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ABSTRACT

A number of addit ional assumptions is discussed playing a role in derivat ions of the
Bel l  inequal i t ies along with the local i ty condit ion. An analogv between quantt tm
mecha,nics and stat ist ical  thermodynamics is exploi ted to demonstra,te tha,t  the ex-
istence of condit ional probabi l i t ies p(o; l )) ,  general ly assumed in stochast ic hidden
va,r iables theories. may be quest ional i le within the doma,in of appl icat ion of qlra,n-
tum mechanics. I t  is demonstra,ted how this could block derivat ions of t l re Rel l
inequa,lities and of the Kochen-Specker theorem. Tlre ana,logv a,lso provides a, pos-
sibie understanding of the nonlocal i ty of  quantum mechanics as evidenced bv t l re
Rorchers-Schl ieder theorem.

1. INTRODUCTION

I t  is widely l ie i ieved that experimental  v iolat ion of t l re Rel l  inequal i t ies (BI) is a,  consequence

of the nonlocal i ty of  the real i ty underly ing quantum mechanics. I t  is remarkable that this ] ie l ief  is
equal ly slrared by adtrerents of the ort l rodox (Copenhagen) interpretat ion of quantum mechanics and
by adversaries of this latter interpretation. but because of compJetely different reasons. Whereas the

BI are derived from a (1oca1) hidden variables theory, thus assuming the in,compl,eten,c.ss of qua,ntum

mechanics. an orthodox rea,ding of the problem ra, ised bv Einstein. Podolsky a,nd Rosen (EPR) [1]
on t l re contrary derives nonlocal i ty f rom the completen,ess of quantum mecl ianics.

This rema,rkable a,greement suggests tha,t something mav be wrong with the

in tlre derivations. since o -+ b a,nd -rz -+ 6 worrld mea,n tha,t both a and -a a,re
t l rrrs making -b, i .e. .  local i ty.  loqical ly impossible. Indeed. Einstein l2l  may ha,ve
too trasty in his conchrsion from the impl ica.t ion

completeness -+ nonloca,lity.

logic employed
impl ied by -6,

been somewhat

(r  )



that t l re assttmption of fncompleteness of qua,ntum mecha,nics would solve the local i tv problem. As
a, ma,t ter of  fact.  nonlocal i ty is a,  problem olsoin a,n ensemli le- interpretat ion of qrra,ntrrm mecha,nics.
i f  the state funct ion is interpreted in a, rea, l ist  sense l3l .  Evident lv.  a,pa,rt  f rom the completeness
isstte fhere are more factors involved that rnav nlav a role in the deriva.t ions.

I t  is importa,nt to note tha,t  t l re conclusion of nonlocal i tv.  drar,vn from the violat ion of BI.  is
compulsory onlv i f  there a,re no addit iona, l  assumptions. beside local i tv.  that ca,n l ie l reld responsible
for the fa.ct  t l ra, t  BI can l ie derived. In sect ion 3 we discrrss a, number of such addit ional a,ssump-
t ions. Counterfactual def ini teness (CFD) is srrch an assumption. nolvadays general lv held to be
incompa,t ible u' i t l r  qua,ntum mecha,nics. We br ief l1 '  discuss the possibi l i tv that t l re violat ion of CFD
might be a, conseql lence of the a,ssumption of local i ty.  a,  more extensive discrrssion. in rvhich this
violat ion is tracecl ba.ck to the problem of jo int  mea,surement of incompatible observal i les. being
relegated to anot lrer pa,per l3l  (see also [4]) .  Second. t ] re ca,reful  discussion by Bel l  of  t ] re is.sue
of ( in)completeness in l r is theorv of local bea, l i les is reviewed. i l lustrat ing the role played bv t l re
addit ional assttmption of completeness. a,nd corroborat ing the impl icat ion (1) given a'bove. In t l re
t l r i rd place we pa,y attent ion to the quest ion whether t l re existence of the condit ional probabi l i t ies
p(.r t , l \ ) ,  general lv assttmed in stochast ic hidden va,r iables t l reor ies. should be taken as an addit ional
a s s t t m p t i o n .  O u r c o n c l u s i o n w i l l b e t l r a t i t s h o u l d . a n d t h a t r e l a , x a , t i o n o f t h e a , s s u m p t i o n i s s u f J l c i e n t
to l i lock derivat ion of the Bel l  ineaual i t ies.

In section 4 rve discttss an ana,logy lietween qua,ntrrm mecha,nics a,nd ttrermodvnamics in orcler
to deveiop a, certa, in l reur i-st ics explaining the i rreleva,nce of t l re condit iona, l  protrabi l i t ies p(o; l ))
rv i thin t l re domain of appl icat ion of qua,nttrm mecha,nics. I t  is also indicated holv this could block
t l re Koclren-Specker impossibi l i ty proof of hidden variables.

Fina111'- .  in sect ion 5 rve compa,re t t re al leged nonlocal i tv of  quantum mechanics fol lowing from
the violat ion of the BI with the nonlocal i t l ' represented l- iy the superlumina, l  propagat ion of solu-
t ions of quantt tm mecha,nical  propagat ion equat ions. The thermodvnamic analogv is emploved to
interpret t i r is lat ter ef fect as a. consequence of the a,pproxima,te val idi t -v of t t rese eqrrat ions. i .e. .  as
a,n artifice of ttre theorv ra,ther tha,n as a fea,trrre of reality.

2. BEI,I, 'S THEORE\I

I)eriva,tions of Bell's tireorem abound in litera.trrre. So r.r'e can be very brief and restrict
oursel l 'es to a, precise descript ion of the precondit ions and a,ssumptions involved. As is wel l  known.
t l re Bel l  theorem concerns so-cal led Einstein-Podolskv-Rosen experiments. in r ,r , .hich a two-part ic le
sYstem (part ic les 1 and 2) is prepared in a,n entangled state. a,nd a, . jo int  measulement is performed
of a, pair of (compatible) observa,bles. one for ea,ch particlel. The mea.surement.s are performed
after t l re pa.rt ic les ha,r 'e sepa,rated. the enta,nglement being conserved-.  thus ma,king i t  possible
to consider the two mea,slrrements as l,oco,l mea,surements performecl in different regions of spa,ce.

1It mrrst be noted that i t  is general ly ignored that the Rell  proposal is funclamentai ly t j i f ferent from the original
EPR one in the sense that i t  is essential to the EPR reasoning that a measurement is performecl on one part icle onlv,
the other part icle nol interacting rn' i th anv measuring instnrment. Nevertheless we shal l  st ick to common usage anrl
refer to the experiments of the Rell  type as EPR experiments.
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Figure 
.1:  

Four EPR experiments involved in the Bel l  inequal i ty

If A1 and A2 are tlre tn'o pertinent observa,bles. lraving eigenva,hres a1; and 421-. respectively. then

t lre joint  measlrrement probabi l i ty pe, h(ou,c,2a) fu11y describes the information obtained bv the

measurement.

Bell's theorem a,ssllmes that we can perform four different experiments liy choosing the observ-

able mea,sured on part ic le i .  i  = 1.2. f rom a, set of  two incompatible observat i les {Ar,B,}.  Hence.

forrr  observables are involved in the theorem..viz. .  At,Br,  Az,Bz, observa, l i les with di f ferent indices

being compatible.  observables with ident ical  indices ta,ken to be incompatible.  i .e. .

lAr ,  Br l_ + A,  lAr .  Br l_ l  o.
lA t ,  Ar ] -  :  lA t ,  Br ) -  :  lB r ,  Ar ] -  :  lB r .  Br l -  -  g .

The four measurements wit i r  their  jo int  mea,sl l rement probabi l i t ies are syrnl iol ica, l ly represented in

f igure 1. Rel l 's theorem now may ]re formulated. in the form f i rst  given l iy Clauser and Horne 15].
a,s a, der ivat ion of the inequal i tv

0  <  p h b ( a u , o 2 k )  -  p t r e r ( a v ; , b r r )  *  p e r 4 ( \ i - a z * ) l

* p n , n " ( b r i , b r n )  -  n n , ( b . t )  -  p a , ( o z n )  1  1 .

Pe,(br,)  :  t  Pe,e,(b1 i .  b27).  etc ' . .
f.

from which the inequalities involving correlation functions.

l ( / ' / r )  *  ( .1 '  B r )  +  (B lAz)  -  \B 'Ar ) l  !2

as originally found by Be1l 16]. ca,n be ea,sily derived [7] for dic]rotomic observa,liles having eigenvalues

1  a n d  - ] .

(2)



In the derivat ions [5]  and [6] of  t t re Rel1 inequal i t ies a loca. l i ty condit ion was presupposed to
the effect tha,t an individua,l mea,sllrement resrrlt of oLiservable ,41 or 81 should be independent
of whet lrer A2 or 82 is measttred on part ic le 2. We stra11 express this loca. l i ty requirement by the
equa1it1,'

o  r ; ( 4 t . . { r )  
-  o  1 , ( 4 1 .  B 2 ) .

For t i re EPR mea,sttrements considered here this.  indeed. seems to be a reasona,ble reqrr i rement i f
nonlocal inf luences of the distant measuring instrument are to be excluded. Note that t l re equal i tv
(3) is stronger t l ra,n t .he sta,t ist ical  local i ty requirement

P t , ( o  1 i )  :  p ; ,  , + ,  ( c  r i )  
-  p t , n r ( o  t ; )

a, lready taken into account in (2).  Whereas t tre equa, l i ty (4) can be proven to hold r igorouslv in
qttantum mecha,nics. the a,ssumption (3) is t ra,nscendent to t l r is t t reory-.  I t .  however.  would require
a rather strange conspira,cv of a nonlocal qua,ntrrm real i tv v iolat ing (3),  to be abler to reproduce
in an ensemble of mea,surements t l re relat ive frequencies sat isfying the stat ist ical  local i ty condit ion
(4) Tlr i . .  would mea,n t l rat  rea, l i ty on t l re stat ist ical  level ( to wlr ic lr  experimenta, l  ver i f icat ion is
restr icted) worr ld l ie hiding the effects of a violat ion of (3) brought a,bout on the individual level.
Such a kind of nonlocal i ty worr ld have propert ies reminiscent of the stra,nge propert ies of the rvor ld
aether.  and i .s l iound to be reiected for a,na, losous rea,sons.

S i n c e t h e l o c a l i t y r e q u i r e m e n t ( 3 )  m u . s t o n l y b e s a t i s f i e d i f t h e m e a s u r e m e n t s o n p a , r t i c l e s l  a , n d
2 a,re performed in causa, l ly dis. joint  regions of space-t ime. a, rea, l test of  t l r is condit ion rnust involve a,
measrrremen t setup in lvh icir anv inform a,t ion on the choice of either A2 or 82 is out-*ide the ba,ck'"va,rcl
l ig lr tcone of the 41 measurenrent.  For this reason Aspect [8]  devised his "switching" experiment.
intending to choose randomly betr,veen ,42 and 82 a,t  srrch a t ime that no informa,t ion a,bout thi-s
choice can reach at a sttblttminal velocit-v- the (also ra,ndomly chosen) mea,sllrement arrangement for
part ic le 1. The violat ion of the RI found experimental ly in the "sr,v i tching" experiment is widely
interpreted a,s evidence against the local i ty property (3).  and as a, proof of the nonloca, l i ty of  t l re
cluantrrm world.

This conclusion ha,s been cr i t ic ized on the grorrnds that randomness may not trave been suff i -
c ient ly rva,rra,nted [9] .  or t ] rat  the eff ic iency of the detect ion process is not dulv taken into account

[10].  These cr i t ic isms mav be. just i f ied but wi l l  not be discussed ]rere because t ]rey refer to t ] re
practica,l performa,nce of the experiment. \\ie have no reason to expect that ttre experirnents. if
performed properlv. will vield resttlts tlrat are different from the quantum mecha,nica,l ones. Hence.
we wi l l  sta,r t  f rom the assumption that certain EPR experiments wi l l  l ie able to violate the BI.

3.  ADDITIONAI,  ASSUNTPTIONS

Let tts indicate the assumption of locali tv bv LOC. B-y -LOC and -BI rve indica,te the

(3 )

( 4 )



possibil i tv that LOC or BI

- BI -+- LOC

is equiva,lent wittr

LOC -+ BI.

may be violated. The impl icat ion

(5)

Of course. violat ion of local i ty ca,n only be inferred from an experimental  v iolat ion of the Rel l

ineqrial i t ies i f  in the deriva,t ion of RI the assumption LOC is l . l te only assumption. I f  an addit ional

asssumption (ADD) would have been used in the derivat ion of BI.  n 'e rvott ld i rave

I,OC . ADD _+ BI.

-  B I  -+  ( -  LOC)  U ( -  ADD) ,

implying that the violat ion of BI might l ie blamed ei ther on a viola, t ion of loca, l i tv or on a, v iola, t ion

of the addit ional assumption. Only i f  a derivat ion would not involve any addit iona, l  a,ssumption. the
reasoning (5) would be a, cogent one. In this sect ion we discuss a number of addit iona, l  assumptions
that are used in deriva,t ions of the Re1l inecnra. l i t ies.

l 1
t ) .  I COUNTERFACTUA I, DEFINITF],NESS

An addit ional a,ssumption sometimes 111l employed in deriv ing Ri is counterfa,ctual def ini te-
ness. By CFD we mean that a, qua,ntum mechanical oliserva,lile has a,n oli.iective and well-defined
value not only if the observable is mea,srrred brrt a,iso if no mea.sllrement is ma,de. or even if another.
possibly incompatible.  ol iservable is measured instead. Thus. i f  in the EPR experiments of f ig.  I
t l re  pa i r  (Ar ,  Ar )  i s  ac tua l l v  measured.  and the  mea,surement  resu l t  (a1 ; ,a2p)  i s  o l i ta inec l .  then CFD
implies tha,t we can also attribute to 81 a,nd Bz well defined vahres 0'1, a.nd b27. respectivelv. These
are the va, l t res we would l rave obtained i f  we tra,d measured the pair  (Bt,Bz) instead of ( .41.42).
From the existence of the qua,rtets (o,r ; ,br,a,z*,bzt)  the RI ca,n ea,si ly be derived.

As discussed in de N' luynck and De Raere [13] local i ty ca,nnot be the only rea,son for t ] re
existence of qrra,r tets of measurement results.  CFD is an addzl. ional assumption over the local i ty
assumption. I t  seems to us that Stapp's disa,greement [12] with orrr  conclusion fol lows from his idea
that CFD ca.nnot be satisfied within quantum mecha,nics beca,u,sc o.[ n,on,loc:a,lilg. Thus. a, viola,tion
o f  the  loca l i t y  cond i t ion  (3 ) .

a 1 ( A t ,  A r )  *  a 1 ; ( A 1 .  8 2 ) (6 )



is  at  the same t ime a, v iolat ion of CFD. beca,use then. evident lv.  the va,hre of ,41 is di f ferent in a,n

(At,  Ar) mea,slrrement from i ts va, lue in an (y '1.  82) measrtrement.

This rea,soning would be a cogent one i f  v iolat ion of LOC rvould be the oruly possible expla-

na,t ion of the violat ion of CFD. Horvever.  t l rere exists another possi l i le expla.na,t ion. ba,sed on t l re

not ion of complementar i ty a,s embodied in Heisenberg's disturbance theorl , -of  measrtrement.  Ac-

cording to this theory a, mea,sl l rement of obsen'a,} i le Br disturbs observables 41. incompatible rvi tn

81. This impl ies t l rat  in the context of  a 81 measurement t t re observable ,4r l tas a di f ferent va, i t te

from the one we lvorrld have obta,ined if A, itself lr,a.s mea,sured. Thtts

a u ( A )  I  o , r ( B r ) .  ( i )

Also frorn this inequal i tv i t  fo l lows that i t  does not make sense to a,t t r i l iute a. t tniqt telv def ined

qrra,r tet  of  measurement results to an individrral  preparat ion of the part ic le pa, i r .  t t rus l i locking a

derivat ion of t l re RI (see [3] for a compre]ren-sivq 3,. . . , t t , ; .

Of cour-.e.  i t  is not possible to prove r igorouslv that i t  is (7) ra, ther than (6) tha,t  is pre-

vent ing CFD. From the viervpoint of  plausi l i i l i tv,  however.  t i re choice is not di fTlcrr l t .  \ \ Iherea,s

(6) refers to some nonioca, l  intera,ct ion the existence of which does not have anv independent sup-

port .  the explanat ion through (7) is l iased on t l re sa,me ideas al iot t t  the funda,menta, l  role plaved

by the (1oca1) interact ion l ietween ob. ject a,nd rneasuring instnrment wlr ich led Rohr to l r is not ion

of complementar i ty a,nd Heisenlrerg to his uncertainty relat ions. I t  seems to us tha,t  the addit ional

a,ssumption inherent in CFD is essent ia, l ly ' the a,ssumirt ion tha,t  qua,ntr tm meclranica, lobserval i les can

be attribrrted to tlre object as objec:ti,ue properties. not in,.fiu,enced, in o,n,U uo,!/ by the process o[ m,ea-

su,remen,t .  Tlre possi i i i l i t l ,  of  der iv ing RI can l ie attr ibuted to t i r is feature ra,ther than to the local i tv

assrrmption. the la, t ter being just a specia, l  case of CFD since independence of o,n,y measrtrement

intera,ct ion is a stronger assumption tha,n the no-nonlocal inf i rrence as.cumption of LOC.

3.2 CONIPLETE\ESS OF OUA\TI]\ 'T N'IECHA\ICS

As a,not lrer addit ional a,ssumption emploved over the as-sttmption LOC in a, der ivat ion of RI

we want to mention the assumption of the completeness of the quantt tm mecha,nical  de-.cr ipt ion.

One insta,nce in u' l r ich t l r is addit iona. l  a,ssumption is made is Rel l 's ca,ref i t l  der ivat ion based on his

theory of local beables [14].  In t t r is der ivat ion Rei l  denronstra,tes to be awa,re of t t re possi l i i l i ty

tha.t  qua,ntrrm mechanics mav not admit  a,  s imple real ist  interpretat ion in the sense tha,t  the r l ' 'a,ve

funct ion be a, descr ipt ion of something "rea, l ly exist ing".  According to him the wave funct ion is

not a, 'bea,ble' .  beables supposedly descr ibing ent i t ies that do real ly exist .  As exa.mples of l iea, l i les

Bel l  ment ions "the sett ing of srvi tches a,nd knobs on experimental  eqrr ipment.  the current-s in coi ls.

and the readings of instnrments".  According to him " 'observal l les'must } :re ma.de. somehor,v.  out of

beablestt .

In Bel l 's t t reory of local l ieables the importa,nt qua,nt i t ies for (quantrrm) ptr-vsics are the con-

di t ional probabi l i t ies pA(ai lA) of a measlrrement result  a;  of  observa,ble ,4.  given a specif icat ion A



Figure 2: Ra,ckward lightcones in a,n EPR experiment

of "some" beables in the backward lightcone of ttre measurement event a;. If A is not a, complete

specif icat ion of a,11 beables in the backward l igthcone of n, .  then i t  is possible that the specif icat ion

ca,n be expanded. for instance. by a, mea,sllrement result b7 of an observalile B measttred simrrlta,ne-

ously with A in a di f ferent region (cf .  f igure 2).  as is done in an EPR experiment.  Since A ancl B

may l ie correlated. i t  is ver5,-  wel i  possible that

p o ("nl A,, b1) f p a(a i lL. b2'1.

Onlv if A is a compl,ete specifica.tion of a,11 beables in the backward liglrtcone of y' we must have

pt(a; lA.  B)  -  pe(a; l | ) .

in which B may be ei ther a, mea,surement result  of  the B-measurement or a, knol i  sett i r rg of the

instrument.  \ ; lore specif ical ly.  i f  A is a specif icat ion as al iove ( i .e. .  not supposed to l ie a complete

specifica,tion in the backward lightcone of a;). and ,V is a, completc .syteci.fication of all the beables

belonging to the overlap of the backrvard lightcones of the ,4- and B- measurements. then

pa(o4 lA .  I i .  B)  :  pd(a ; lA ,  l / )  (10)

(B ei ther a, knob sett ing or a, measl l rement resuit) .  In this reasoning t i re assrunpt ion of loca, l  ca,rrsa, l i ty

is essential in order to confine influences of local beables to their forward lieht(:orres.

As an example Beil considers o decay of a radioa,ctive nucleus. Let the deca,y process be
observed by two cr detectors, D1 a.nd Dz. Let a; be the event "detector D1 registers the cr pa,rticle".

and B the event "detector D2 registers the cr pa,rticle". If Ar is the complete specification defined

before. then local ca,rrsal i ty impl ies (10).  However.  i t  is c lear that (10) cannot be sat isf ied, s ince t l re
probability ttrat detector D2 registers tlre c particle will be changing (it drops to zero) a,s soon a,s

ttre or particle is registered by detector D1.

(8 )

(e)



I t  is also Rel l 's conclusion t l rat  f rom this exa,mple i t  onl1, ' l r 'orr ld fol low that quantum mechanics
is not local lv causa. l  i f  N i - .  complete. Hence. ei ther " local i ty" or "completeness" must be rejected.
Rel l 's choice is here to reject completeness of quantum mecha,nics: the precise r ,va,v the nuclerr.s is
deca,ying may lie governed by additional h,i,rlden beablesl

In l r is t rea,tment of local l r idden bea,bles Bel l  considers EPR experiment-s a,s in f igrrre 1. for
insta,nce the simulta,neous measurement of the observa,bles l r  and ,42. Consider the condit ional
probalr i l i ty distr ibut ion pt,4(a1i,ozr lA, Lf ,  , \ ) ,  condit ional on t l re ( tr idden) beables specif icat ions
A. M and r in the regions indicated in f igure 2. Tlren

P t , 4 ( r t 1 i , a z , r l A . M ,  f  )  :  P A 1 A 2 ( o r ; l A ,  M ,  N , o z x ) p . s r h ( a z k l A .  M .  1 v " ) .

I f  l /  is a, complete specif ication of the ( lr idden)
of the tr.vo mea.srrred events. then loca,l causality

P. t r4Ql l l ,  M,  Xi ,or* )  -  P, r ,  (a , r ; lA,  N ) ,
p+ 4(o2plA,  M,  f  )  :  pr ,  (o2a1,4, f .  , \  ) .

Hence.

beables in the overla,p of the backrvard lightcones
wou ld  imp ly  (10) :

p 4 t r ( c t 1 ; . a z t l A ,  M , l , { ) : p , e , ( a 1 ; l ! .  l / ) I , r , ( a r p l M . I { ) ,  ( 1  l )

The eqrtal i tv (1 l )  i -s essent ial ly the local i ty condit ion introduced by Clauser and Horne f5l .  f rom
whictr RI a,re stra,iqhtforlvardlt' derived.

From this deriva,tion often fa,r reaching conclrrsions have been dra,ll 'n. Tlnrs Cla,rrser and Shi-
mony l15l  f ind the conclt ts ion "plr i losophical l -v start l ing: ei ther one must total ly aba,ndon the real ist ic
pir i losoplrv of most working scient ists ( i .e. .  reject t r idden varial i les. dNI a,nd DR). or dramatical lv
revise our concept of spa,ce t ime ( i .e. .  reject loca, l  ca,usal i tv.  d\ l  and DR)".  Indeed. the rrere ex-
istence of l r idden beables is an addit iona, l  assrrmption over LOC. t l re re. ject ion of rv lr ich offer ing
an a, l ternat ive to the re. ject ion of LOC in order to esca,pe the RI.  For the djelrard posit iv ist  t t r is
ma,v be a solrrtion to save loca,l causalit.v. Since. horvever. \\ 'e agree r,vith Clauser and Shimony that
most working scient ists do l ie l ieve in the real i tv of  the microscopic world of electrons and other
elementarv pa,rt ic les. r ,ve think that this solut ion wi l l  not be cho-sen l iy manv. This mav be the
reason for t l re rn' idespread idea that i t  is LOC that is inconsistent with quantum mecha,nical  results
violat ing BI.  I t  should once more be noted. however.  that this conclusion only i rolds i f  the derivat ion
of BI along the l ines of the t l reory of local beables is completelygeneral .  and does not rest on some
hidden additional a,ssumption not sa,tisfied bv every local hidden variables theor-v. Jt i-s preciseh- the
pl l rpose of the next sect ion to demonstrate tha.t  there is such an addit ional a,ssumption.



3.3 EXISTI]NCE OF CO\DITIONAI, PROBABII,ITIES WITHTN THF], DON,IAI\ OF APPI,I_
CATIO\ OF QUA\TU\'I \ ' IECHANICS

In ttre deriva,tion of BT using the theory of local lieables the existence was a,ssumed of proba-

bi l i t ies pA(oi l \ , l / )  of  va, lues a; of  the quantum mecha,nica, lobservable A. condit ioned on a, complete

set of l ieables. l / .  Often. a,s in the Clauser-Horne theory, the completespecif icat ion l /  is symLiol ized

by one instanta,neous value ) of the hidden va,ria,ble () may stand for insta,nta,neolls valrtes of a set of

hidden va,r ia,bles. or even of a f ie ld quant i ty l ike the electromagnetic f ie ld).  Ttren the quest ion ma]

be asked whether the existence of the condit iona, l  probabi l i ty p,+(a; l ))  is sel f-evident and is tnre for

any HV theory. We shall a,rglre in ttris section that this is not the ca,se if A is a qua,ntummechanical

observable. It is our con.jecture tha.t such conditional probabilities do not have a mea,ning lvithin the

domain of appl icat ion of quantum mechanics. and that the addit iona, l  a,ssumption of the existence

of p1(c,; l ) )  may be plaving a ma,jor roie in the derivat ion of the RI.

The reason for this conjecture sfems from the possili i l ity of entertaining an empiricist interpre-
tation of qua,ntum mechanics. In such an empiricisi interpretation a, qrra.ntrrm mecha,nica,l observable
is not a,n insta,nta,neol ls property of the microscopic object.  brr t  corresponds to a, pointer posi t ion of
a macroscopic measuring instnrment.  Hence. the qrrest ion is:  does i t  make sense to consider t t re H\/
sta.te )  at  some ini t ia l  t ime as the (probabi l ist ic)  cause of the f inal  pointer posi t ion? I f  so. which

moment should we ta,ke as the initial time?

It  seems to us that the answer to this lat ter quest ion may be as meaningless as the answer to
the quest ion in stat ist ical  thermodynamics of which instantaneous conf igurat ion {(q".p")}  of  the
canon ica l  var iab les inphasespa,ce is respons ib le fo r t i re tempera , tu reo f theo l r . jec t .  In thermodynam-

ics we are used to the concept of tempera,trrre. not as a,n instantaneous property of the object liut as
a qua,ntity that tras on11,- a meaning in a.n average sense. Tempera,trrre is a, property of the ma,crostate
(t l re ca,nonical  density funct ion 7-t"-Hlkr) ;  the relat ion l ietween the microstate {(g,.p,)}  and the
macrostate is.  according to the ergodic hypothesis.  one of t ime a,veraging. Tlr is is not to say that
instantaneous propert ies of the ob. ject do not make sense in cla,ssica, l  stat ist ical  mecha,nics. The
point is.  t t rat  the var ia,bles of stat ist ical  thermodynamics (1ike temperature. presslrre. entropv. etc.)
are a,ll measured by means of physical opera,tions taking certain time averaging. If we want to lea,rn
a,borrt insta,nta,neous properties of tlre system. we will ha,ve to perform mea.sllrements tha,t are sensi-
t ive to the insta,nta,neolrs va. lues of the microscopic var iables. Such measrrrements may in pr incipte
not be impossible; they a,re. however. outside tlre domain of application of thermod-v:na,mics.

The assumption of the a,ppl ica,bi l i tv of  condit ional probal i i l i t ies p(o; l ))  within quantum me-
clranics. taci t ly ma,de in derivat ions of t l re Bel l  inequal i t ies l ike the one bv Clauser and Horne l5l .
is a, genuine ael di.tion,o,/a,ssrrmption. The a,ssumption may be true for mea,sllrements that a,re so fast
that the insta,ntaneous value of )  is probed. In this case the Rel l  inequal i t ies should be sat isf ied.
However. it may be a,s impossible to perform such measrrrements within the domain of quantum
mechanics as i t  is impossible to measure the instanta,neolrs conf igura,t ion of the canonical  pha,se
space variables of a, thermodynamic object.



4. THERN,TODYNANIIC ANAI,OGY OP OUA\TUN'I \ ' IECHANICS

The idea of a,n analogy between qrra,ntrrm mechanics and thermodynamics is not new. and
a.lready' discu....ed by Bohr 116] as a,n exa,mple of the complementaritv of thermodynamical a,nd

mecha,nica, i  concepts. prevent ing a, precise def ini t ion of the svstem's posit ion in plrase space i f  tem-
pera ture is ive l l -de f ined.  Rohr .however .d idnota t tempt todeve lop th isana logy fur ther [17 ]  because
he considered complementa,r i tv in qrra,ntrrm mecha,nics and thermodvnamics as two quite di f ferent
phy.sical  problems (also f  18l) .

A more firndamental relation between qua,ntum mechanics and thermodvnamics u''as a,ssumed
bv de Brogl ie in his la, ter rvork [19].  in which he developed the idea of the qrra,ntum mecha,nica, l  par-

t ic le immersed in a "hidden thermosta,t" .  the not ion of quantum mechanics a.q descr ibing the state
of a part ic le in equi l ibr ium with some f luctua,t ing medium being considered before by Bolrm [20]
a,nd Bohm and Vigier [21]. Afterwards suc]r idea,s ha,r'e been developed further ]rv \elson 122.23)
a,nd ma,ny others (cf. lZ+]). It is not olrr purpose to give in thi-s paper a revieu, of all developments
in t l r is direct ion. Instea,d we rvant to stress a feature of the thermod-vna,mic ana, logy that to the
best of our knowledge is not observed before. v iz. .  the possibi l i t l , - that quantum meclra,nical  mea-
sttrements do not probe the instanta,neous hidden varial i le state ) .  but on1-v -vield information on
equi l ibr ium sta,tes. compa,ra,t i le wit l r  t i re canonica, l  densitv funct ion of stat i .qt ica, l  t l rermodynamics.

Stated di f ferent ly.  quantrrm mecha,nica, l  mea,surements migl i t  be measurements of quant i t ies that
a,re compa,rable with thermodvna.mic qrra,nt i t ies. in the sense that an inr l iu idu,nl  mea,sl l rement resrr l t
o,i, c.a.n not be considered as referring to a, specific va,lue of ). but is tire time-averaged result of a,n
obserr,ation process that ta,kes a. certain amount of time for the measrrring instrument to olrtain
suff ic ient information on the object in order to direct a pointer to i ts f inal  posi t ion. I f  this is cor-
rect.  then condit ional probabi l i t ies p(a1l))  do not have a, mea,ning within the doma,in of qrra,ntum
mechanics. a,nd proofs based on sucir  condit ional prol ial i i l i t ies are inappl icable ni thin this domain.

I t  was claimed by Eberhard [38] t ] rat  t l re expre-ssion

r
p ( o i ) -  l d ) p ( \ ) p ( a ; l ) )  ( 1 2 )

.t

is the most general  one to be obtained in a HV theory. I f  t l r is n 'ould be tnre. then the local i t r ,
cond i t ion  (11) .  genera l l v  wr i t ten  as

p(o i .  bp))  :  p(or  l ) )p(b*  l ) ) , (13 )

inevi tably causes the BI to be sat isf ied. Note tha,t  the condit ional probabi l i t ies may be dependent
on t tre measurement procedure [39].  so invoking contextual ism l40l  is not sufTicient to evade the BI:
t l re probabi l i tv distr ibut ion p())  is ( in t t re local theory) the distr ibut ion as prepared in a spa,ce t ime
region tha,t  is n,ot in t l re forward l ightcones of the measlrrement events. and. hence. is independent
of the mea,sl l rements: al l  inf luence of the measurement is thorreht to be inherent in the condit ional



probabi l i t ies p(a1l))  and p(bsl)) .  Hence, i f  Eberhard's claim would be r ight.  contextua, l ism would

not be very helpful a,s a,n additional a,ssumption over the locality assttmption.

Yet. we think tha,t contextualism may be an important element if quantum mecha,nics. analo-

gously to thermodynamics. is a theory of equi l ibr ium processes. As a, matter of  fa,ct .  contextual ism is

importa,nt a, lso in thermodvna,mics. s ince the ca,nonical  density f i rnct ion 7-t  
"-Hlkr 

is dependent on

the experimenta,l arra,ngement through the potentia,l energy of the system, which should lie taken oc

outside the boundaries of the container.  I t  is importa,nt to note that the thermodvna,mic states a,re

states in, equi.librium both ttith the heat bath.speci.fying tempe.ra,tu,rcT a,nrl with. the, con,ta,in,erspeci-

. fy ing the reqion wh.ere 7-t"-Hlk 'r  f  0.  Hence. whereas the microstate {(q^.p,)}  may be considered

as an ob. ject ive ( i .e. .  noncontextua. l)  descr ipt ion of the ob. ject.  is the thermodynamic ma,crosta,te

7-tr-Hlkr not only of a stat ist ica, l  na,ture. to i re connected wit l r  the microsta,tes through the er-

godicitv property. brrt tiris connection moreover is dependent on the experimental arrangement: in

pr inciple thermodynamic propert ies are dependent on t t re experimenta, l  context.

If qrrantrrm mechanics can be considered a,s a, theory of equilibrittm processes ana,Jogous to

thermodynamics. then we should also dist inguislr  between equi l ibr ium and non-equi l i t r r ium sta,tes

of t l re HVs. The HV state )  could be comparable to the dyna.mic microstat" {(q, ,  p")}  of  stat ist ical

thermodynamics. real iz ing Einstein's ideal of  an ob. ject ive descr ipt ion of the ob. ject.  independent of

any measurement to be performed. However.  l ike the dynamic microsta,tes of stat ist ica, l  thermodv-

namics, these HV states )  need not play a decisive role in a, qua,ntum mecha,nical  measttrenrent.  Srrch
mea,surements may be sensit ive only to certa, in ,stat i ,st icalsta,tes of the HV. which rve shal l  indicate

ar )  in order to exhibi t  that these states are connected with t t re dynamic states by mea,ns of (er-

godic) t ime avera.ging. These la, t ter states are comparable with the microsta,tes of thermodynamics.

a sta,te )  being o};serva,t ional ly equiva, lent with a stat ist ical  "macro"sta,te descr ibing an ensembie

of "micro"states analogous to the canonical  ensemble of thermodvnamics. I f  this analogy is val id

then quantum mechanics would only probe such states in which the HVs a,re in equi l i l i r ium wit l r

the measrrrement arra,ngement.  Botrr 's c laim of the completeness of qt tantum mechanics corr ld be

understood in the sense ttra,t the mea,surements we a,re able to perform can not vield anv inf<rrmation
transcending the one contained in these "macro"states. Sta,ted di f ferent ly:  i t  does not ma.ke sense

to condit ional ize measurement results of qrra,ntrrm mecha,nical  measrirements on HV "micro"sta,tes
);  onlv a condit ioning on the "ma,cro"states )  l , . r  an observat ionai mea,ning within the domain of
quantum mechanics. Hence, t l re condit iona, l  probabi l i t ies p(o;,bi l ) )  r tsed in the deriva,t ions of the

RI are not a,ppl ica,ble within the domain of qua,ntum mechanics: we slrould use p(c;.br l ))  instead.

The dist inct ion between HV "micro" and "ma,cro"states would not be of much use in ore-
venting a derivation of ttre Rell inequalities for EPR experiments if it would be possible to repla,ce
the HV "micro"state )  in the derivat ion by the HV "macro"state ) .  Such a. repla,cement seems

certainly iust i f ied in the local i ty a,ssumptions (11) and (13).  s ince only in this rvay does i t  seem

possible to reproduce the statistical locality of quantum mecha,nica,l mea,srirements performed in
causally dis.joint regions. Thus. we must have

p(ar ,  b i l ) )  :  p(oo l ) )p(b j  l ) ) . f  1 ,1 )



On the basis of this assrtmption RI corr ld 
'be 

derived completely analogou-sly to the Clauser-Horne
derivat ion i f  the "macro"state )  could be taken t l re sa.me in al l  four EPR measurements. This.
however.  cannot be the case i f  orrr  thermodvna.mic analogy is val id.  The rea,son for this is the
contextua, l ism of the HV "macro"states ) .  I t  seems to rrs that the essent ial  role of the measrrrement
arra,ngement. a,l'uva,ys stressed bv Bohr. strould be understood primarily in the sense that. even if
i t  would be possible to prepa,re t l re obiect in the .so,m.eHY "micro"state )  before measuring ei ther
one of two incompa,t ible observables A or B. then the "macro"states )  that ca,n be used in the
condit iona, l  probabi l i t ies p(c, i l ) )  and f(br l ))  s lrould be r l i . fJerenl becau-se t l rere is equi l ibr i rrm with

di f lerent incompatible measurement arrangements. In order to ma,ke this expl ic i t  we rvr i te p(ol \  )
- E

a n d  p ( 6 i  l ) " ) .

In derivat ions of BI a, long the Cla,user-Horne l ine i t  is essent ial  that the same ini t ia, l  HV state
can be taken in al l  four EPR experiments involved. This was cal led a, reproducibi l i tv t rvpothesis
(RH) in earl ier work 14. 25.26).  I t  was stressed t l rat  RH is a l rypothesis that is possi l i ly not
just i f ied within the doma,in of qt ta,ntum mecha,nics. In the present paper we con. lecture a, possible
ph-v-sica1 expJa,nat ion of this fai lure of RH. ba,sed on one of the most fundamenta, l  ideas that led
Bohr to his not ion of complementa,r i tv.  v iz. .  the idea of the essent ial  inf luence of the measurement
arrangement in understanding qtta,ntum mechanica, l  phenomena,.  Rohr.  hor,vever.  did not draw
a, sha,rp distinction between the prepa,ration a,rrd the mea.surement pa,rts of a, quantum mecha.nical
measurement arrangement.  By exploi t ing the thermodvna,mic analogv we mav be a'ble to dist ingrr ish
]retter l retween these elements. and vahre the possible role played bv the mea,. f l r remenl a.rrangement
in the prepara,tion to the effect that

- i 1  - R\ - ' / \ ' 'A  T ^ ( l , r J

i f  I  and B are incompati t i le.  I f  t l r is is correct.  then i t  is impossible to reproduce the same HV
"macro"sta,te in di f ferent ( incompatible) EPR experiments. This is sulTicient to block a derivat ion
of RI.  I t  is rewarding t l rat  this l i locking is caused l iy the same pecul iar i ty of quantum mecha,nic-s.
viz.. possible irzcompatibilit-v of observa,bles tha,t is at the verv core of this theor.y.

In thermodynamics f luctuat ions of a microscopic quant i t l , - .  for instance energy [27].  a,re t ] re
origin of the difference

_u
1 2 1 9 '

even though the thermodvnamic energ-v has a well-defined va,lrre. If qua,ntrrm mecha,nical mea-
surement outcomes do not correspond u' ' i th insta,nta,neous propert ies of the object.  but should be
compa,red rvi th thermodynamic qrra,nt i t ies Jike temperature a,nd pressr lre.  r ,v lr ich are determined bv
mea.ns of avera,ging over a certain space-time region. we mav expect a,nalogorrs inequalities. This is
how the analogy rvi th thermodyna,mic systems suggests in rvhat sense another proof of t l re impossi-
bi l i tv of  hidden va,r iables. v iz. .  the proof by Kochen and Specker [28],  is based on a,ssumptions t t rat



may be too strong. a,nd can be relaxed so a,s to prevent t i re proof from being appl icable to qttantt tm

mechanical systems. As a, matter of fact. in the a,ssociation of qrta,ntttm mechanical observables .4

and hidden va,r iables . [^ un important a,ssumption. made ]ry Kochen en Specker.  is that t ] re hidden

va,r iable g( le) corresponds with the observable .q(,4).  i .e. .

r t ( . f  t )  :  . f  s \4 . ( 16 )

For eigenstates of A we ha,ve \ ! ) '  -  I , l ' ) .  In a, hidden variables theorl , 'sat isfying the thermodynamic

analogy this would implv h'  :  / l .  rv lr ich. evident ly.  does not general ly hold in thermodynamics.

For this reason the Koclren-Specher requirement ( . l6) is too restr ict ive. This requirement stems

from the idea that the value of a. qrrantum mechanical oliservable I is an obiective property of

the ob. ject.  any funct ion g(A) of i t  to be found simply by mea,ns of mathema.t ical  manipula,t ion.

Tlrrrs.  any funct ion g(A) of - .4 is thought to be counterfa,ctrral ly determined by A. Evident ly.  t i re

requirement (16) insulf ic ient ly takes into account the fact tha,t  measttrement is a pirysical  process.

a,nd that. even in an eigensta,te of a, qrra,ntrrm mecha,nica,l observabie. the determination of its va,lue

mav lie thousht of as a measurement of an ar)et-ale uo,lu,e of a. ra,ndom variable.

5. }{ONLOCALITY OF OUANTU\'I N,IECHANICS

Contrary to the often stated assert ion that nonlocal i tv is proven experimental lybv the results

of the Aspect switching experiments [8] .  t ] rese experiments are corroborat ing the local i ty of  qt ta,ntum

mechanics a,s embodied in the pr inciple of local commutat iv i ty.  stat ing that ol iserva,bles measured

. joint lv in causa, l ly dis joint  regions of spa,ce t ime should correspond with commuting observa,bles.
I t  seems to us that.  in view of this fact.  a nonloca, l  real i ty underly ing the domain of quantum

phenomena. would i re utter ly improl iable. As discussed in the previous sect ions. r ' io lat ion of the
Rel1 inequa. l i t ies ca,n ]re a,t t r i l iuted to addit ional assumptions in t l re derivat ion of t l re inequal i t ies.

Although quantum mechanics sat isf ies t l re postulate of local commuta,t iv i ty i t  cannot be con-
sidered a, loca, l theory. This is caused try prot i lems encountered in the atternpts at uni fy ing quantum

mecha,nics a,nd rela,t iv i ty theory. The pr inciple of local ca,usa. l i ty is at  the basis of the la, t ter theorv.
Physical influences. according to this principle. propa,ga,te from one spa,ce-time region to a,nother
one a,t  veloci t ies not exceeding the veloci t1, 'of  l ight.  Superhiminal spreading of the solut ions of
the (nonrelat iv ist ic)  Schrodinger equa,t ion is r ,vel l  known. Less wel l -known is that superluminal
spreading continues to appear in rela,tir;i.slic qua,ntum meclranics. As a matter of fact. according to
a tireorem bv Rorchers a,nd Schlieder [29] it is a propertv of any qua,ntum mec]ranical propagation
generated by a Hamil tonian ha,ving a spectrum ttrat  is bounded from below (also [30]) .  A system
of this kind. even if it is rela,tivistic. could ]ie used to propaga,te effects at a, superiuminal speed.
And. al though the effects a,re of a stat ist ical  nature. i f  they would be rea, l .  they might be employed
to transfer information srrperlrrminally if relative frequency is measured in a sufficient number of
paral lel  experiments. Addit iona, l  a,rguments for the nonlocal i ty of  qua,ntum meclra,nics rvere given
i n  [ 3 1 ] .

Al though. as demonstrated by Hegerfeldt a.nd Rui. jsenaars f321. the violat ion of causal propa,-



gat ion is a,n extremel l , 'smal l  ef fect.  and rnight for this reason be considered as empir ica, l ly i r relevant

[33].  we wa,nt to take i t  ser iously because i t  seems to us that i t  lends considera,ble support  to t ] re
thermodynamical analogv discussed in sect.  4.  As a ma,t ter of  fa,ct .  there is a great simi lar i t -v be-
t lveen the behaviorrr  of  solut ions of the Schrodinger equat ion in quantum mecha,nics and solrr t ions
of the Boltzmann equat ion or the di f fusion equa.t ion. the lat ter descr ibing t l re spa,ce-t imebeha,viour
of thermodynamic qua,nt i t ies. Srrperluminal propagat ion of t l re solut ions of these lat ter equa,t ions
lra,s never been considered a, seriorrs problenr because thel' ' are interpreted as yielding ma,croscoytic
(phenomenological)  descr ipt ions of physica, l  t ransport  phenomena (e.g. [3+]).  These equat ions only
lra,ve an o,ppror imate val idi tv.  t t reir  appl icabi l i tv being l imited by the requirement of the existence
of molecrr la,r  cha,os determining the \ ' Iarkovia,n cha,ra,cter of the underly ing stocha,st ic process ([34,-
c l r a p t . 4 . 5 ) .

I f  the therrrodyna,mic analogv discrrssed in sect.  4 ha,s any releva,nce to qua,ntrrnr real i t r , .
then qtta,ntt tm mechanica, l  proce-sses might be compa,rable to thermodvnamic processes in which
the condit ion of molecular cha,os is suff ic ient for t l re maintenance of a local eaui l ibr ium in the
svstem. Quantrtm mechanical processes rvorrld then iie processes in u,'hich sta,tes of (d-vnamic) 1oca,l
equi l ibr ium evolve in srrch a (qua,si-stat ic) u"a1'  that t i rev alwavs remain states of local equi l ibr ium.
Stat ionarv solut ions of the Schrodinger equat ion would be comparable to thermodvnamic states of
qlobalequi l ibr ium. The nonlocal ef fect.  observed bv Greenberger l35l  i f  a box holding a part ic le at i ts
center is expanded a,diaba,t ical lv bv moving one of the wa1ls ( the expa,nsion causing a displacement
of tire pa,rticle's r.r' 'ave fitnction though the particie has not lieen near ttre wall). could equally lvell
be understood in a loca, l  way using the thermodvnamjc analogv. Thus. the adiai iat ic adaptat ion of
the r ,vave f i tnct ion-s to the cha,nging borrndary condit ions corr ld be understood a,s a, consequence of
Loco, l  processes adapt ing local equi l ibr ium to t l re global cha,nges in the environment.

Hence. quantum mecha,nics l ike thermodynamics. would onlv 
'be 

appl icable to ph-vsical  pro-
cesses under the condit ion that a,  state of local eqrr i l ibr ium can be maintained durins the rvhole
process. Suclt  sta,tes would corresponcl u ' i th the "ma,cro"states )  introdrrcecl  in sect.  4.  The t ime
averaging in ' t 'o lved in the def ini t ion of these "macro"sta,tes worr ld then be responsible for the "non-
ca,usal" beha,viour of these states.

Nonlocal i ty of  a,  certa, in theorv does not imply necessa,r i lv the nonloca, l i ty of  the real i ty de-
scr ibed bv i t .  Tlnrs.  t l re theorv of r ig id bodies i .s a, nonlocal theorv since i t  asslrmes propagat ion
at inf ini te veloci t-v* r ,r ' i th in t l re bodies. Tlre nonloca, l  connect ion of di f ferent parts of the same r igid
body does not implv a violat ion of causal i ty.  i . iut  is . just a restr ict ion on t i re sta,tes tha,t  are al lolved
u, i thin the domain of appl icabi l i ty of  t l re theory. Analogous rema,rks hold with respect to thermo-
d-vnamics. wlr ich is a nonlocal theorv as rvel l  because thermodl,-namic states refer fs.space-t ime
regions not -smaller tha,n the regions tha,t are averaged over in order to define the "macro"sta,tes
7-t"-H/kr.  Of cottrse. i t  is not impossible to cha,nge suclr  a state loca, l ly.  for insta,nce. bv increas-
ing the energy of one single part ic le.  thus causing the pha.se-space distr ibut ion to deviate from the
N' laxwel l-Roltzma,nn distr ibut ion. This.  however.  would lead us outsidethe doma,in of appl icat ion of
thermodynamics. Within this domain onlv such operat ions are al lo ' ,ved that maintain t l re ph.vsical
condit ion of local equi l ibr ium. Such operat ions must necessari ly be nonlocal.  Tlr is.  l ror,vever.  does
not imply that local opera,t ions. v iolat ing the equi l ibr ium condit ion. u, 'ould be impossible. Nor are



thermodynamic qua,nt i t ies the only qua,nt i t ies that

na,mical predict ions could be expected. for insta,nce.

performed well within the relaxa,tion time in which

after a, disturbance.

can l ie measured. Deviat ions from thermody-

if botlr preparation a,nd measrtrement worrld be

the state of the system retr trns to equi l ibr ium

If quantum mechanica,l measurements only probe hidden va,riables "ma,cro"sta,tes. it rvottld not

be surpr is ing that also quantum mechanics is a nonlocal t l reory. Once aga, in.  t t r is does not implv

that t |e underly ing real i ty must of necessity be nonlocal.  I t  is very wel l  possi l i le that the underly ing

rea,iity obeys a, local "microscopic" theory. the a,pparent nonlocalitv of quantum mechanics being

rela,ted to pa,rticular conditions to lie satisfied by experiments tha,t can be performed wittrin its

domain of appl icat ion. Thus. the al leged nonlocal i ty of  quantt tm meclranics that is sometimes

thought to lie apparent in tlre two-slit experiment (the pa,rticle. traversing one slit. "knows" whether

the other sl i t  is open or closed).  can be understood in a, local way i f  the microscopic physica, l  condit ion

ol i taining in a sl i t  worr ld be of t i re equi l ibr ium type discussed in sect.  4.  the equi l ibr ium conf igrtrat ion

being different if the other slit is opened or closed. Devia,tions from qtra,ntttm mecha,nics could be

expected if a particle tra,verses a slit. a,fter tlre other slit has been opened or closed. uith,irt th,e

rela,ro,tion time n,ece.ssa,ry to establi.sh equilibritm, betu;e.en th.e tuto .slits.

6. CONCI,USTONS

Nonlocal i ty of  qua,ntum mechanics ca,n have two quite di f ferent meanings: i )  nonlocal i tv of  the

reality underlying quantum mecha,nics. discussed in connection with EPR experiments and often

assessed a,s ensuing from a, v iolat ion of the Bel l  inequal i t ies; i i )  nonlocal i tv of  the quantum mechan-

ic.a7 .form,oli.sm. showing itself in the superluminal propa,ga,tion of solutions of qttantttm mecha,nicaJ

evolut ion eqrra,t ions and the Rorchers Schl ieder theorem.

in the present paper we ha,ve discussed arguments wlry the f i rst  k ind of nonloca, l i tv mav l ie

a,n issue l iased on an overest imation of the role played by the a,ssumption of local i ty in deriva,t ions

of the Bel l  inequal i t ies. Addit ional assumptions a,re equal ly importa,nt.  Several  such addit ional as-

sumptions have been invest iga,ted in this pa,per.  of  whiclr .  to ortr  knowledge. the one of sect.  3.3 has

not been discussed before. \Ve ha,..'e argued in favour of the assumption tha,t the existence of condi-

t ional probabi l i t ies p(o,; l ) )  is not just i f iable within the domain of a,ppl icat ion of quantrtm mecltanics.

Relaxat ion of this a,ssumption suggests a, model of  real i ty.  underly ing quantum mecha,nics. that is

very a,na,logous to tlre reality underlying thermodynamics. and that is sufficient to block derivation

of the Bel l  inequal i t ies. In part icrr la.r .  a dist inct ion between "micro"states )  and "macro"states )

o f fe rs  the  poss ib i l i t y  o f  in t roduc ing  probab i l i t ies  p (o i l ) ) . cond i t ioned on  "ma,c ro"s ta tes  )  t l ra t  a re

in equi l i l i r ium with the measttr ing instrument.

The thermodynamic analogv a, lso suggests a way to deal wit l r  the second kind of nonlocal i ty

mentioned a,bove. I t  must be stressed that this kind of nonlocal i ty is not direct ly rela, ted to the

nonlocal i ty issue connected rvi th the Bel l  inequal i t ies. the lat ter issue giving r ise to an interpreta.t ion

of cluantum mecha,nics a,s a.n exact and loca,l/ca,rrsa,l description of a, nonloca,l/noncausai rtnderlying

reality. Qua,ntum nonlocality as a consequence of the ttrermodynamic analogy, on the contra,ry.

characterizes quantrrm mechanics as an a,pproxima,te non1oca,1/nonca,ttsal description of a (possiblv)



loca1/causal underly ing rea.1i ty.  As discussed in sect.  4 t l re violat ion of t l re Re11 inequal i t ies l iy
qrra,ntrrm mecha,nics ma1'be seen as a, conseql lence of t l te local eqrr i l ibr i rrm of the sta,te of ea,ch of
the part ic les in an EPR experiment with the measuring appa,ratus i t  is direct ly interact ing with.

Onlv i f  the measurement would be able to probe the "micro"sta,te )  instead of the "macro"sta,te
' . '
) .  i t  corr ld be expected that the Rel l  ineqrra, l i t ies a,re sa,t isf ied. Such experiment. .  would have to be
performed wel l  within the rela,xa,t ion t ime of "srrbqrrantrrm" processe-s leading to the "eqrr i l ibr ium"
sta,tes , t .  Ry Bohm 136] this t ime is est imated "for the sa.ke of i l lustrat ion" to be 10-13 f  c seconds.
c the veloci ty of l ight.  I f  t l r is is correct.  t l ren such experiments are far outside the ra,nge of present
experimental  possibi l i t -v-.  In a,n electron two-sl j t  experiment with distance d. -  1p between the sl i ts

[37].  i f  one sl i t  is opened and closed al ternately a,t  a,  f requenc.y df c -  1014 Hz. no global equi l ibr ium
lietu'een the trvo sl i ts could estal i l is l r .  and devia,t ions from qua,ntum mechanical  predict ions are to
l ie expected. On the other l rand. a srvi tc lr ing frequencv of 50 \ ' IHz a,s in the,{ .spect srvi tching
experiment 18] does not give any reason to expect devia,t ions from quantum mechanical  predict ions.
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