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ABSTRACT

An attempt 1is made to formulate
more explicitly & notion of Mlocal
causality" : correlations between
physical events 1in different space-
time regions should be explicable in
terms of physical events in the over-
lap of the backward light cones. It
is shown that ordinary relativistic
quantum field theory is not lccally
causal in this sense, and cannct be

embedded in a locally causal theory.
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INTRODUCTION : THE THEQRY OF IOCAL HBEABLES

Thig is a prctenticus name for a theory which hardly exists otherwise,
but which cught to exist. The name is deliberately modelled on "the algebra
of local observables™. The terminclogy, be-able as against gbserv—able, is
net designed to frighten with metaphysic those dedicated to realphysic.
It is chosen rather to help in making explicit some nctions already implicit
in, and basic to, o¢rdinary quantum theory. For, in the words of Bohr ! ’
"it i decisive to recognize that, however far the phenomena transcend the
gcope of classical physical explanation, the account of zll evidence must
be expressed in classical terms'"., It is the ambition of the theory of local
beables to bring these "clagssical terms™ into the mathematics, and net relegate

them entirely to the surrounding talk.

The concept of Mobservable" lends itself %o very precise mathematics
when identified with "self-adjoint operator". But physically, it is a rather
wooly concept. It is not easy to identify precisely which physical processes
are to be given the status of "observations" and which are to be relegated to
the limbo between one observation and ancther. So it could be hoped that some
increase in precicion might be possible by concentration on the bheables, which
can be described in "classical terms", because they are there. The beables
must include the settings of switches and knobs on experimental equipment, the
currents in coils, and the readings of instruments. "Observables" must be made,
somehow, cut of beables. The theory of lccal beableg should contain, and give

precise physical meaning to, the algebra of local observables.

The word "beable'" will also be used here to carry another distineticon,
that familiar already in classical theory between "physical" and "non-physical®
quantities. In Maxwell's electromagnetic theory, for example, the fields E
and 1. are "physical" (beables, we will say) but the potentials 2 and o)
are "non-physical”. Because of gauge invariance the same physical situation
can be described by very different potentials. It does not matter that in
Coulomb gauge the scalar potential propagates with infinite velocity. It is

not really supposed to bhe there. It is just a mathematlical convenilence.

One of the apparcnt non—localities of quantum mechanics is the instantane-—
cun, over all opace, "collapse of the wave function'" on "measurement". But this
does not bothor us if we do not grant beable ctatus to the wave function. We
can regard i1 simply ag & convenient but incscential mathematical device for
formulating correlaticns botween experimental procedures and experimental
resulto, lew., between one zet of bheables snd anothers Then its odd behaviour
iz as acceptable ag the funny behnviour ol the sealar potential of Maxwell's

theory in Conlomb gaugce.



We will be particularly concerncd with local beables, those which (un—
like for example the total eﬁergy) can he assigned to some bounded space time
region. For example, in Maxwell's theory the beables local fto a given region
are just the fields E and ﬁg in that region, and all functionals thereof.
It i3 in terms of local beabdles that we can hope to formulate come noticn of
local causality. Of course we may be obliged to develop theories in which
there are no strictly local beables. That possibility will not be consgidered

here.

1) Local determinism

In Maxwell's theory, the fields in any space-~time region 1 are deter—
mined by thozse in any space region V,' at some time 1, which fully closes

the backward light cone of 1
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Because the region V iz limited, localized, we will gay the theory exhibits

local determinism. We would like to form some notion ol local ceausality in

thecries which are not deterministic, In which the correlationz prescribed by

the theory, for the beables, are weaker.

2} Local causality

Consider a theory in which the assignment of valuecs to somc beables A

implies, not necessarily a partlicular value, but a probabillity distribution, for

another beable A, Let
{A ] A]

denote the probability cof a particular value A glven particular values A,
Let A be localized in a space-time region 1. Let B be a second beable

ioecalirzed 1in a second region 2 gseparated from 71 in a spacelike way
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Now my intuitive nelior of local causality is that events in 2 should not

be "counea™

of events in 1, and vice versa. But this does not mean that the
two cets of cvents chould br uncorrclated, for they could have common causes
in the overlap of tholr backward light cones. It is perfectly intelligible
thon that 4T A Jo (1) does rot contain a complete record of events in'that
cverlap, it can be ugelully supplemented by Information from region 2. So

in general it io cxpected that

balna, et = {alnA] (1)

However, in the purticular case that A contains already a complete specifi-
cation of beablcs 1ln the overlap of the two light cones, supplementary inform-
ation from region » could reasonably boe expected to be redundant. So, with

some change ol notation, we formulate locel causality as follows.

Let N denots a specification of all the beables, of some theory,
belonging %o lhe overlap of the baclkward light concs of spmcelike separated
regions 1 and 2. Dot A be a opecification of some beables from the
remainder of the backward light cone of 1, and B of some beables in the

v

region 2. Then in n loeally causal theory

LA~ N, 8] Al AN (2)

whenever both probabilitics are rsiven by Lho theory.

+

%) Quantum mochurnics iz not locally caucal

Ordinary guanbun mechinics, oven the relativistic quantum field theory,
iz not loeally caucel in the sonse of {2). Suppose, for example, we have a
radioactive nucleus which can wmit o single o particle, surrounded at a
conciderable dictance by o particle counters. 8o long as 1t is not specified

that some giher counter regictors, there 1o a chance for a particular counter
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that it registers. But if it is specified that some other counter does register,
even in a region of space~time outside the relevant backward light cone, the
chance that the given counter registers is zero. We simply do not have {2).
Could it be that here we have an incomplete specification of the beables N 7
Not so long as we stick to the list of beables recognized in ordinary guantum
mechanics = the settings of switches and knobs and currents needed tc prepare

the initial unstable nucleus. For these are completely summarized, in so far

as they are relevant for predicticns about counter registering, in sc Tar as

such predictions are possible in quantum mechanics, by the wave function.

But could it not be that quantum mechanics is a fragment of a more
comple%e thecry, in which there are other ways of using the given beables, or
in which there are additional beables = hitherto "hidden" beatles 7 And could
it not be that this more complete theofy has local causality ? Quanium mechani-
cal predictions would then apply not to given values of all the beables, but to
some probability distribution over them, in which the beables recegnized as
relevant by quantum mechanics are held fixed. We will investigate thic questiorn,

and answer it in the negative.

) TLocslity imequality 2)-25)

Congider a pair of beables A and B, belonging respectively to regions
1 and 2 with spacelike separation, which happen by definition to have the

property

Al < 131 < 9 (3)

Consider the situation in which beables A, M, N are specified, where N ic
a complete specification of the beables in the overlap of the light cecnes, and

A and M Tbelong respectively to the remainders of the two light cones

< N
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Consider the joint probability distribution
[ A B A, M, N (4)
By & standard rule of probability, it is equal to
FALTA, M NGB IR A M, NY (5)
which, by (2), is the same as
IAVANHEB M, N (6)

This says simply that correlations between A and B can arise only because

of common causes N.

Consider now the expectation value of the product AB

b (A, M, N) = 25 ARLAIANHBIM, N (g

AR

(where the summation stands also, if necessary, for integration)

= A(AN) B(M,N) (8)

where & and B are functions of the variables indicated, and

A} < 1Bl < (9)

for all values of the arguments, ILet A' and M' be alternative specifica=-

tions, of the same regions, to A and M.

POALM Y L Loy o UGN BOMG 2 MY N))

BN, MN) £ p(ALHMLN) = AN Brm = Bm,N] 0

whence, using (9),

(P(AMN) £ b(A M N € [ BN T BOMIN)
(11)
I B(MN) = B(m, N

/N

‘ pA,MN)x p(A, Nl: N)l



o that finally, again invoking {9),

| p(AM N = pUA MON)) ¢ | BN 7 (N, 0] € 2 (12)

Suppocce now the specificutions A, M, N
ANz (e,
Mo (b, M)
N = (¢, vVv)

whore we arc parlicularly intercsted in the dependence on
A

iere cach glven in two parts

ay, by c, while
s Ky My are averaged over some probability distributions — which mey depond

on A, by, co In the comparison with quantum mechanics. we will think of a
b ? 5 b J

s ®3 variables which specifly the cxperimental set—up in the nonse of quarntum
mechonles, while A, p, v, are

by, ©

In that ccnoe cither hidden or irrelevant.
Dol ine

Pt = Rl G en)

whore the bar denotes the averaglng over (R,u,v) juct described. fow applying

asain the lecality hypothooio (3), the distribution of A  ang
dependent of b, u =

VoMot be dn=

the latter being outside the relovant backwsrd light cones,

Co

iPlab,)x Pla, v )< | P a6 m), ) e i:(m,?\),l(L'“,ﬂu'),!‘C.,L)"):)'
J (14)

— beeause the mod of the average is less than the average of the mod. In the

A wWaRy

iPlae, g Pla, e, )| < ]P((a',A"i,(b,m,((,v'));b((a'.,)\'),(s’,u'),(&,vj)\
(15)

Pinally then, Trom (14), (75) and (12),

|P(ay,) = Plan O + [Pl b,0) = P, L0 C 2 09



5)  Quantum mechanics

Quantum mechanics, however, gives certain correlaticns which do not

gatigfy the leocality inegquality (16).

Suppocc, for example, a neutral pion ig produced, by some experimental
device, in some small space=time region 3. It guickly decays into a palr of
photonz. Suppese we have photon counters in space-~time regions 1 and 2
50 located with respect to 3 that when one photon falls on 1, the second
falls (or nearly always does) on 2., If the n is at rect the counters rugh
be equally far away in opposite directions and their sensitive times appropria—
tely delayed. OF course, both photons will often miss both counters. Suppose
Tinally that both counters are behind filters which pass only photons with
specified linear polarimation, say at angles € and @ respectively to come

plane containing the sxis joining the two counters.

Let us calculate according to guantum mechanics the probability of the
varicus possible responses of the counters. IT 8> denotes a photon linearly
polarized at an angle &, then for the photons going towards tho counters the

combined spin state is
[s) = _rif,°>|“/l> i RUAVIE (17)

where first and second kets in each term refer fto the photons going towards
regions 1 and 2, respectively. This form is dictated by conciderations of
parity and angular momentum. The probability that such photons pass the filters

is then proportional <o

C A
Li<eloy<almdy - <elmyeloy]
= ';‘,_-\w-;@ A - A G uam{«\z (183)
st
The corresponding Tactor for photon 1 o pass and photon 2 not is

Z
£ <ol T[Ty ~ @ TWE T |
(19)
= é | LJB(G~¢)‘“
and so on. The probabilities for the varicus possible counting configurations

are then
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2
S (4, g = x;%—ﬁ]o-w(e—dﬂ\
S {yw, o) = % -‘,:' Cov (9-:@)\"
Q (wo,yn) = X2 3| con(o-d)|” (20)
§ (WO; wo) = X:% Ji‘ W(9—¢3\1+X(1- %‘)-{-({——X)

where x

0

is the probability that the n° production mechanism actually works,

the (small) sclid angle subtended by each counter at the production peint,

and no allowance has been made for bad timing, bad placing, or inefficient
counting.

Now let us count A=2*1 for (yes/nc) at’ 1 and B=+1

Then the quantum mechanical mean value of the product is

P8, &)

for {yes/no)
at 2.

i

% [, p0) + € (e, me) - (oo e) = G0, 0)

| - = (0~ m:’.(e-q;)) (21)
Pe.4) = Plo.4)| + Ple'd) + Plotd) ~ 2 =

XS

MT{\ o2 2(6-¢) - cma(e-¢~)l._ o 2(6-4)— mz(e’-q*) _ 2} (22)

The right~hand gide of this expression is sometimes positive.

Take in part—
jicular

4= 3 07 % (2

{1 Sk rhoh-2=e@) @
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But if guantum mechanics were embeddable in a locally causal theory (16)
would apply, with a-—8, b—@, and ¢ the implicit specification of the
producticn mechanism, held fixed in (22), The right=hand side of (22) should
then be ngegative. Sc quanium mechanics is not embeddable in a locally causal

.theory as formulated above.

6) Experiments

These considerations have inspired a number of experiments. The
accuracy of quantum mechanics on the atomic scale makes it hard 1o believe
that it could be sericusly wrong on that scale in some hitherto undiscovered
way. The ground state of the helium atom, for example, is just the kind of
correlated wave function which is embarrassing, and its energy comes out right
to very high accuragy. But perhaps it is sensible to verify that these curious

correlations persist over macroscopic distances.

Experiments so far performed do not at all approach the ideal in which
the settings of the instruments are determined only while the particles are
in flight. When they are decided in advance, in space ftime reglons projecting
into the overlap of the backward light cones, {16) does not Follow from (12).
For it was supposed in (12) that the complete specification n of the overlap
is the same for the various cases compared. So one can imagine a theory which
is locally caugal in our sense buit still manages to agree with quantum mechanics
for static intruments. But it wouwld have to contain a very clever mechanism by
which the result registered by one instrument depends, after a suitable time
lapse, on the setting of an arbitrarily distant instrument. So static expe-

riments are also quite interesting.

Practical experiments are far removed from the ideal in other directions
alsc. Geometrical and other inefficiencies lead to counters registering (no,no)
with cverwhelming probability, (yes,yes) very seldom, and (yes,no) and (no,yes)
with probabilities only weakly dependent on the settings of the instruments.
Then frea (21)

Po= - e

with e2 weakly dependent on the variables, so that (16) is trivially satisfied.
The authors in gensral make some more or less ad hoe extrapolation to connect

the resulis of the practical with the result of the idesal experiment. It is in
this sense that the entirely unauthorized "Bell's limit" sometimes plotted

along with experimental points has to be understood. But such exXperiments

also are of wvery high interest. For if quantum mechanies is to fail somewhere,
and in the absence of a2 monstrous conspiracy, this should show up at some point

on this side of the ideal gedanken experiment.
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26),27),,28)

Séveral of these experiments show impressive agreerment with

quantwn mechanics, and exclude deviations as large as might be suggested by

the locality inequality. Another experiment 29), very similar to one ol those

25}

quoted s 18 cald to be in agreement with it and yet in dramatic disogreement

with quantum mechanics | And ancther experiment 30)

dicagree significantly
with the quantum predictlion. OFf course any such disagreement, if confirmed,
ig of the utmost imporitance, and that independently of the kind of conside-

ration we have heen making here.

7) Messages

Suppose that we are finally obliged tc accept the existence of these
correlations at long range, and the gross non—locality of nslure in the sense
o this analysis. Can we then signal faster than light ? To anower this we
need at least a schematic thecry of what We can do, a fragment of a theory
of human beings. Suppese we can control variables like a and b above,
but not those like A and B. T do not quite know what "like" means here,
but suppose that beables somehow Tall into two classes, "contrellables" ang
"uncontrollables”. The latter are no use for sending signals, but can be
used for recepftion. Suppose that to A corresponds a quantum mechanical

"observable", an operator (f . Then if
SC /sb o
we could sgignal between the correcponding space time regions, using a change

in B %o induce a change in the expectation value of (L or of scme furiction

of A .

Suppose next that what we do when we charnge b is 1o change the gquantum

mechanical Hamiltonian jﬂ, (say by changing some extermal field), so that
slae H = B sb

¥ . .
where ﬂ?\ is again an "cbservable" (
1

3

i.e., an operator) localized in the region
given reference system region (2) i entirely later in time than region (1)
S®/sb = o

while if the reverse iz true

S [ 66 = [Gl., —(’i/*ﬂ')ﬂ]

2 of b. Then it iz an exercise In guantum mechanics 4o show that 17 in a



- 11 -

which is again zero (for spacelike separation) in gquantum field theory by the

usual local commutativity condition.

So if the ordinary quanium field theory is embedded in this way in a
theory of beables, it implies that faster than light signalling is not possible.

In this human sense relativistic quantum mechanies ig locally causal.

8) Regervations and ascknowledgements

0f course the assumptions leading to {16} can be challenged. Egquation
(22) may not embody yeour idea of local causality. You may feel that only the
"human" version of the last section i1s sensible and may see some way to make

1t more precisc.

The space time structure has been taken as given here. How then about

gravitation 7

It has been assumed that the settings of instruments are in some sense
free variables — say at the whim of experimenters — or in any case not deter-
mined in the overlap of the backward light cones. Indeed without such freedom
I would not know how to formulate any idea of local causality, even the modest

human one.

This paper has been an attempt to be rather explicit and general about
the notion of loeality, aleng lines only hinted at in previous publications
[ﬁefs. 2), 4), 10}, 19i]. Ap regards the literature on the subject, I am part-
icuiarly conscious of having profited from the paper of Clauser, Horne, lHolt
and Shimony 3), which gave the prototype of (16), and from that of Clauser
and Horne 16). As well as = general analysis of the topic this last paper
contains a valuable discussion of how best to apply the inequality in practice;
I am indebted to it in particular for the point that in two-body decays {as
compared with three—) the basic geometrical inefficiencies enter in (22) in a
relatively harmless way. I have also profited from many discussions of the

whole subject with Prolesscor B, d'Espagnat.
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