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INTRODUCTION THE THEORY OF LOCAL BEADLES 

This i:::; a pretentious name for a theory which hardly exists otherwise, 

but which ought to exist. The name is deliberately modelled on 11 the algebra 

of local observables"o The terminology, be-able as against observ-able, is 

not designed to frighten with metaphysic those dedicated to realphysic. 

It is chosen rather to help in making explicit some notions already implicit 

in, and basic to, ordinary quantum theory. For, in the words of Bohr 
1
), 

"it is decisiv8 to recognize that, howevei· far the phenomena transcend the 

scope of classical physical explanation., the account of all evidence must 

be expressed in classical tcrms 11
• It is tho ambition of the theory of local 

be8.blcs to bring these 1'clas:::;ical terms 11 into the mathematics, and not relegate 

them entirely to the :;urrounding talk. 

The concept of "observable" lends itself to very precise mathematics 

when identified with "self-adjoint operator"o But physically, it is a rather 

wooly concepto 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 another" So it could be hoped that some 

increase in precision mieht be pocGible by concentration on the ::>eables, which 

can be described in "classical terms", because they are there" The beables 

must include the sctt ings of switches and knobs on experimental eq:J j_pment, the 

currents in coils, and the readings of instru.mentso "Observables" must be made, 

somehow, out of beables~ The theory of local beables should conta:i.n, and give 

preci::JG 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" 
~ 

quanti tie so In Maxwell 1 s electromagnetic theory, for example, the fields E 

and H ar8 11 physical"' (beahles, wG will say) but the potentials A and ¢ 

arG "non-physical". Beeause of gauge invariance the same physical situation 

can be clescri bGcl by VGry d:i ffcrent potentials. It docs not matter that in 

Coulomb gau~e the ocalar potential propagates with infinite velocity" It is 

not rGally supposed to be there~ It is just a mathematical convenience. 

OnG of tbr; apparent non-localities of quantum mechanics is the instantane­

our:, over all ~:p~~c, ''collapse of the wave function'' on ''measurement''. But this 

docs not bother ll~J if we do not grant bcablc :::;ta.tus to the wave function., We 

can regard it simply a::; a convenient but inascential mathematical device for 

formulating correl;·J.t.i on~~ bct"~>"mcn cxpcrjmcnt.'J.l procedure:'> and exf")crimental 

rcsultr:, i.gc., bctwer!ri or1a ::;at of tJcalJlu~; ar1ci another. Then ito odd behaviour 

l.s ao ~J..cccptr.!.blc ac th': l_'ll_nny br:hnviour oC ·uv:: ccalar potcnUal of Maxwell' 3 
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We will be particularly concerned with local bcables, thocc which (un­

like for example thr:: total energy) can be assigned to som~ bounded space time 

region. For example, in Maxwell's theory the bcablec local to a given region 

are just th8 fields E ancl TI9 in that region, and all functlonals thereof. 

It is in terms of local beablcs that we can hope to formulate come notion of' 

local causality. Of course we may be oblir.;ed to develop theories in -Nhich 

there are no strictly local bcable:=;. That po::;sl bili ty will not be considered 

he reo 

1) Local determinism 

In Maxwell's theory, the fields in any space-time region are deter-

mined by thoze in any :Jpace rc;r:ion V, at come time t, which fully closes 

the backward light cone of 

t 
X 

1 : 

- t L_ ______ .:__---=-------------

Becauce the region V j_:J limited, localized, we will say the theory exhibit;:; 

local determinisrno We WOl)lC_ 1 i.ke to form some notion of local causality in 

theories which are not detenninlr3tic, ln which the correlations prescribed by 

the theory, for the beahle.s, are weaker. 

2) Local causality 

Consider a theory ln which thr; aosignmcmt of values to some beables I\ 

iinplies, not necessarily a particular value, hut a probability distribution, for 

another beable A. Let 

denote the probability of_· a particular value A given particular valueG A. 

Let A be localized in a space-time rcr:ion 1. Let B be a cecond beable 

localized in a second region 2 separated from Ln a spacellkc way 
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Now :ny in·Lui ti.vc: not ior~ or local cau::ality i!:::: that events in 2 should not 

be "c~luscr.;" of event~; in 1, :.:tnd vi_cc ver::;a. l~ut this does not mean that the 

tvro :::;cts of cvc~nt:::; ~~ho1.<lrl br; unc:orrclatcd, for they could have corrunon causes 

in the overlap of tlwir backward liP,ht conc_s., It ic pc,rfectly intelligible 

th(;n trn.t i-r 1\ jn (1) docs r:ot r:ontriin a complete record of events in that 

overlap, it cG.n be 1)~;efully c;upplcrncntcd by i.nf'ormation from region 2. So 

in ecncral Lt l~; r;xpr:cterl that 

( 1 ) 

Ilowcvcr, _Lrt trw p:.tt't i__c\J_LJ.r c::1:~c:; that A contains already a complete specifi­

cation of hca-blr;s Ln the overlap of.' the tv10 light cones, supplementary inform-

ntion fro;n rcrrion ? C011lrJ rea;;orPthL,y be r;xrccted to be: redundant., 

:;orne r;h~-mp;c oi' not:1tion, we i'orm11lo:te local causality as follows. 

So, with 

Let t1 denotr~ :::1 ::.recii'ic~.d;Lon of all trw bcablcc, of :::;orne theory, 

b"Clonging to the ovcr1ap of the b:::tckward light conec of ~-;p::o.cel:Lkc ::;eparated 

ree:Lon~; and T1ot 1\ be rJ. r;pcci.f.i.cClt ion of some bcables from the 

remainder of the b:H;kwnrd l ir;ht cone o C 1, and B of some beables in the 

Then ir1 :1 locally C8l)r;al thoorv 

( 2) 

whenever both probr:.b i_lt'L i.r;s rtrc ;:i.vcn by 'Lh1) theory. 

3) Quantwn moch:J.rt.i.c; i ~~ not locully cau::.;al 

Ordinary qurwtiJHI mcc!l.,.nic~·;, r;ven thr] relativi3tic quantum field theory, 

Suppose, for example, we have a 

radioactjvc nucl8u:; vihi_c:h c:at ur:1it a :;.Lnclc a partj_cle, surrounded at a 

con::::j_clnrro.ble dir;t:-;.nr;e by a part.ir~lc counters. So lon~ a:::; it is not specified 

th~.Lt somr~ Qtlwr counter' rct~i~;tcr~:, there Lc: 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 ? 

Not so long as we stick to the list of beables recognized in ordinary quantum 

mechanics- the settings of switches and knobs and currents needed to prepare 

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

as they are relevant for predictions about counter registering, in so far 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 

complete theory, in which there are other ways of using the given beables, or 

in which there are additional beables- hitherto "hidden" beables ? And could 

it not be that this more complete theory has local causality? Quantum mechani­

cal predictions would then apply not to given values of all the bcables, but to 

some probability distribution over them, in which the beables recognized as 

relevant by quantum mechanics are held fixed. We w:lll :Lnvest.igatG thi::; rp;esti..on, 

and answer it in the negative. 

4) Locality inequality 2 l- 25) 

Consider 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 

lA I s ' IG I (3) 

Consider the situation in which beables A, M, N are specified, where N i:=: 

a complete specification of the beables :Ln the overlap of the light cones, and 

f.. and M belong respectively to the remainders of the two light cones 
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Consider the joint probability distribution 

(4) 

By a standard rule of probability, it is equal to 

{ A I 1\, 1'1' N, \3.\1 B l 1\ ~ M, N 1 ( 5) 

which, by ( 2), is the same as 

( 6) 

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

of common causes No 

Consider now the expectation value of the product AB 

(7) 

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

= A (A, N) 6(M,N) ( 8) 

where A and ] are functions of the variables indicated, and 

\A I I fs I ( 9) 

for all values of the argumentso Let A1 and M1 be alternative specifica­

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

- f ' •. ') .. "} p(A,I'1,ri) 

p( A', M, I'J) T p (i\1
, M

1
, N) = 

whence, using (9), 

l~=>(A,M,N) :t H/I,M 1,N)\ ~ 

I p(i\')1'1,N) :i \J(/1,') 1'11, N)l ~ 

;~ (;\,N)L 8 (M,r 'C.. i~ (.M', I'JTI 
A ( /1',/'J) L B ( H,N) I B (M', N)] 

I B lM,N) .... B (M',N)j 

l B(M,N) ± B(M',N)\ 

( 10) 

( 11 ) 
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::-;o that finally, ar~ain invok_i_nr: ( r)), 

Suppoc;c now t.rw :;pccLficationc; 11, M, N an: r;r:J.cb ~~jvcn .in two pnrt:; 

1\ - ( (A, .A) 

1'1 "' ( b, M) 

1\J - ( c_ ' v) 
where we arc part:Lculn.rly j_ntcrcctcd in the: dcpcnrJcncc on a, h, c, while 

A' ~'' 
on n, 

h, c' 

v' 

b, 

as 

arc averaged ovr:;r some probab:Ll i.ty d.i_:-:;tr-i_hut-Lon;; - which may dcpcnr] 

c. In the coJnprJ.r_i.:;on ·.r.rith quantum mcckmic::;, we w:i 11 think of a, 

vr.J.rlablc.=; whic_fJ ~;pcc:-iJ'y the (;zpcrimcnt:1l ~;ct-up ir~ thr; :;unsc o:C quantum 

mcchanlcG, while A,~, v, [lrc in that con~e either hidden or i.rrclcvant. 

Dr;J':i.nc 

( 13) 

whc::rc thr; bar dcnotec the uvera~inr~ over (A ,fl. ,v) ju~t de.scri. bed. Now applyinr~ 

;::tl:ain th(; localLty hypothcc:i_~; (3), the dj_ctribution or A and v muut be i.r1-

thr: Juttcn· b~inrr, out::;:i.de the· relevant b8..ckwrtrd l i {:';ht co neG. 

Pcco.,,l),(b, ,u) ,(I:, vl) 1: p(tv,A ),,(~', u·), I .c, v))) 
( 14) 

- bcc~:J.UGc the mod or tbr~ avcrar:;e if] lccc than thr; average oJ." the; mode. In the 

jP(o.',t>,c) -t p(u',b', c:)l S. i p((u',;..'i,(!,,u),(c,vl)+f")((<>',,l\'),(b',u.'),(iC,v))\ 

( 1 5 ) 
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J) Quantum mechanics 

Quantum mechanics, however, gives certain correlations which do not 

satisfy the locality inequality (16). 

Suppo0c, for example, a neutral pion is produced, by some experimental 

device, in some small space-time region 3" It quickly decays into a pair or 
photons. Suppose we have photon counters in space-time regtons and 2 

so located with respect 

falls (or nearly always 

to 3 

does) 

that when one photon falls on 1, the second 

on 2c If tho 0 
TT is at rest the counter~:: r:1u:::;t 

be equally far away in opposite directions and their sensitive time::; appropria­

tely delayed. Of course, both photons will often miss both counters" SuppoGe 

finally that both counters are behind filters which pass only photons with 

specified linear polarization, say at angles Q and ¢ respectively to ::::omr; 

plr.~.nc containing the axis joininp; the two counters. 

Let us calculate according to quantum mechanics the probabj_li ty of the~ 

vari.ous possible responses of the counters., If )G> denotes a photon linearly 

polarized at an angle G, then for the photons goinp; towards the count8r~3 the 

combined spin state is 

Is/= (17) 

whero first and second kets in each term refer to the photon~> goine- towards 

rep, ions and 2, respectively. ThL:; form is dictated by con::::iderations or 

parity r1nd angular momentum. The probability that such photon.s pass the filter::; 

ic: then proportional to 

~ 1 '(_a/ o) <4' 1 ~~~~ <e I rr;,_)(t \ o) I 2. 

..1.. 
\ ~"' ~ <\> fUM & C-o->t I l. = 2 

l. 

=- l ~ (&-<t>l\ 2. 

The corresponding factor for photon to pass and photon 2 not ic 

.i.. 
:2. 

jo) \ 
L 

( 1 f]) 

( 1 9) 

and so on. The probabilities for the various possible countin[; configurat·i.onc 

are then 
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'2. 

~(~,~) = X Sl. .L l ~ (Gl--<\>'1 I lj:1f 2 

CS (~, vtv) = 
x.n. .L 1 C-<n (~-cn\1.. 4-n- '2. 

q ( ll\,0 l l}V') )(.!1. J... I c...c:n c~-t) I 2.. 
( 20) 

4-TT 2. 

\'(\11.0,~) = )(Jl.. .l.. I a-iM(&-- cj>)\'l- +X (1- ~)-r(1-X) 4-1r :z_ 

where x is the probability that the rr0 production mechanism actually works, 
n the (small) solid angle subtended by each counter at the production point, 
and no allowance has been made for ba.d timing, bad placing, or inefficient 
counting. 

Now let us count A= ±1 for (yes/no) at and B=±1 for (yes/no) 
at 2. Then the quantum mechanical mean value of the product is 

( 21 ) 

so that 

P(e', <j>') + Pie', 4>) - 2 

(22) 

The right-hand side of this expression is sometimes positive~ Take in part­
icular 

' 
in which case the factor in curly brackets is 

:: ..L 
fi 

., 
( 23) 

::: +2 (~-·) (24) 
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But if quantum mechanics were embeddable in a locally causal theory (16) 

would apply, with a-+.Q, b-¢, and c the implicit specification of the 

production mechanism, held fixed in (22)o The right-hand side of (22) should 

then be negativeo So quantum mechanics is not embeddable in a locally causal 

theory as formulated above. 

6) Experiments 

These considerations have inspired a number of experimentso The 

accuracy of quantum mechanics on the atomic scale makes it hard to believe 

that it could be seriously 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 accuracyc But perhaps it is sensible to verify that these curious 

correlations persist over macroscopic distances. 

Experiments so far performed do not at all approach th<~ ideal in which 

t}1e settir..gs of the instruments are determined only while the particles are 

in flight" When they are decided in aclvance, in space time regions projecting 

into the overlap of the backward light cones, (1h) 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 causal in our sense but still manages to agree with quantum mechanics 

for static intruuents. But it would 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 

also" Geometrical and other inefficiencies lead to counters 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 instrumentso 

Then fr' ·' ( 21) 
1. 

(- E 

with 2 
€ 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 11Bell 1 s .limit" sometimes plotted 

along with experimental points has to be understood" But such experiments 

also are of very high interest. For if quantum mechanics is to fail somewhere, 

and in the absence of a monstrous conspiracy, this should show up at some point 

on this side of the ideal gedanken experiment. 
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?6) "7) ?il) Several of these experiments ,-::: ' - chow j_rnprcc]~·-ivc agrec:r.1cnt w:i th 
quantum mechanics, and exclude deviations as large as rnight be suggested by 
the locality inequality. Another experiment 29 ), vr::-ry r~imilc:..r to one oi' thor~c '6' 
quoted 

2 
j, is enid to be j.rt agreeme:rJt with it arjd yet in dr:~unat i.e disctgreement 

7Q) with quantum mechanics And another experiment ~ clicagree Gic;nificantly 
with the quantum predictlono Of course any such disagreement, if confinned, 
is of the utmost importance, and that independently or the kind of concide­
ratlon we have been rnakine here. 

7) Messages 

Suppose that we are finally obliged to accept the existence of these 
correlations at lone range, and the gross non-locality of nature in thG r~ense 

of this analysiso Can Y!.!l then c;ignal faster than light ? To answer this we 
need at least a schematic thGory of' what we can do, a fragment of a theory 
of hwnan beings. Suppose we c:an control variables like a and b a bovc, 
b1Jt not those like A and B. I do not quj.te know what "like" rneano here, 
but suppose that beables somehow fall into two clasces, "controllables" and 
11 uncontrollables 11 • The latter are no use for sending :::;ignals, but can be 
used for receptiono Suppooe that to A corresponds a quantum mechanical 
"observable", an operator CQ Then if 

t- () 
we could signal between the corresponding space time regions, usir1g a change 
in b to induce a change:; in the expt~ctation value of Q or oJ' some function 
of il. 

Suppose nexL that what we do when we changG b is to cbanr_::e the r-1uantum 
mechanical Hamiltonian ;J{ (say by changing some extennal field), so that 

2 of b. 

is again an "observable" (i.e., an operator) localj_zed in the region 
31 ) .· . Then it i::> an exercise :.tn qur:mtum mcchu.n:u.:0 to c:.how t!Jc::tt if' in C.L 

where 

c;l ven reference system region ( 2) is entirely l..-:i ter in time than region ( 1) 

0 

while if the reverDe is true 
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which is again zero (for spacelike separation) in quantum fic;ld theory by the 

usual local commutativity condition. 

So if the ordinary quantum 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 mc;chanics ~ locally causal. 

8) Reservations and acknowledgements 

Of course the assumptions leading to (16) can be challenged. Equation 

(22) may not embody your idea of local causality, You may feel that only the 

"human" version of the last section is sensible and may see some way to make 

it more precise. 

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

gravitation ? 

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 locality, along lines only hinted at in previous publications 

[llefs. 2), 4), 10), 19)]. Ac ree;ardc the literature on the subject, I am part­

icularly conscious of having profited from the paper of Clauser, Horne, Holt 

and Shimony )) , which gave the prototype of (16), and from that of Clauser 
1 6) 

and Horne • 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 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 haimless way. I have also profited from many discussions of the 

whole .subject with Proi'essor Bo d 1Espagnat. 
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