanics,
and this cannot be attributed to the ‘incompleteness’ of
that theory.”® And: “For me then this is the real problem
with quantum theory: the apparently essential conflict
between any sharp formulation and fundamental relativ-
ity. That is to say, we have an apparent incompatibility,
at the deepest level, between the two fundamental pillars
of contemporary theory...”2

And here is the why: “That ordinary quantum me-
chanics is not locally causal was pointed out by Einstein,
Podolsky, and Rosen, in 1935.710 That is, according to
Bell, the reason Bell’s Theorem spells trouble (in the
sense of a conflict with relativity) for more than just
hidden-variables theories is that standard quantum me-
chanics itself (regarded as an already-complete descrip-
tion of the world) is nonlocal — a fact which Bell claims
was pointed out in the famous 1935 EPR paper.



But this raises another mystery. Everyone knows that
the purpose of the EPR paper was not to argue that
quantum mechanics (QM) is nonlocal, but, rather, to ar-
gue against the completeness doctrine. Indeed, the EPR
argument was crucially premised on the very assumption
— locality — that Bell claims EPR disproved: according
to EPR, if

(A) the quantum-mechanical predictions for
certain testable experiments are correct

and if

(B) quantum theory is taken to be a locally
causal theory

then the claim that
(C) the theory is complete

cannot be correct. Or, taking as indubitable the (exper-
imentally well-confirmed) empirical predictions of quan-
tum theory referred to in (A), the EPR argument takes
the form:

(B) = =(C). (1)

That is, locality implies incompleteness. (We use the
symbol — to denote negation: e.g., =(X) should be read
“it is not the case that (X)”.)

But this is logically equivalent to the claim that

(€) = ~(B) (2)

(i.e., completeness implies nonlocality) and also to the
claim

~(B) or ~(C). (3)

(i.e., either locality or completeness must fail). Einstein
himself stated the conclusion of the EPR argument in
this last form:

By this way of looking at the matter, it be-
comes evident that the paradox [EPR] forces
us to relinquish one of the following two as-
sertions:

(1) the description by means of the ¢-function
is complete.

(2) the real states of spatially separated ob-
jects are independent of each other 1

Evidently, then, this is the basis for Bell’s assertion
that EPR showed that “ordinary quantum mechanics is
not locally causal.” For if we grant the premise (surely
ordinary, ever since the 1930’s at least) that QM is com-
plete, it follows from the EPR argument that ordinary
QM itself is nonlocal. So if the EPR argument is sound
— if it is correct that quantum mechanics, if complete, is
nonlocal — then Bell’s own interpretation of the signifi-
cance of his theorems (and not the more widely-held in-
terpretation put forward by Wigner and Mermin) would
be validated.

But is the EPR argument sound? The standard view in
the physics community has been that Niels Bohr refuted
the EPR argument in 1935 by pointing out an “essen-
tial ambiguity” in the famous EPR criterion of reality:
“If, without in any way disturbing a system, we can pre-
dict with certainty (i.e., with probability equal to unity)
the value of a physical quantity, then there exists an el-
ement of physical reality corresponding to this physical
quantity.” 12

Bohr claimed that “the wording of the above men-
tioned criterion...contains an ambiguity as regards the
meaning of the expression ‘without in any way disturb-
ing a system’.” That is, Bohr seems to have objected to
the formulation of locality which entered into the EPR
reality criterion. In particular, he argued that there was
a type of non-mechanical disturbance which EPR had ne-
glected and that the criterion was therefore inapplicable
to the very example on which they base their argument:
“Of course there is in a case like that just considered
no question of a mechanical disturbance of the system
under investigation during the last critical stage of the
measuring procedure. But even at this stage there is es-
sentially the question of an influence on the very condi-
tions which define the possible types of predictions regard-
ing the future behavior of the system. Since these condi-
tions constitute an inherent element of the description
of any phenomenon to which the term ‘physical reality’
can be properly attached, we see that the argumenta-
tion of [EPR] does not justify their conclusion that [, if
local, the] quantum-mechanical description is essentially
incomplete.” 13

Many commentators (including, not surprisingly, Bell)
have questioned the validity, clarity, and relevance of
Bohr’s reply24 I agree with Bell and the other critics
that the EPR argument as originally formulated is per-
fectly sound and that Bohr’s reply in no way refutes it.
Nevertheless, it is true that the exact definition of local-
ity used as a crucial premise in the EPR argument — and
also the exact role of that premise in the argument — are
less than crystal clear. It would be desirable, therefore,
if the concept of local causality could be clarified, and
the EPR argument reformulated in terms of this clearer
concept. This is the goal of the present paper.

Happily, there is almost no work to do to achieve this
goal — for in the course of establishing his “no-hidden-
variables” theorems, John Bell introduced an intuitive
and mathematically precise definition of local causality.
So the goal at hand can be achieved simply by replacing
EPR’s somewhat vague language about not disturbing a
distant system with the quantitative requirement of Bell
Locality. We will perform this replacement in Section
[ after first, in Section [l briefly reviewing the origi-
nal EPR argument. Finally, in Section [Vl we discuss
the relation of the re-formulated EPR argument to Bell’s
Theorem — in particular, the role of the EPR argument
in Bell’s two-part argument for nonlocality.



II. THE EPR ARGUMENT

Before presenting the updated version, let us briefly
recap the original EPR argument. We will use the sim-
plified example introduced by Bohm!? in which different
spin components of two spin-1/2 particles take the place
of the position and momentum variables used in the orig-
inal EPR paper. The two versions, however, are identical
in terms of logical structure, so we will refer freely to the
original EPR paper as if they had based the argument
on Bohm’s example. Our goal in this section is simply
to lay out the logical structure of the EPR argument, so
that we can provide a recognizably similar structure in
the next section (but with Bell Locality in place of EPR’s
looser locality assumption).

Consider two spin-1/2 particles which are spatially sep-
arated but in the spin singlet state:

1
1/10:—(|+Z>1|—Z>2 —|—Z>1|+Z>2) (4)

V2

where |+ 2z > is the state in which particle 1 has spin
+ along the z-axis, etc. Equation B attributes no defi-
nite spin values to either of the two particles separately,
but it does imply a definite relation between the spins:
whatever the spin of particle 1 is (measured to be) along
the z-axis, the spin of particle 2 along the z-axis will be
(measured to be) opposite.

The same singlet state can also be written in other
bases, e.g., the basis of eigenstates for spin along the x-
axis:

1
Yo =—=([+2>1[-2>2 — |[-2>1 [+2>2). ()

V2

So in addition to the perfect (anti-)correlation of (mea-
sured) spin values along the z-axis mentioned above,
there is also a perfect (anti-)correlation of (measured)
spin values along the x-axis: if we measure the spin of
particle 1 along the x-axis and find the result +, we can
be certain that the spin of particle 2 along the x-axis
(if/when measured) will be —, and vice versa.

The just-described correlations represent the predic-
tions of quantum theory for this sort of situation. But
it is more important here that these correlations are em-
pirically well-verified, i.e., that the claimed perfect anti-
correlation of spin values (when the spin of both parti-
cles is measured along the same axis) is true® Whichever
way one prefers to motivate it, however, this perfect anti-
correlation is the first assumption of the EPR argument.
We will refer to this group of assumptions as “EPR(A)”.

The EPR argument then proceeds as follows.

According to the EPR criterion of reality, “If, with-
out in any way disturbing a system, we can predict with
certainty ... the value of a physical quantity, then there
exists an element of physical reality corresponding to this
physical quantity.” Let us simply assume that, since par-
ticles 1 and 2 are spatially separated, the act of measur-
ing the spin of particle 1 along the z-axis doesn’t disturb

particle 2 in any way, and likewise for a measurement of
the spin of particle 1 along the x-axis. (This assump-
tion is obviously motivated by relativity’s prohibition on
causal relations between space-like separated events — a
relationship that the two measurement events in question
here can simply be stipulated to have.) Let us call this
locality assumption “EPR(B)”.

EPR now argue: by measuring the z-axis spin of par-
ticle 1, we can determine the z-axis spin of particle 2 by
using EPR(A) and, of course, without in any way dis-
turbing particle 2. There exists, therefore, an element
of reality corresponding to the z-axis spin of particle 2.
Why? Because after the measurement on particle 1, par-
ticle 2 is known to be in a state with a definite value
of spin along the z-axis. This follows from a trivial ap-
plication of EPR(A). But, by EPR(B), the measurement
on particle 1 could not have caused particle 2 to acquire
this property, for particle 2 was not disturbed in any
way by the measurement on 1. Thus if particle 2 has
this property after the measurement, it must evidently
have possessed this property all along, independent of
the measurement made on particle 1. The measurement
on 1, if/when performed, permits us to learn something
about the z-axis spin of particle 2. But the fact we learn
about ezists (i.e., is an element of reality) independent
of that measurement.

The same argument obviously goes through for the x-
axis spin as well: by measuring the x-axis spin of particle
1, we can determine without in any way disturbing par-
ticle 2, the x-axis spin of particle 2. There exists, there-
fore, an element of reality corresponding to this property
of particle 2 as well.

The reader might perhaps worry that either one or the
other of these arguments can be validly made in a given
experimental situation, but both cannot be, since we can
measure at most one of the two relevant properties of
particle 1 (and hence infer using EPR(A) only one of the
two relevant properties of particle 2). EPR answer this
possible worry in their paper:

One could object to this conclusion on the
grounds that our criterion of reality is not suf-
ficiently restrictive. Indeed, one would not ar-
rive at our conclusion if one insisted that two
or more physical quantities can be regarded
as simultaneous elements of reality only when
they can be simultaneously measured or pre-
dicted. On this point of view, since either one
or the other, but not both simultaneously, of
the quantities ... can be predicted, they are
not simultaneously real. This makes the real-
ity of [the two properties of particle 2] depend
upon the process of measurement carried out
on [particle 1], which does not disturb the sec-
ond [particle] in any way. No reasonable [i.e.,
local] definition of reality could be expected
to permit thisA?

Thus — although the operators for these two observables



don’t commute and therefore cannot according to quan-
tum mechanics possess simultaneous definite values —
the x-axis and z-axis spins of particle 2 do possess si-
multaneous definite values. There are elements of real-
ity corresponding to both quantities. And that means
the descriptive limitations imposed by QM (expressed
most pointedly by the Heisenberg Uncertainty Princi-
ple) can be beaten: there are more facts out there in
the world than can be squeezed into the quantum me-
chanical description48 We thus arrive at the negation
of “EPR(C)” — the claim that the quantum mechanical
description of reality can be considered complete.
The EPR argument thus takes the symbolic form:

EPR(A) and EPR(B) — ~EPR(C) (6)

which is logically equivalent to

EPR(A) and EPR(C) — —EPR(B) (7)
and also to
- EPR(A) or ~EPR(B) or ~EPR(C) (8)

which is Einstein’s formulation quoted above: (given the
empirically well-verified quantum mechanical expressions
for certain correlations) we are “forced to relinquish” ei-
ther locality [EPR(B)] or completeness [EPR(C)].

IIT. THE EPR-BELL ARGUMENT

Like the EPR argument just considered, the new ver-
sion of EPR (let us call it the EPR-Bell argument, since
it is based so heavily on the reasoning of Bell) begins with
Bohm'’s example of a system consisting of two spatially
separated spin-1/2 particles in the spin-singlet state,
Equation

Let us first introduce the analog of EPR(A) for the
EPR-Bell argument. To make the argument as straight-
forward as possible, we will use here a slightly-expanded
set of empirical predictions compared to the simple per-
fect anti-correlation used in the original EPR argument.
But, like the assumption EPR(A) above, these predic-
tions will all be straightforward, uncontroversial predic-
tions of QM that are well-confirmed by experiment.

First, we introduce the probability for joint outcomes
(A and B) for spin measurements along arbitrary direc-
tions @ and b on the two particles (respectively) in the
singlet state g of Equation Ht

P(A=+B=+1a,b,v0) = zsn’(6/2)  (9)

P(A:+7B:_|&7 l;v 1/)0)

%cos2(9/2) (10)

P(A:_vB:+|d7 l;a ¢0)

1
56082(6‘/2) (11)

P(A=—,B=—|a, b, 1)

1.,
5sin 0/2). (12)

4

where 6 is the angle between & and b. Call this set of
assertions “EPR-Bell(Al)”.

We also note the standard quantum expressions for the
marginal probabilities for the outcomes of spin measure-
ments on each particle individually:

P(A=+a, o) =1/2 (13)
P(A=—a, $o) =1/2 (14)
P(B=+1b, vo) = 1/2 (15)
P(B=—1b, 1) =1/2. (16)

This set of expressions — “EPR-Bell(A2)” — simply states
that with the particles in the state 1y, we are equally
likely to get a + or — outcome for any single measurement
on a single particle, independent of the angles a and b.

With that set of assumptions on the table, let us pro-
ceed with the argument.

Consider now a general expression for the joint proba-
bility for the two outcomes A and B, when the spin values
along directions a and I;, respectively, are measured:

P(A,Bla,b, \). (17)

Here ) is a complete specification of the physical state of
the particle pair prior to measurement.

Let us introduce now “EPR-Bell(B)” — the requirement
of Bell Locality — according to which the joint probability
P(A, B|a,b, \) should factor into a product of individual
probabilities for the two spatially separated systems:

P(A,Bla,b,\) = P(A|B,a,b,\) x P(B|a,b,\)
= P(A|B,a,\) x P(B|b,\)
= P(A|a,\) x P(B|b,\). (18)

We have moved in small steps here to make clear several
sub-aspects of Bell locality12

The equality in the first line is standard conditional
probability, and should be completely uncontroversial.

The move from here to the second line involves an ap-
plication of what Abner Shimony has dubbed “Param-
eter Independence” (PI1).2% This principle asserts that
the probabilities associated with particular outcomes for
each particle should be independent of which property is
measured on the distant particle — e.g., P(B|a,b,\) =
P(B|b, \). The physical intuition motivating PI is that
any such stochastic dependence could only be accounted
for by a “spooky nonlocal action at a distance” by which
the setting of the distant instrument somehow causally
influenced the (probability distribution of) results of the
nearby experiment.

Finally, the move to the third line utilizes what Shi-
mony calls “Outcome Independence” (OI), according to
which the probabilities associated with particular out-
comes for each particle should be independent of the
outcome (+ or -) of the distant experiment. Again, this
seems to be an aspect of the more general (locality) re-
quirement that what happens here should be indepen-
dent of what happens over there (or, more precisely, that



correlations between space-like separated events can be
accounted for by facts in the union of the past light-cones
of the two detection events — here, by the pre-existing,
complete, joint state of the two particles: \).

(It should also be noted that Jon Jarrett?! was the
first to point out that Bell Locality was entailed by the
conjunction of the two principles PI and OI, though
Jarrett referred to these principles by different names.
Tim Maudlin, however, has quite reasonably criticized
Jarrett’s analysis of Bell’s factorization principle22 As
Maudlin points out, Jarrett’s parsing is not unique, so
the relevance of the distinction between PI and OI is
called into question. Moreover, Jarrett originally argued
that a failure of PI would mean a violation of relativity,
while a failure of OI — which, incidentally, is the partic-
ular aspect of Bell Locality violated by standard QM —
would not. But, as Maudlin makes clear, this makes no
sense: if relativity is taken to prohibit causal dependency
between space-like separated events, violations of PI and
OI are equally at odds with it. The reader is urged to
consult Maudlin’s excellent text for a much more exten-
sive and highly enlightening discussion.)

In any case, what concerns us here is simply that the
condition expressed by Equation [8 - “EPR-Bell(B)” —
is the one typically used in deriving Bell’s Theorem. Our
goal here is not primarily to argue for the validity or ap-
propriateness of this condition (though for the record we
believe it is both entirely valid and entirely appropriate)
but merely to show that the condition can be used to re-
formulate the EPR argument. Let us therefore proceed
with that argument.

The third principle relevant to our derivation is the
completeness assumption. We have previously intro-
duced the symbol \ to refer to a complete specification of
the joint pre-measurement two-particle state. In typical
derivations of Bell’s theorem, this symbol refers to the
wave function plus whatever hidden-variables are needed
to complete the (in that context, assumed incomplete)
quantum description. But we are not here reproducing
Bell’s theorem. We are instead aiming to reproduce the
EPR argument, so we will assume with Bohr that quan-
tum mechanics itself is already complete, without the ad-
dition of any hidden-variables. We will then demonstrate
that there is a contradiction implied by the four assumed
principles, and hence arrive at the EPR conclusion that
either locality or completeness — or, far less plausibly, one
of EPR-Bell(Al) or EPR-Bell(A2) — must fail.

Thus, let us now formally make the completeness as-
sumption — i.e., replace A with the appropriate quan-
tum mechanical wave function, ¢. Call this replacement
“EPR-Bell(C)”.

We may now combine EPR-Bell(B) with EPR-Bell(C).
The result is:

P(A,Ba,b,40) = P(A|a,v0) x P(B|b,1b).  (19)

This leaves us in a position to utilize the expressions in
EPR-Bell(A2). Plugging in yields:

P(A=+,B=+]a,b,p) = 1/4 (20)

and

P(A=+4,B=—|a,b,1) = 1/4 (21)
and

P(A=—,B=+]a,b,4p) = 1/4 (22)
and

P(A=—,B=—|a,b,1) = 1/4. (23)

These expressions have been deduced by straightfor-
wardly combining EPR-Bell(A2), (B), and (C) — i.e., the
quantum expressions for marginal probabilities, Bell Lo-
cality, and the assumption that the quantum mechani-
cal description of physical reality is complete. And, as
should be obvious, these predictions conflict with the ex-
pressions in EPR-Bell(A1). We have thus proved that all
four of these principles cannot be simultaneously correct.
At least one member of the set must be false.

And since EPR-Bell(Al) and EPR-Bell(A2) are both
directly supported by experiment, we must evidently
reject either EPR-Bell(B) — (Bell) Locality — or EPR-
Bell(C) — completeness — in order to avoid this inconsis-
tency. This of course matches the conclusion reached by
EPR.

IV. DISCUSSION

We have shown that it is possible to reformulate the
EPR argument by using Bell’s mathematically precise lo-
cal causality requirement, and that doing so permits the
EPR argument to go through as intended by its authors.

It is suspected that some readers might initially reject
the argument presented in Section [l on the grounds
that it does not fairly represent quantum mechanics. For
example, Equation requires that the joint probabil-
ity for outcomes of the spin measurements on particles
1 and 2 factor, but (as mentioned in Section [ quan-
tum mechanics attributes no definite spin states to the
individual particles. Instead, QM attributes a definite
(spin) state (namely 1) only to the whole two-particle
system. So of course, the skeptic will say, the mathemat-
ical consequences of this factorizability assumption will
not be consistent with quantum mechanics and will not
be consistent with experiment.

Unfortunately for this imagined skeptic, however, this
objection does nothing to undermine the validity of the
argument presented in Section [} it merely denies one
of the premises of that (reductio) argument — namely,
the Bell Locality requirement, EPR-Bell(B). But surely
the denial of EPR-Bell(B) is entirely consistent with the
conclusion of the argument, namely that at least one of
the (four) premises must be false. If one wishes to deny
that conclusion, one must identify an error in the reason-
ing (and not simply assert something that is consistent
with the conclusion).



Lest the reader worry that I am setting up and knock-
ing down a straw man by proposing this rather silly at-
tempt at an objection, let me point out that the imagined
objection is highly reminiscent of Bohr’s objection to the
original EPR paper:

There is in a case like that just considered
no question of a mechanical disturbance of
the system under investigation during the
last critical stage of the measuring procedure.
But even at this stage there is essentially the
question of an influence on the very condi-
tions which define the possible types of predic-
tions regarding the future behavior of the sys-
tem. Since these conditions constitute an in-
herent element of the description of any phe-
nomenon to which the term ‘physical reality’
can be properly attached, we see that the ar-
gumentation of [EPR] does not justify their
conclusion that quantum-mechanical descrip-
tion is essentially incomplete. 22

Bohr’s first sentence appears to indicate agreement with
the locality principle, EPR(B). Bohr concedes that parti-
cle 2 is not “mechanically” disturbed by the measurement
on particle 1. Yet he goes on to say that there is some
other kind of disturbance — “an influence on the very
conditions which define the possible types of predictions
regarding the future behavior of the system.” It is not
entirely clear what this is supposed to have meant. If
this influence is (while not “mechanical”, still) a physical
disturbance — if it in any way changes the physical state
of particle 2 — then Bohr’s answer simply concedes that
quantum theory is nonlocal. Bell speculated that Bohr’s
answer was indeed this same silly objection I mentioned
above: “Is Bohr just rejecting the premise — ‘no action
at a distance’ — rather than refuting the argument?”24

If, on the other hand, this “disturbance” isn’t physi-
cal but merely “semantic”2® — if we are merely learning
something about particle 2 which was before unknown —
then Bohr’s answer simply concedes that quantum theory
is incomplete.

Thus, in response to the EPR argument which con-
cluded that either EPR(B) or EPR(C) must be false,
Bohr seems to have replied in a way that can be inter-
preted as meaning either that EPR(B) is false, or that
EPR(C) is false. Presumably Bohr didn’t intend either
of these clear-cut options, since he seemed to think that
he had refuted the EPR argument. But no alternative
options present themselves. Unless some other alterna-
tive is found and made clear, we must evidently conclude
that the EPR argument is indeed sound. Quantum me-
chanics cannot be regarded as simultaneously (A) yield-
ing correct predictions, (B) respecting the principle of
local causality, and (C) providing a complete description
of physical reality.

One final point on possible objections to the argument
presented in Section [t as will be discussed in some
detail shortly, the argument there mirrors in several cru-

cial respects Bell’s derivation of his famous inequalities.
So (virtually) any objection one might possibly raise to
the reformulated EPR argument would simultaneously
constitute an objection to Bell’s theorem. Opponents of
the hidden-variables program tend to side with Bohr in
dismissing the EPR argument (considered as an argu-
ment against the completeness doctrine), and simultane-
ously to regard Bell’s Theorem as a valid proof of the
non-viability of hidden-variables theories. (Indeed, this
is merely the conjunction of the two “standard views”
mentioned in Section[l) It is hoped that the reader will
begin to see the inconsistency of these two views in light
of the discussion to which we now turn.

What exactly, then, is the relation between the argu-
ment in Section [l and the arguments leading to Bell’s
Theorem? To begin with, the overall structure of the
two arguments is similar: some empirically well-tested
facts?S plus the Bell Locality condition plus a complete-
ness assumption?’ together yield a prediction which is
inconsistent with another empirically well-tested fact28.

But more importantly, the real meat of both deriva-
tions — the imposition of Bell Locality — is of course com-
pletely identical in the two cases. So in a way, our refor-
mulation of EPR can be seen as simply an application of
Bell’s reasoning to the particular case of QM: we have, at
the appropriate juncture, simply replaced Bell’s symbol
A with the quantum state ).

Although the two arguments are similar, however, they
are certainly not equivalent. The (reformulated) EPR
argument is an argument about quantum mechanics. It
says that if quantum mechanics provides a complete de-
scription of physical reality (and if its predictions are
correct), then the theory violates Bell Locality. Bell’s
Theorem yields a similar conclusion, but about hidden-
variables theories: if we try to save local causality for
quantum theory by introducing hidden-variables, the re-
sulting theory (again assuming the predictions of quan-
tum mechanics are correct, which they seem to be) will
also have to be nonlocal.

Having mentioned above the similarity between our re-
formulated EPR argument and Bell’s theorem, it is worth
pointing out exactly how and where the two arguments
diverge. Most notably, after paralleling Bell and impos-
ing the local causality condition, the EPR-Bell argument
from Section [Tl simply ends — the additional processing
required to derive Bell’s Theorem is simply not needed.
Let us analyze this in detail.

Bell, after arguing for the appropriateness of Equation
M8 defines the correlation function

E(a,b) =Y > ABP(Ala,\) P(B[b,\) P(\) (24)
A AB

from which it is simple to arrive at, e.g., the Clauser-Holt-

Horne-Shimony Inequality constraining the correlations
for different pairs of angles:

|E(a1,b1) — Ear, bo)| + |E(az, b)) + E(ag, by)| < 2 (25)



Bell then points out that “according to quantum mechan-
ics, this expression can approach 2v/2. So quantum me-
chanics cannot be embedded in a locally causal theory.”22

For our purposes, however, it was sufficient merely to
derive Equations and point out the inconsistency
with EPR-Bell(Al). The EPR conclusion was easier to
arrive at because we were working with a definite theory —
namely, quantum mechanics — with its explicit candidate
for the complete description A and its explicit expressions
for the probabilities in EPR-Bell(A1l) and (A2). The
hard work in arriving at Bell’s inequalities is in finding
a way to constrain the correlations when the theory un-
der scrutiny is left largely unspecified. This hard work —
the arguments leading from where we left off to Equation
B3 - was achieved brilliantly by Bell and the subsequent
researchers (such as Clauser, Holt, Horne, and Shimony)
who have discovered additional constraints. Compared to
the difficulty of constraining the correlations that can be
explained by local hidden-variables theories, then, ours
was an almost embarrassingly easy task. It is quite triv-
ial to bring out the inconsistency of the quantum me-
chanical predictions — EPR-Bell(A1) and EPR-Bell(A2)
— when the theory is restricted by both the completeness
and Bell Locality assumptions.

The ease of deriving inconsistencies for the two theories
reflects the strength of correlations each theory permits.
The combination of correlation functions appearing on
the left hand side of Equation cannot exceed 2 in a
general local hidden-variables theory. But as can be seen
from our analysis in Section [Tl standard quantum the-
ory (assumed complete and Bell-Local and using the pre-
dictions from Equations [BHIA) predicts no correlations

at all: the correlation coefficient E(a, b) one gets by plug-
ging Equations into Equation B4l is zero! And so,
therefore, is that combination of correlation coefficients
appearing in Equation 25

That is, if we rigidly impose the (Bell) Locality and
completeness assumptions on quantum theory, it be-
comes a much poorer theory (judged by its empirical pre-
dictions) than local hidden-variables theories: the latter
come closer to explaining the empirically observed cor-
relations than the former (though both are inconsistent
with the data).

This makes perfect sense. Bell’s inequality puts a limit
on the strength of correlations between the outcomes of
distant measurements which can be explained by a local
hidden-variables theory. But what is quantum mechan-
ics but a hidden-variables theory unencumbered by any
hidden-variables? Surely it stands to reason that a local
theory with hidden variables should be able to explain
stronger correlations than one without those variables —
for the latter is merely an especially wimpy version of the
former. So it should not be surprising at all that in a fair
fight — i.e., with the same locality condition applied to
the two theories (one containing the wave function plus
an open-ended slew of local hidden variables, the other
containing just the wave function) — the latter should
generally exhibit far weaker correlations than the former.

Opponents of hidden-variables theories like to point
out that such theories are ruled out by experiment, and
often quote the number of standard deviations by which
the predictions of local hidden-variables theories disagree
with the most recent experiments. It should now be
clear that any experiment which measures a violation of
Inequality 23 (and thus rules out local hidden-variables
theories) also provides the necessary empirical input to
demonstrate the inconsistency arrived at in Section [Tl
That is, the data from any experimental violation of
Bell’s inequalities is simultaneously proof of the validity
of the (reformulated) EPR argument — i.e., proof that
quantum mechanics itself is either incomplete or nonlo-
cal.

Let us briefly summarize the implications of this.
(We will from now on assume the validity of EPR(A),
EPR-Bell(A1), and EPR-Bell(A2).)

The EPR argument tells us that if quantum mechanics
is complete, Bell Locality must fail:

EPR: Completeness — — Bell Locality. (26)

Bell’s Theorem tells us that if quantum mechanics is in-
complete, Bell Locality must fail:

Bell: Incompleteness — — Bell Locality. (27)

Putting these two arguments together forces us to con-
clude (without qualification, for surely QM either is or is
not complete) that Bell Locality fails:

EPR + Bell : —Bell Locality. (28)

This explains why Bell himself understood his theorem
not as simply ruling out the hidden-variables program,
but rather as evidencing a deep conflict between quan-
tum theory as such, in any interpretation, and the local-
ity principle that seems to be a requirement of relativity.
This seems to have been misunderstood largely because
it has not been grasped that Bell’s Theorem is the sec-
ond part of a two-part argument for the conclusion.22
The necessary first part of that argument is nothing but
EPR, which generations of physicists have claimed was
refuted by Bohr. But, simply put, it wasn’t — as the new
formulation presented in Section [l should help make
clear.

As discussed in the introduction, it is commonplace to
refer to the famous theorems of John Bell as “no hidden-
variables theorems”. But, considering the above, it would
be much more accurate to call them “nonlocality the-
orems”: given that the EPR argument is sound, what
Bell’s theorem proves is that the predictions of quantum
mechanics for certain experimental results — predictions
that have stood up to the test of experiment — are incon-
sistent with the principle of local causality, period. In
particular, as Bell himself stressed, this conclusion — the
failure of local causality for QM — “cannot be attributed
to the ‘incompleteness’ of that theory.”31

Or, as Bell himself elaborated the complete two-part
argument for nonlocality:
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Let me summarize once again the logic that
leads to the impasse. The EPRB [i.e., EPR-
Bohm — the EPR argument using Bohm’s ex-
ample] correlations are such that the result
of the experiment on one side immediately
foretells that on the other, whenever the ana-
lyzers happen to be parallel. If we do not ac-
cept the intervention on one side as a causal
influence on the other, we seem obliged to ad-
mit that the results on both sides are deter-
mined in advance anyway, independently of
the intervention on the other side, by signals
from the source and by the local magnet set-
ting. [That is the EPR argument — part 1 of
Bell’s 2-part argument.] But this has implica-

tions for non-parallel settings which conflict
with those of quantum mechanics. [That is
Bell’s Theorem — part 2.] So we cannot dis-
miss intervention on one side as a causal in-
fluence on the other. [...regardless of whether
or not hidden-variables are added to quantum
theory!}32

It is hoped that the current paper will begin to over-

turn a truly unfortunate historical injustice — namely, the
idea (implied by the standard, almost universally-held in-
terpretation of the meaning of Bell’s Theorem) that John
Bell failed to understand his own most important insight.
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While editing this essay, I noticed that this sentence of
Bell’s can be read in two different ways, both of which
are relevant and important. My initial reading — and the
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one which makes this quote fit properly into my discus-
sion — was as follows: the failure of local causality (con-
sidered as the conclusion of Bell’s theorem) “cannot be
attributed to the ‘incompleteness’ of that theory” — mean-
ing, I thought, that we can’t blame the assumption of in-
completeness (which is after all a presupposition of Bell’s
derivation) for this result. That is, I thought Bell was here
saying: one can’t validly claim that “it’s only if we assume
QM isn’t complete that we arrive at a conclusion of nono-
cality” since, as EPR showed, if we assume QM is com-
plete we also are faced with nonlocality. But I now think
(despite the plausibility of the above reading) that Bell
intended something slightly different — in effect, the same
argument in reverse: the failure of local causality (seen as
an obvious aspect of standard quantum theory — in par-
ticular the collapse postulate, according to which the wave
function associated with a system can change due to a mea-
surement performed at a distant location) “cannot be at-
tributed to the ‘incompleteness’ of the that theory [i.e., or-
thodox quantum theory].” On this reading, Bell’s sentence
is addressed to those who casually dismiss the (allegedly
only apparent) nonlocality associated with the collapse of
the wave-function by claiming the collapse merely repre-
sents an updating of knowledge. But this casual dismissal
— according to which the same distant physical state is de-
scribed by two distinct wave functions, one pre- and one
post-collapse — represents a tacit admission that the wave
function is (or at least was) not a complete description
of the physical state of that distant system. That is, the
“epistemic” interpretation of the collapse postulate con-
cedes (unwittingly in most cases) that quantum mechanics
is incomplete. I now believe this is the argument Bell actu-

ally had in mind when writing this important sentence. Of
course, the conclusion of both readings is the same: nonlo-
cality is a feature of any world described accurately by the
quantum predictions, and not merely a feature of a world
described by hidden-variables theories. But the routes to
this conclusion are different in the two readings. The first
reading follows the logic I outline in the main text: EPR
says that Completeness — — Locality while Bell’s Theo-
rem says that Incompleteness — — Locality, so we must
conclude that Locality fails. The second reading follows a
logically equivalent but, I think, clarifyingly different struc-
ture: EPR says that Locality — — Completeness while
Bell’s theorem shows that — Completeness — - Locality
from which it follows that Locality — — Locality. This last
initially appears troubling, but it isn’t: if a certain premise
entails its own negation, that premise must be false — for
otherwise we could validly derive a contradiction. So we
can infer the same conclusion as before: — Locality. But
this second reading, while arriving at the same conclu-
sion, has a different natural “running commentary”: if you
wish to maintain consistency between QM and the prin-
ciple of local causality, you must introduce local hidden-
variables (so argued EPR); but you then ultimately find
that this project cannot succeed. You cannot reproduce all
the (emprically correct, it seems) predictions of quantum
theory with a local hidden-variables theory. The only way
to save Locality forces you into a denial of Locality (as-
suming you require agreement with the QM predictions).
That is, Locality simply cannot be saved — whether or not
one regards the QM description of reality as complete.

32 Bell, op cit, page 149



