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INTRODUCTION : THE THEQRY OF TOCAL TBEABLES

This is a pretentious rname for a theory which hardly exists otherwise,
but which ought to exist. The name is delibsrately modelled on "the algebra
ol logal observables”. The terminology, be-able as against gbserveable, is
net degigned to frighten with metaphysic those dedicated to realphysic.
It is chosen rather to help in making explicit some notlons already implicilt
in, and basic to, ordinary quantum theory. For, in the words of Bohr 1),
"it is decisive to recognize that, however far the phenomena transcend the
gcope of classical physical explanation, the account of all evidence must
be expressed in classical terms™., It is the ambition of the theory of local
beables to bring these M"elassical terms™ Into the mathematics, and net relegate

them entirely to the surrcunding talk.

The concept of "observable" lends itself to 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 3o be relegated to
the limbo between one observation and another. So it could be hoped that some
increase in precision 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 colls, and the readings of instruments, "Observables" must be made,
somehow, cut of beables. The theory of lccal beables should contain, and give

precise physical meaning to, the algebra of local observables.

The word "beable" will also be used here to carry another distinction,
that familiar already in classical theory between "physical™ and "non-physical™
quantities. In Maxwell's electromagnetic theory, for example, the fields E
and I are "physical™ (beables, we will say) but the potentials 2 and o}
are "non-physical”. Because of gauge invariance the same physical situaticn
can be described by very different potentials. It does net matter that in
Coulomh gauge the scalar potential propasgates with infinite veleeity. It is

not really supposed to be there. It is just a mathematlical convenience.

One of the apparcnt non—localitlies of quantum mechanics is the instantane—
oun, over all cpace, "collapse of the wave funection” on "measuremeni™. But this
does not bother us 1 we do not grant beable status to the wave function. We
can regard il simply as a convenient but incscential mathematical device for
Tormulating correlations bhotween experimental procedures and experimental
resulto, lec., between orne cet ol beablen and another. Then its odd behaviour
iz as nccoptable ag the Dunny behaviour of the sealar petential of Maxwell's

theory in Coulomb gaugue.



We will be particularly concerncd with logal beables, those which (un—
like for example the total energy) can be assigned to somz bounded space time
region. For example, in Maxwell's thecory the beables local to a given region
are just the fields ¥ and ﬁg in that region, and all functionals thereof.
It is in terms of local beables that we can hope to formulate some notion of
local causality. Of course we may be obliged to develop theories in which
there are no strictly local beables. That possibllity will not be considered

here.

1) Local determinism

In Maxwell's theory, the fields in any zpace~time region 1 are deter—
mined by thoge in any apace vegion V, at some time +, which fully closes
the backward light cone of 1 :

Vv

‘-_-_“—-_1_

Because the region V is limited, localized, we will say the theory cexhibits

local determinisme We would like to form some notion of local causality in

theories which are not deterministic, in which the correlationsz prescribed by

the theory, for the heables, arc weaker.

2} Logal causality

Congider a theory in which the assignment of values to some beables A

implies, not necessarily & particular value, but a probabllity distribution, for

another beable A, Let
{A] Al

denote the probability of a particular value A gilven particular values A,
Let A be localized in a space-time region 1, Let B be & second beable

localized in a second region 2 geparated from 1  in a spacelike way



o

e L
Now my intuitive nolior of local caugwlity iz that events in 2 should not
be "causes" of cvents in 1, and vice versa. But this does not mean that the
two sets of cvents zhould be urcorrelated, for they could have common causes
in the overlap of thoir backward light cones. It 1o perfectly intelligible
thon that it A io (1) does rot cortamin a complete record of events in that
overlap, 1t can be ugelully supplemented by information from region 2. So

in general it ic ocxpected that

Laln, et = {aln] )

However, in the partlcular case that A contains already a complete specifi-
cation of beahlcs in the overlap of the two light cones, gupplementary inform—
ation from rcglon 2 could reacorably bo expected to be redundant. So, with

some change of notation, we Yormulate local causality as follows.

Let M denote a specification of all the beables, of zome theory,
belonging to the overlap ol the backward light cones of spucelike separated
regiony 1 and 2. Lhet A be n oopecification of some heables from the
remainder of thoe bhackward light conc off 1, and B of some beablez in the

region 2. Then in o lgewlly cuaunal theory

I

LALA, N, BY AT AN (2)

whenever both prebabilitics aro siven by thoe theory.

3) Quantum mechunics s not locenlly caugal

Ordinary guantun mechanicn, oven the relativistic guantum field theory,
is not loecally caucsl in the sonoe of (2). Suppose, for example, we have a
radioactive nuclenus which can cnit a usingle @ particle, surrounded at a
conciderable dictance by o particle counters. So long zs it is not specified

thit some giher counter regictors, there ic o 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 1o prepare

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

as they are relevant for predictions aboul counter registering, in sc far as

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

But could it not be that guantum mechanics is a fragment of a more
comple%e theory, in which there are other ways of using the given beables, or
in which there are additional beables = hitherto "hidden" beables 7 And could
it not be that this more complete theofy has local causality ? Quantum 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 recognized as
relevant by quantum mechanics are held fixed. We will investigate this question,

and answer it in the negative.

2)-25)

4) Locality ineguality

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

property
Al S 131 < 9 (3)

Consider the situation in which beables A, M, N are specified, where N 1o
a complete specification of the beables in the overlap of the light cones, and

A and M belong respectively to the remainders of the two light cones
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Consider the joint probability distribution
[ AL B A, M, NG ()
By a standard rule of probability, it is equal to
FALA, MmN BYIB A M, NY (5)
which, by (2), is the same as
AV A, NHB 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) = % ABYAIANIRIM N ()

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

= A(AN) BIM,N) (8)

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

A1 < IB1 < (9)

for all values of the arguments, Tet A' and M' be alternative specifica=—

tions, of the same regions, tc¢ A and M.

POAM, 1Y = Loy, 0 AU, N B O s DM, N )
N MY £ b (AL MON) = AN BCum = Bimym)

whence, using (97,

|P(AMN) 2 bA M N € [ BMN) & BN
(11)
| B(H,N) = B, N

/4N

| b (~,MN) 2 (A, M 0]



o that Tianally, again invoking (9),

[p(AM N = pUA, MO 4 [P RN, MO S 20 (o)

Suppoce now the specifications A, M, N arc cach glven In two parto
Az (a, )
Moo= (b, M)
;= (c, v
NOE (&,
whore we are partlcularly intercsted in the dependence on a, b, ¢, while
Ay n, v, are averagced over somc probability distributions — which may depernd
0n Ay, by ce  In the comparisen with quantum mechanies, we will think of a,
hy ¢, a3 variables which specifly the crperimental set~up In the sonse of guantum

mechanies, while A, u, v, are in that scnoe cither hidden or irrelevant.
Darline

Plu, s, <) = ,3((Q}A1,(b.,u)i(c,v)) (15)

whore the bar denotes the averaging over (k,u,v) junct described. fow applying
again the lecality hypothecic (3), the distribution of X and v mist be drn-

dependent of b, uw =  the latter being outside the relovant backwapd Light cones,

oo

(P at,)z Pla,u e)] < | b (ca,n), (0, M), (£,0)) = P(QJ>*37(L')U'),E-’C,'V)‘)“
(14)

— because the mod of the average is locs than the average of tho mode In the
DOMGC WAY

iPlae. g Pla e, o) < [ pCln), (b, mY, (e, )5 Pl ), (6, w), (<))
(15)

Finnlly then, from (14), (15) and (12),

[Pla,) s Plan, )+ [P(a)1,0) = P(e o] g 2 9



5) Quantun mechanics

Quantum mechanics, however, gives certain correlations which do ot

gsatisfy the locality inequality (76).

Suppose, for example, a neutral pilon i produced, by some experimental
device, in some small space-time region 3., It gquickly decays into a palr of
photonz. Suppose we have photon counters in space~time regicnsz 1 and 2
80 located with respect to 3 +that when one photon falls cn 1, the second
falls {or nearly always does) on 2. If the ﬂo is at regt the counters mugth
be equally far away in opposite directions and their sensitive times appropris—
tely delayed. OFf course, both photons will often miss both counters. Supposs
Tinally that both counters are behind filters which pass only photons with
specified linear polarization, say at angles & and # respectively to come

plane containing the axis joining the two counters.

Let us calculate according to guantum mechanics the probability of the
various possible responses of the counters. IT ]Q> denotes a2 photon linearly
polarized at an angle &, then for the photons going towards the counters the

combined spin state is
s> = TVl - Fivdl o (17)

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

is then proportional to

4
Ll<eloy <almy - <elmd<el o>
= -;‘,_-\c,a—;@ f.uMq; - A unq,\L (18)
. . .
= & | eme-d |
The corresponding factor for photon 1 +to pasgs and photon 2 not is

2
£ <ol B[S ~ @EYEeT|od |
(19)
= % l LJ$(G~4)\“
and so on. The probabilities for the variocus possible counting configuraticns

are then



{
®
1

A
gy g} = S 3 | oim 04 |
S (g, wo)y = EE L con (o-d)|”
Q(no,(ﬂm)z %Jil m(e_“‘-z (20)
g (o) w) = X240 i) e x (1= &)+ ()

where x 1s the probability that the n°

production mechanism actually works,
9!

the (small) solid angle subtended by sach counter at the production point,

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

Now let us count A=%1 for (yes/no) at 1 and B=+1

at 2. Then the quantum mechanical mean value of the preoduct is

P (0, &)

for {yes/no)

Q o, ) + €, ) =% (i0,m0) = S (ko per)
| - = (v mz(9-¢)) (21)

50 that

Pe.¢) ~ Ple.4)| + P(e'4) + Plo"d) — 2 =

E__g__:{ ‘ o2 (o-4) - (“”‘Q((}_q")l_ 2 (o4}~ cmz(ef_cm - 2_} (22)

The right~hand side of this expressiocn is sometimes positive.

Take in part-—
icular

I 3
— -2 = - 2= 2 _
T T S S v (23)

Eols Rk orhohoz s
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But if guantum mechanics were embeddable in a locally causal theoxy (16)
would apply, with a-—#@, b—@, and ¢ the implicit specification of the
producticn mechanism, held fixed in (22), The right=hand side of (22) should
then be negative. So quantum 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 guantum mechanics con the atomic scale makes it hard ftc 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 accuracy. But perhsps 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 thesy are decided in advance, in space time regions 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
ig the same for the various cases compared. So one can imagine a theory which
ig locally causal in our sense but still manages to agree with quantum mechanics
for static intruments. But it would have to contain a very clever mechanism by
which the result registered by one instrument depends, after a suitfable time
lapse, on the setting of an arbitrarily distan? 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 countérs registering (no,no)
with overwhelming probability, (yes,yes) very seldom, and (yes,no) and (no,yes)
with probabilities only weakly dependent on the settings of the instruments.
Then fre: (271)

Po= - e

with 32 weakly dependent on the variables, so that (16} is trivially satisfied.
The authors in general make some more or less ad hoc extrapolation to connect

the results of the practical with the result of the ideal 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 experiments

also are of very high interest. For if quentum mechanics is tc fail somewhere,
and in the absence of a monstrous conspiracy, this should show up a2t scme point

on this side of the ideal gedanken experiment.
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. ) 261,27 ),78 .
Several of these experiments 6j’4()’/€) show impresrive agreement with
quantum mechanics, and exclude deviations ag large as might be suggested by

the 1ocal%ty inequality. Another experiment 29), very similzsr to once ol those

26 )

quoted » 18 sald o he in agreement with it ard yet in dramatic dicogreement

with quantum mechanics | And another experiment JO)

disagree signiflcantly
with the gquantum prediction. OFf course any such disagreement, if confirmed,
is of the utmost importance, and that independently of the kind of conside-—

ration we have heen making here.

7) Megsazes

Suppose that we are finally obliged tc accept the existence of these
correlations at long range, and the gross non—locality of nalure in the sense
o' this anslysis. Can we then signal Taster than light ¥ To arnswer this we
need at least a schematic theory of what we can do, a fragment of a theory
0T human beings. Supposc we can control variables like a and b abova,
but not those like A and B. I do not quite know what "lilke" means here,
bt suppose that beables somchow Tall into two classes, "controllablss™ and
"uncontrollables"., The latter are no use for sending signals, but can be
used for reception. Suppoze that to A corresponds a guantum mechanical

"observable", an operator (@ . Then if
s feb F o

we could gignal bestween the corresponding space time regicns, using a change
in b 4o induce a change in the expectation value of (L or of some function

of Cn .

Suppose nexl that what we do whern we change b 1z to change the quantum

mechanical Hamiltonian i£ (say by changing some extermal field), o that
slae H = B sb

¥ . . . . . .
whe re g?\ is again an "observable" (i.e., an operator) localized in the region

=z
ce . 1) . .
2 of b. Then it is an exercise ) in quantum mcchanics to show that il in o

given reference system region (2) is entirely later in time than region (1)

S@/s5b = o

while if the reverse iz true

s /se = [@, -0/0) 5]
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which is again zero {for spacelike separation) in guantum field theory by the

usnal local commutativity condition.

So if the ordinary guantum field thecry 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 mechanics ig locally causal.

8) Regervations and acknowledgements

0f course the assumptions leading to (16) can be challenged. Eguatiocn
(22) may not embody your idea of local causality. You may feel that only the
"muman" versicn of the last section is sensible and may see some way to make

1t more prascisec.

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

gravitation 7

I+t has been assumed that the settings of instruments are 1in some seéense
free variables — say at the whim of experimenters — or in any case nct 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, along lines only hinted at in previous publications
[ﬁefs. 2), 4), 10), 195]. Ap regards the literature on the subject, I am part-
icularly conscious of having profited from the paper of Clauser, Horne, Holt
and Shimony 3), which gave the prototype of (16), and from that of Clauser
and Horne 16). As well as a general analysis of the topic this last paper
contains a valuable discussion of how best to apply the inequality in practice;
I am indebted toc it in particular for the peocint 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

whols subject with Proiessor B. d!'Espagnat.
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