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ABSTRACT

Three dif ferent kinds of hidden varlables theories are discussed and

compared with Bohm's theory' I t  ls demonstrated that Bohm's theory

does not satisfy the requirement that a reasonable account of the

measuremenf, process is given' The relat ion between the nonlocal i ty

issue of the BeII inequali t ies and Bohm's nonlocal quantum potential

i s  d lscussed.

1. INTRODUCTION

o n e r e a s o n f o r B e l l t o d o u b t t h e v a l l d i t y o f v o n N e w n a r m ' s

irnpossibi l i ty proof of hidden variables nray have been the ldea ttrat

l \
Bohm's theory- '  is yielding a countere:rample to this irnpossibi l l ty

thesls. As is welI l rnown Bohm's theory ls conrpletely equlvalent wlth

quantum mechanlcs, at least as far as experlments are concerned that

fal l  wtthin the dorraln of quantum mectranics' Hence' t f  Bohm's theory

i s a h i d d e n v a r i a b l e s t h e o r y v o n N e u n a r r r r ' s p r o o f c a n n o t b e c o r r e c t .

Once thus  fa r ,  l t  was  no t  d i f f l cu l t  fo r  B" l l2 )  to  p rove  the  fa l lu re  o f

von Neunnrm's Proof '

T h e n o n l o c a l i t y o f B o h m , s q u a n t u m p o t e n t l a l s u b s e q u e n t l y s u g g e s t e d

a d i rec t ion  fo r  BeI l  to  look  ln to  in  o rder  to  ob ta ln  h ls  own

imposs lb l l i t y  p roo f .  I f  Bohm's  theory  l s  a  non loco l  h ldden var iab les

theory, such theories seem capable of being equivalent with quartun

mectnnics' I lence. at most Locol hidden variables theorles seem to be

excluded. This ldea must have led BeIl3) to the construction of the
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lnequall t les. rramed after him, which, in consonance wlth Bohm.s ideas,
are interpreted by the vast n..Jorrty of physicrsts as a proof of the
nonlocal l ty of the quantum world.

The ldeas of Bohn ald Bell  supplement each other ln a very
suggestive way. Consequently, when we reslst the interpretat lon of the
Be l l  inequa l l t les  as  be ing  due to  a  loca l l t y  assumpt ion4) ,  ,a  

" . . r "necessary to contemprate also Bohm's theory from the same pornt of
v iew.

2. BOHM'S THEORY

Polnt of depa.rture of Bohm,s theory ls
Schriidlnger equatlon

ih#=-f,a**v*
ln a way that suggests a classlcal

g = R .1s4, R and S real ,
then the fol lowtng equatlons for R

$f+aiv l rp=0,

t h e  p o s s i b l l t t y  t o  w r l t e  t h e

( 1 )

l n te rpre ta t ton ,  I f  we pu t

and S can

P = R 2

- h 2 4 R
2 m R

(2 )
be der lved:

( 5 )

#.* f+v+e=0, a-

(3 )

(4 )
Equatlon (3) rs a continuity equatron for the transport of the
quantl ty p = lvl2 tr ?szm can be rnterpreted as the rocal transport
veloclty '  rn the usual quantum mechanlcal rnterpretat lon thls relat ion
's lnterpreted as a law of probabtlrty conservatron and expressed in
terms of the probabll l ty f lux

l=#l(*"i*-G*"t=rp,
P be ing  ln te rpre ted  as  a  p robab l l t t y  dens t ty .

I t  was the pecul lar form of equatlon (4) that induced Bohm to
propose a dlf ferent lnterpretat lon, ln whtch

i = futil
( 6 )

is  the  "c lassrca l "  momentum o f  the  par t rc le  r f  the  la t te r  rs  s t tua ted
at  pos l t ion  ? .  Ind .ed ,  equat lon  (a )  l s  the  , ,c lass lca l , ,Hamt l r " "_ r " " r i ,

equatlon of a pa.rt lcle acted upon by a potentlal V+e. The extra
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qu€rntum potential Q represents the devlat ion from purely classical

behavior. f t ,  hence, should describe the quantum mechanlcal

f luctuations as embodied by the wave functlon +(i).  In Bohm's view the

wave func t lon  is  to  be  ln te rpre ted  as  a  descr lp t ion  o f  a  rea l  f le ld

acting on the part icle. In later *ork5) Q ls indicated as a quanrum

i.nfornrtt ton potentlal in order to point out that the qualtum potentlal

does not represent a mechanlcal force but should rather be consldered

as something l ike an " inforlst lon content", to be compa.red with "radar

waves that gulde a shlp".

The quantum potentlal has a nonlocal ctraracter. Thls becomes

espec ia l l y  ev ident  i f  the  procedure  o f  equat lon  (2 )  -  (4 )  i s  app l ied

to the Schri5dinger equatlon of two pa.rt icles. Unless the two-pa.rt icle

wave functlon ls a product of slngle-part lcle wave functlons (whlch

obta ins  l f  the  par t i c les  a re  comple te ly  uncor re la ted) ,  the

two-pa.rt icle quantum potentlal seems to descrlbe an lnteractlon that

does not vanish i f  the interpa.rt icle dlstance becomes inf inlte. The

part icles seem to lnf luence each other however big thelr dlstance.

S ince ,  as  l s  we l l  lg rown,  i t  i s  lmposs lb le  to  use  th ls  non loca l i t y  fo r

super lumina l  s lgna l l ing ,  as  a  f l rs t  po in t  o f  c r i t l c i sm l t  shou ld  be

remarked that l t  ls not explalned by Bohm how lt  ls possible rhat such

non loca l  ln te rac t ions  do  no t  lead  to  a  v lo la t ion  o f  re la t l v ls t l c

causal i  ty.

3. SOME OBJESTIONS AGAINST BOIIU'S THEORY

An obJectlol ngalnst Bohm's theory, already ralsed by PauIfO)

against a theory by de Broglt.T), 1" formrlated by EinstelnS) as

f o I  l o w s :

Conslder a one-dlnenslonal part icle in an elgenstate

* ( x ) = A c o s l ' c (

o f  an  ln f in i te  we l l  po ten t ia l .  Then,
as

P = E i ; = u

contrary to the values t hk ttat fol low from developtng ' !(x) tnto

plale waves. More generalLy, i t  is clear t tnt ?S - O for a- '  rave

(7 )
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functlon *(?) that ls real-valued. An analogous obJectlon reas also
a l

raised by Rosen"' ,  who, for this reason, deemed a simllar theory "hard

to  accept " .

As  a  reac t lon  to  E lns te in 's  obJec t ton  Bohmlo)  .u f . . "  to  h ls  theory

of measurement which "takes lnto account the dlsturbance of the

observed system by l ts lnteractlon with the measuring apparatus". The

momentum measurement, then, should transform the wave function .p(x)

" into a wave pa.cket, with momentum approxlnetely +hk or -hk. and with

equal probabll i ty of elther result".  Hence, the momentum measurement

should transform the pre-measurement value f,  = O lnto one of the

post-measurement values I frP. The pre-measurement value f = O cannot

be measured wlthln the quantum mectranlcal dornain. All quantum

mectranlcal measurements have thls dlsturbing character, except,

perhaps, poslt lon measurement, whlch seems to be interpretable as

measur ing  the  pa . r t l c le  pos i t ion  w l thout  d ls tu rb ing  1 t .

The dlst lnct lon between pre- and post-measurement values tras been

a severe reason for cr l t lc lzlng Bohm's theory because of the al leged

metaphysica.I character of pre-measurement quantl t t ." l l ) .  I  do not

th ink  tha t  such c r l t l c isms are  dec ls ive ,  s ince ,  as  a lso  done in  a
1 t \

rep ly^ - '  by  Bohn,  r igh t ly  can  be  re fe r red  to  the  poss ib t l l t y  o f  fu tu re

measurements falling outside the donraln of qualturn mectranlcs and

yteldlng values that are closer to the pre-measuremenr ones than the

quumtum mechanlcal measurement results. For me, a more lnportant polnt

of concern is the fact that, ln order to Justl fy his theory of

measurement, Bohm relles on a quontun nechcntccl theory of

measurements  o f  the  f i rs t  k lnd l ) '13) .  ln  wh lch  the  tn i r ia l  s ta re  V ,  o f

the cornblned system of obJect and measurlng instrument
,  \ -  , t ,  ^ , -) .vt = 2 cr, *r.,(x) fo(v) (8)

n

ls transformed by the measurlng process lnto the f lnal state

vf = ) "., 9rr(?) fn(i), (s)
n

fo{7) ata frr( i)  lei"S lnlt lal  and f lnal "pointer" states of the

measurlng lnstrument, ea,ch f lnal state correspondlng with an
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eigenstate *rr(>i) of the measured observable. In the conventional

interpretat lon this quartum mectranical theory of measurement is viewed

upon as a ref lect lon of l lelsenberg's td"."14) wlth regard to quantum

mechanical measurement, to the effect that the measurement process

dlsturbs quanti t ies t t lat are lncompatible wlth the observable ttr ,at is

actual ly rneasured, but the measured observable i tself  ls not

disturbed. This picture of what ls going on in a measurement evidently

is very dif ferent, and even lncompa.t lble, with Bohrn's vlews. Thls

d i f fe rence is  exp l l c l t l y  ac lmowledged by  Bohm ( re f .  1 ,  p .  183) .  I t  l s

renarkable, then, and also a btt disturbing, that the relat lon between

the pre-measurement value f, = ?s of momentum and the momentum value

that ls actual ly obtalned ln a momentum measurement, should be

explained by means of a measurement theory that is developed accordlng

to a completely dif ferent, and even lncompa.ttble, picture of what ls

happentng in a measurement process. Also, the pre-measurement value

f = VS does not have a counterpart ln the quantum mechanical theory of

measurement processes of the f lrst klnd. What is clearly missing frorn

Bohm's theory ls a detalled account of the way the pre-measurement

value of f, ls transformed lnto the quantum mectranlcal measurement

r e s u l t .

4. DIFFERENT INTERPRETATIONS OF QUANTUI MECHANICAL PROBABILITIES

In interpretlng quantum mechanics we try to answer the questlon of

the physlcal stgnif icance of the nathenatlcal quantl t les obtalning in

the theory. In thls sectlon I want to discuss posslble meanlngs of the

arguments of quantum mechanlcal probabtl t ty dlstr lbutlons l{(ar),  ln

whlch the nrathenratlcal meaning of a, ls that of an elgenvalue of a

selfadJolnt operator representlng a quantum mechanlcal observable. The

questlon is: "What do we meanr by saytng that W(ar) ls the relat ive

frequency that observable A tns the value ar?", or analogous questlons

for the Jolnt probabll i t ies of several quantum nrechanlcal observables.

In dlscussing tnterpretat lons of quantum mechanlcs we need not go

423
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beyond quantum mechanics. Any quanti ty to be encountered wrlr.  for
thls reason, be consldered to be a quantum mec^cntcot quarrtt tu, that
is ,  some expec ta t lon  va lue  o f  a  se l fadJotn t  opera tor  A :

( A )  -  T r  p  A .  
( t o )

Here p ls the denslty operator. representlng a preparatlon procedure
which, by definit lon, ls in the domain of quantum mechanlcs. The
expectatlon value ls a l inear functional of p. By the same token A
represents a quantum mechanlcal measurement procedure. I f

o=?" " ' '  P IPJ=P 'u , J '

then  the  probab i l l t y  d is t r ibu t lon  ' ' (a r )  t s  g iven  by  a  l lnear

func t iona l  o f  the  dens l ty  opera tor ,

W ( a r )  =  T r  p  p r .

I f  { R f }  i s  a  s e t  o f  p o s l t i v e  o p e r a t o r s  s a t i s f y l n g

o  <  R i  (  r ,

)  R .  =  I ,

then  the  l inear  quant l t ies

Q r = T r P R ,

are quantum mechallcal expectatlons obeylng
o  (  q ,  (  t ,

)  Q ,  =  1 '
I

ar rd  ,  hence,  a re  ln te rpre tab le  as  probab i l t t ies .  The se t  {Rr }  i s

ca l led  a  pos i t rve  opera tor  va lued (pov)  measure ,  a  p roJec t ion  varued
measure {Pr} befnS a special case. By mears of poV_measures i t  is

possible to def lne, rotthtn the d.ono:tn of quanturn nechanlcs. more
genera l  . io in t  p robab i  l t  t y  d ls t r ibu t ions

Q 1 r = T r p R t J ,

o (RrJ ( r ,

r J  T J

than the ones tradit tonal ly encountered ln quantum mechanlcs, the

( l l )

(  1 2 )

(  l 3 )

(  l 4 )

(  15 )

(  16 )

( r7)



425
l a t te r  genera l l y  be ing  represented  as

w i 3 = T " P P i Q J ,

(  1 8 )in  wh ich  {p r }  and {e r }  a r "  p roJec t lon  va lued measures  sa t ts fy ing
[Pi l  Qr] = o.

I  sha l l  now g lve  a  shor t  d iscuss ion  o f  severa l  poss lb i l l t tes  o finterpretlng the argurnents of theserorowing r sha, distinguish two _,il:T:'jjii,:il"i::ilr"";"i.ii"
and a phenononoL tst,/ Lns trumental ts t one.

" ,"" : i : iT: : f f : ,of  

rear isuc rnterpretat ions rs,  r lke the language of
quant i t ies  tha t  ; t t '  

"  
language o f  p roper t ies .  p roper t ies  

re fe r  to

ob jecr ,  r i ke . . * . ' " ; : ' , : : : " : : : ' . j t ' e '  
independent  o r  rhe  s ta te  o r  the

d e p e n d e n t  o n  t h e  . . " r " . - ^ ' ] " . r : - " , : t  
a  p a r t i c l e ) '  o r  e x t r i n s l c  ( i . e .

o f  t h e  p a r t l c l e ,  l ' " t t  

o f  t h e  o b J e c t '  l i k e  e ' g '  p o s i t i o n  a n d  m o m e n t u m

mechanics 
" 0""0": , jn*: : : : ; , ; . i :T*,"  " t th t lme).  rn crassicar

il:ffi,jr: ;il 
be ar*ibu,"d t" ,h:bj;;j::",ilJJl;,fi,";""

to  be  isora ted  f rc  

essent ia l l y '  imp l ies  tha t  the  obJec t  i s  cons idered

rierds that are ,J.j1:::":j"j:"":'"rd 
(apart perhaps rrom certarn

sometimes properties seem to ,. "r;,il.j;;: :: :l" H.jj ,jilr;,th is  obJec t  l s  s i tua ted  in  cer ta in  env l ronments  o r  con tex ts .  For  th lsreason i t  seems necessary to take lnto

ilff:T: il:T;"" 
the va'Iue' ""'"":":;:T:Li:: ;";;::i"" "'

determined by the ,".*""j;"j -rTTj]ltechanics 
this environmenr rs

l rement  se t  up .  A  contex tua lquantity does not have an unarnblguous m
measurement procedu

th is  p rocedure '  bu t re '  

Not  on ly  l ' "  t tu ' " * tnu '  

bu t  depends on  the

depend on,, *.", .;"",::::ijlj:J J:rfu:...,fft#:the ftnal value of the contextual quantlrhe measurement) or with some averase 
""i].,j;;,;:[T::;Ji;;j..the  measur lng  process .  What  l s  essent la l ,  here ,  l s  tha t  the  w.1us . .
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of the observable A can be attr lbuted to the obJect only as far as the

obJect ls inf luenced by the measurement arrangement.

The language of lnstrumental ist/phenomenallst interpretat ions is a

lalguage of phenomena. Phenomerra are often lntroducedl5), tn th"

context of emplr lclsm, as "observable phenomena" or "appearances" in

order to represent the ernptrtcat substructures of a theory. For the

present purpose 1t suff lces to characterize a phenomenon as an

obseruable pa.rt  of real i ty. Within the donraln of classical nectranlcs,

any property can be considered to be observable. I lence, wlthin the

donaln of classical mechanics every phenomenon can be taken to

cor respond to  a  p roper ty  o f  the  ob jec t  l t se l f :  the  c lass lca l  wor ld  l s

observed "as l t  ls".  The event of a macroscoplc part lcle havlng

ve loc i ty  71 t ;  a t  t lme t  l s  bo th  a  p roper ty  o f  the  par t l c le ,  ond a

phenomenon ln case thls property ls actual ly observed.

The s i tua t ion  is  d l f fe ren t  ln  n ic rophys lcs  because here  a

nncroscoplc measurlng instrument acts as an lntermediary between

obJect and observer. The observer has only access ln a dlrect way to

the measuring instrument, not to the obJect system. Therefore the

phenomenon should be attr lbuted as a property to the measurlng

lnstrument rather than to the obJect. Thus, a track in a Wllson or

bubble chamber is a phenomenon playing a role in the detection of an

elementary part icle. The track conslsts of a great number of snral l

droplets or bubbles, the development of whtch ts caused by a pa.rt icle

crossing the ctramber. For thls reason the track provldes us with

lnfornration about the part lcle. However, i t  ls not a property of the

par t l c le  l t se l f ,  bu t  shou ld  be  cons ldered,  -  ln  the  sense o f  c lass ica l

mechanics - ,  as a property of the channber. Although the existence of

a pa.rt icle traJectory ls nrade htghly plauslble by the existence of the

t rack ,  the  t rack  may no t  be  ldent i f ied  w i th  the  t raJec tory .  Ac tua l l y ,

the same track could be caused by nrany dif ferent traJectories!

A  pure  phenomena l ls t / ins t rumenta l l s t  ln te rpre ta t lon  cons iders

quantum mechanlcs as a theory about measurement results of quantum

mechanlcal measurements, wlthout arly necesslty to attr lbute the

Hr lsurement  resu l t  to  the  obJec t  l t se l f  .  The theory  Jus t  y le lds

; 'y 'qqflct lons 
abou .he reactlon of certaln nacroscoplc measuring
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instruments l f  certain nracroscopic preparation procedures are

performed. Then, the quantum mechanical probabll i t ies are Just

probab i l l t les  o f  measurement  resu l ts ,  l .e .  o f  p roper t ies  o f  the

measuring instruments.

In  re t rospec t ,  we can d ls t lngu ish  th ree  poss ib le  ln te rpre ta t ions

of the argument a, ln a quantum mechanlcal probabil i ty dlstr ibutlon

w1a, )  :

1)  a ,  i s  an  obJec t ive  proper ty  o f  the  obJec t ,

2) a, is a contextual property of the obJect,

3 )  a ,  i s  a  phenomenon,  i .e .  a  p roper ty  o f  the  measur ing  lns t rument .

5. PROBABILITY DISTRIBUTIONS IN HIDDEN VARIABLES TIIEORIES

If lt is assumed ttrat quantum mecharlcs can be reproduced by neans

o f  a  r ea l i s t i c  ( h i dden  va r i ab les )  t heo ry ,  t h l s  c l ass l f i ca t l on  y i e l ds

dl f ferent  representat lons of  quantum mecbal lcal  probabi l i t les-  Let  I

denote the conf lgurat lon space of  h idden var iable X,  and p(X) i ts

p robab l l l t y  d t s t r i bu t l on .  Then ,  l n  t he  obJec t l v i s t l c  case  I  we  can

dX p( I )  =

wr i  t e
I

Wlar )  =  
J
A .

I

I=J
A

in  wh ich  A,  l s

(  l s )

d I  xnr ( I )  n (x ) ,

the subset of A for whrch A(I) = a, and Xir(^) ls the

i nd i ca to r  f unc t l on  o f  l r .  I t  shou ld  be  no t l ced  t ha t .  as  f a r  as  t he

hidden var iables theory ls  lntended to reproduce quantum mechanics and

p(X) is  thought to represent a quantum mecturnical  state,  the

p robab t l t t y  w (a r )  shou ld  a l so  be  exp ress lb l e  as  a  l i nea r  f unc t l ona l

( 12 )  o r  ( l a )  o f  a  dens l t y  ope ra to r .  A  gene ra l  h l dden  va r l ab les  t heo ry ,

however.  mlght  have a wlder scope, and contaln expresslons of  the form
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(19)  tha t  a re  no t  express ib le  as  l inear  func t lona ls  o f  a  dens l ty
opera tor .  Moreover ,  ( lg )  migh t  re fe r  to  p roper t les  tha t  do  no t
correspond wlth quantum mechanlcal observables.

In the contextual lst lc case (case 2) we take lnto account the
poss ib le  in f luence o f  the  de tec t ion  process  on  the  resu l t lng
probabll i ty '  Thts can be done by rntroducrng a stochastlc operator16)
f^  wh lch  t rans forms p( I )  in to  a  new probab i l t t y  d is t r ibu t ion .  rhus
y i e  l d i n g

I{(a,  )  = d\ r^n(I) =I
j
/1 .

I

= 
I 

dx p(x) r l  xnrtr),
l

f l  Ueing the adJotnt of the stochasrlc operator f I .  I f

p(ar lr) = rix,r, (r),

(20)

rve wr i te

( 2 1 )

we can in te rpre t  p la r l f )  as  the  cond l t lona l  p robabt l t t y  o f  a ,  fo r
glven X. Thls quantl ty, evldently, depends on the measurlng process.
somet lmes r t  rs  assumed tha t  ' ' (a r ) ,  never the less ,  can  be  a t t r rbu ted  to
the obJect as an obJective property. This would be reasonabre i f  there
would exist only one slngle procedure to measure observable A. We
might  ca l l  th is  the  qr ras l -6bJec t tu ts t tc  case.  Even then,  however ,  l t
wou ld  no t  be  a l lowed to  a t t r lbu te  W(ar )  to  the  obJec t  in  a  contexr

that ls dif ferent from this slng.le measuremenr context.
rf  we want to take Into account expl ici try the rnteractron between

obJect and measurrng Instrument we should extend the descrrpt ion to
include the spa.ce MO of the hldden varlables p of the measurlng

apparatus for observable A. Introduclng the stochastlc operator d^TJ
descr ib lng  th rs  rn te rac t ron ,  we ob ta in  fo r  the  contex tua l i s t rc  case

w ( a . ) = l a r ,  |  
^

r J J 
dt, eL p(I) pe(rr) , e2)

ir tA

ntr(r)  berne the tnrtrar probabrl t ry drsrrrbutron of the hrdden
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he measuring rnstrument. This expressron can be reduced

d ^  p ( a r  l ^ )  p ( I ) ,  
( 2 3 )

w i  th

nr"r lr l  = 
J dr no(u) { xnrrr l .
Ml

so' rntroducing the dynamics of the measurement interaction does notyleld much news over the case of equatron (20) in which the dSmamlcs
of the measurlng apparatus ls not taken into account expltcl t ly.

The lnstrumental lst. /phenomenallst case, f lnal ly, is represented bythe expression
f rw(a,) = 
I 

t^ 
J 

dp {u p(^) pr(r,) (%)
n to,

whtch dlf fers from (22) rn the boundary of the domaln of lnregratlon,
MA,  b" tng  rhe  subser  o f  MO the  appararus  f tna l l y  i s  ln  t f  the  f ina l

s ta te  i s  to  be  in te rpre ted  as  the  measurement  resu l t  a r .  A l though,
a l s o  h e r e ,  i t  l s  p o

.  , - .  , -  
-  r s s i b l e  t o _ w r l t e  ( 2 S )  t n  t h e  f o r m  ( 2 3 ) ,  w i t hp(ai l^) = 

J dr ro(r) fr xortu) (26)
MA

(XO.( l )  be ing  the  lnd lca tor  func t ton  o f^l _rrur@Lor runctlon o, 
"0, 

) ,  there ls a fundarnental

d i f fe rence w i th  the  o ther  cases :  r t  rs  now r rnpossrb le  to  a t t r ibu te  theprobabt l i t y  ' ' (a r )  to  the  obJec t  sys tem as  an  obJec t ive  proper ty ,  s lnce
the  probab i l l t y  ev ldent ly  on ly  ex ls ts  r f  the  measur ing  rnsr rument  rsp r e s e n t .

6. BOHM'S INTERPRETATION

var lab le  o f

to

l{(a, ) =

I shal I now try ro answer
ln te rpre ta t lons  ls  app l l cab le
tha t  no t  a l l  asser t lons  ln  the

the questlon whlch of the three
to Bohm's theory. The problem here ls
art lcles by Bohm and coc ators are

t

I

I
J

l

(24)
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equally clear. Some even appear to be inconsistent. Thus, in a recent

revlew artt" leSb) we read the fol lowing: " lYe feel that these examples

are  su f f l c ien t ly  b road in  the l r  app l i ca t lons  to  lnd lca te  how the

ontolory works out more general ly, and to enable us to understa.nd

lndivldual quantum processes urtthout houtng to brl .ng tn meosurenent' .

(p .32a,  my l ta l l cs ) .  Th ts  suggests  tha t  the  quanr l t les  shou ld  be

cons ldered as  obJec t ive  proper t les  o f  the  par t i c le  (case 1) .  Th is  i s

also apparent from p. 325 where the probabtl l ty density of posit ion is

interpreted as "the probabtl l ty denslty for the pa.rt icle to be at a

cer ta ln  pos l t ion"  ( the i r  emphas ls ) ,  and where  ls  s ta ted  exp l l c l t l y

that "here we dlf fer from Born who supposed that l t  was the

probabil i ty of f tndtng the part icle there ln a sultable measurement"

(their emptrasls). This, in any case, seems to exclude the thlrd,

ins t rumental I s t,/phenomerral i s t ln terpre tat I on.

Bohm is well  aware of the lmportant role the measurlng apparatus

plays ln the measurement process. As he puts l t  ln the second pa.rt of

ref.  L: " Observables are not propert les belonging to the observed

sys tem a lone,  bu t  ins tead po ten t la l l t les  whose prec lse  deve lopment

depends Just as much on the observlng apparatus as on the observed

sys tem" .  Th is  po in ts  ln to  the  d l rec t ion  o f  the  second,  contex tua l l s t l c

lnterpretat lon. Indeed, Bohm dlst lngutshes the pre-measurement value f,
= ?S of nomentum (he cal ls this the "actual" value) from the value

obtained ln a quantum mecharical measurement. As already dlscussed

before these are dif ferent ln general.  l fhereas the probabll t ty

distr ibutlon of the measured values is glven by the usual quantum

mectranical expresslon

tr(i) = l"til 12 = rr p p- , p
p

a1P; Uetng the Fourter rransform

::.""t 

value of momentum seerns to

_,= lP><?| ,  p  = l * )<*1,  i=  nP e7)
p

of  * (? ) ,  the  probab i l t t y  o f  the

be der ivab le  f rom ,J , (7 ) ,  us fng  (6 ) ,

r fw."t(i) = | ailvt?t 12 (28)
?sr?l=i

the integratlon belng restr lcted to that pa.rt  of conflguratlon spa.ce

for whlch ?S1?1 = - 
Indeed, for real-valued g(?) thts parr anounrs to
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the whole space for  i  = O'  and vanlshes for  p I  O'  in accordance wl th

prevlous resul ts '  on the other t ra ld '  for  real  *( i )  t t re probabi l i ty

d l s t r i bu t l on  (27 )  i s  on l y  r es t r l c t ed  by  t he  re l a t i on--- 
"ii, = .*i-ti ., -n 

(2s)

Thls, evldenrly, does not imply w(f,) to vanlsh for f ,  = 1t? * o'

I t ,  lncidental ly '  should be renarked ttat the probabtl i ty

Ur"atro"ar"n W."r( i)  does not trave a quantum mechanlcal representation

of  the  fo rm (12) '  Forna l l y '  (28)  can be  wr i t ten  as  an  exPecta t lon

value of a proJection oPerator '  vlz '  the one proJectlng a wave

function 9(7) according to
.-'' ' 't e(?), 

(3o)
l -  e (x )  =  X+(xJ

p P

X-(?) Uein9 the lndicator functlon of the region of conflguration

p

"'p... 
tot wtricn ?s1?; = f,' Ilo*tu"r' now F- depends on the wave

P

functlon 9(?) '  t trus causing (2S) to devlate from l lnearlty '  Evidently '

i f  the "actual" value f,  = ?S1?; is lnterpreted in the way Bohm

proposes, then lt can not be vlewed as a quantum mectnnical quantity'

This need not bother us too much' because i t  is posslble to deny the

status of a quantum mechanrcal quantrty to quantitres having values

ttat can be lnterpreted as pre-measurement values' This would be

tantanount to saying that not the obJectivlst ic probabil t t tes (19) but

the contextualrstrc ones (23) should reproduce the quantum mechanical

probabiltties ln case the preparatlon and measurement procedures are

wlthin the donraln of quantum meclranics' This is a perfect ly reasonable

poslt lon. On the other hand' as stated before' without a measurement

theory relat lng "actual" and measured values of a quantl ty '  l t  ls

rather arbitrary to declare the result of any algorl thn' however

suggestlve thls algorl thm tray be' as the "actual" value of a quanti ty '

one of Bohr,s leadrng principles in guessing the general isat lon of

classlcal mectnnlcs lnto the donain of qualtun mectranlcs was the

correspondence princlple'  The valtdity of thls prlnclple induces

cer ta in  s ln i la r i t les  be tween the  d l f fe ren t  theor ies '  Bohn 's

representatlon of the Schri idlnger equatlon ls a clear nranlfestat ion of
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th ls  s lmi la r r ty .  Another  n ran i fes ta t ion  rs  Ehrenfes t ,s  theorem y terdrng
sti l l  a 'other way to represent quantum mechanrcs in a nanner that is
very suggestive of crassical mecha' ics. Both representatlons are
mathenatrcarly equrvalent with the schri idinger equatron. since nobody
seems to  deny  tha t  the  ra t te r  equat ion  descr ibes  onru  s ta t l s t i ca l
propert ies of the quartum worrd, we should have solrd arguments rf  we
want to interpret essential ly the sanne n'athenatics in a dif ferent way.
In  fac t ,  we have nb t .  On the  cont ra ry ,  as  ind lca ted  in  equat ion  (S) ,
the  quant i t y  ?s  h . " ,  rn  the  , ,usua l , ,  

in te rpre ta t ron ,  a  s to t ts t rca l
mean ing  wh ich ,  ln  p r lnc lp le ,  lends  i t se l f  to  exper imenta l
ver l f i ca t ion .  The equa l l t y  i  =  O,  ob ta in ing  fo r  rea l_va lued wave
func t ions .  can  be  ln te rpre ted  as  the ,  in  p r inc lp le  observab le ,
s to t ts t tca t  resu l t  tha t  the  probab i l i t y  f lux  J  van lshes ,  cons ts ten t
with the varishing of the quantum mechanlcal expectat lon value (f ,>
resultrng from (2g). rt  does not seem to be very reasonable to suppose
that the same nrathenatrcal quanttty has str l l  another, completely
dlf ferent meaning, vrz. that of a pre-measurement value, Thrs is not
to deny the posslbl l i ty that a pa.rt lcle nray have an, 'actual, ,  momentunl
value' I t '  however, appears to be very improbable that thrs value can
be derived from an approvedly stat ist ical theory l ike quantum
mechanlcs. For thts reason an interpretat lon of Bohrn,s theory as
yieldlng "actual" pre-measurement values ls hardly plauslble.

Analogous renarks can be nrade wrth respect to the nonlocal i ty of
the  quantum poten t la l .  I f  th ts  l s  in te rpre ted  as  a  non loca l
interactlon, we are confronted with the problem of explalnlng the
prlnclple of local conrnutatrvrty rn quantum mechanrcs whrch rs an
expresslon of the mutual nondlsturbance of quantum mechanical
measurements performed at a space-l lke distance from each other. I t
rer '" ins completely unclear why such a nonlocal rnteractron would be
contrrved in such a way that tn EpR-rtke experrments the probabtl t ty
d is t r lbu t lon  o f  one observab le  l s  no t  d ls tu rbed by  the  o ther
measurement '  ' ' hy  does  th rs  nonroca l  rn te rac t ron  hrde  r tse l f  f rom
detec t lon?

Such problems dlsappear t f  t t  ls real lzed tfrat the quantum
potent ia l  fo rna l rsm 1s  equrva len t  wr th  the  $ lave  func t ron  fo rna l rsm
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and, hence, should encompass the same experlmental lnfornratlon' i 'e '

p robab i l i t ies  l i ke  the  ones  g iven in  equat ions  (12) - (18)  and the

expecta t ion  va lues  ca lcu la ted  f rom them'  More  spec i f i ca l l y '  the  lo in t

p r o b a b i l i t y d i s t r i b u t i o n s o f E P R _ l t k e m e a s u r e m e n t s a r e d e s c r i b e d b y

(18)  i f  {Pr }  and {Q j }  a t t  two sPect ra l  representa t ions  o f  observab les

o f e a c h o f t h e p a ' r t l c l e s s e p a ' r a t e l y . U n l e s s t h e d e n s i t y o p e r a t o r p c a n

be wr i t ten  as  a  p roduc ,  P IPZ o f  two s ing le -par t l c le  dens i ty  opera tors

the  par t i c les  a re  sa id  to  be  s ta t l s t i ca l l y  cor re la ted '  I t  l s

interesting to observe that preclsely under this circumstance of

stat ist lcal correlat lon the nonlocal character oi the quantum

potential becomes mali fest. For this reason i t  ls rather natural to

vlew the nonlocal l ty of the quantum potential as an expresslon of the

s ta t i s t l ca l  cor re la t ion  be tween d ls ta l t  par t i c lcs '  S ince  such

correlat ions can always be understood frorn a common preparatlon

process there is no nonlocal interaction involved' I t  ls even

mlsleading to speak about nonlocol correlat ions because the

correlat ion can readi ly be explalned in terms of local interactlons

being effect ive when the part lcles were near each other'

S ince  the  Be l l  inequa l i t ies  a re  o f ten  invoked to  d lsprove the

p o s s i b t l i t y o f t h e p l c t u r e p r e s e n t e d h e r e , t h i s i s s u e i s d i s c u s s e d l n

the  nex t  sec t lon .

7. RELATION WITH T1IE BFI| INEQUALITIES

After the derlvatlon of the Bell  lnequali t les EPR-l lke experiments

general ly trave been analyzed ln terms of these inequall t les. Although

it ls doubtful l  whether thls ls the most approprlate way to do such an

. r r . l y " t " l? ) '18) ,  r '  the  present  contex t  I  w i l l  fo l low the  sarne  rou te '

I t  l s  a  w ldespread be l le f  tha t  the  Be l I  lnequa l l t ies  a re  due to  a

Ioca l i t y  assumPt ion .

Conslder EPR-Iike measurements performed on a system of two

pa.rt lcles, A, arld Bt beinS incompatlble observables of pa'rt icle I  and

1 q \

ana logous ly  A ,  and B,  fo r  par t l c le  2 '  By  Rasta l l ^ - '  l t  was
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denonst ra ted  tha t ,  under  the  assumpt lon  o f  macro loca l i t y lT ) ,  fo r  the
va l id i ty  o f  the  Be l l  inequa l l t ies  i f ,  i s  necessary  and su f f l c ien t  t t ra t
a  jo in t  p robab i l i r y  d is t r ibu t ion  ( jpd)  ex ls rs  o f  the  four  observab les
tha t  a .e  lnvo lved.  r f  such a  Jpd ex is ts  r t  i s  imposs ib le  tha t  the
measurement results of al l  EPR-l ike experiments can be derived from it
by taklng nrarginals. Evldentry. such a jpd does not descrlbe the
quantum world.

By Diek"2o) the nonexistence of such a Jpd is interpreted, once
again, as a consequence of nonlocal l ty: since the value of observable

A2 *y, because of nonlocalrty, depend on the crrcumstance whether we

measure  At  o r  B t  on  the  o ther  par t i c le .  r t  i s  imposs ib le  to  a t t r rbu te

s imu l taneous ly  a  we l l -de f lned va lue  to  Ar .A ,  and Br .

A l though th ls  reason ing ,  taken by  i t ser f ,  l s  no t  rncor rec t ,  r t  rs
not very relevant because also in case of rocaltty such a Jpd cannot
ex is t .  Th ls  l s  so ,  because the  ex ls tence o f  the  Jpd o f  the  four
observables does not only imply the exrstence of Jpd's of pairs of
comp-tLbLe observables (whtch ca,n be compa.red wlth the outcomes of
EPR-l lke experinents), but also of pa.lrs of tncompatible observables,
l i ke ,  fo r  ins tance,  

|  1
p(At  =  

" i ,  
B t  =  b ; ) .  Accord ing  to  l le isenberg 's

disturbance theory of measurement this is, lmpossible t f  both ne,rginals
o f  th ls  express lon  have to  y ie ld  und is tu rbed probab i l i t ies .  For  th is
reason,  i t  l s  poss ib le  to  a t t r ibu te  the  nonex is tence o f  Ras ta l l ' s  Jpd ,
to the Heisenberg measurement disturbance of the incompa.trble
observable Bl i f  Al ls measured (and vice versa). Since A, and B, are

observables of the sane part icle, no nonlocal i ty is rnvolved.
In compa.rlng the lnpl lcat lons of the three possible

interpretat ions consldered ln section 5 wtth respect to the existence
of a Jpd, l t  is clear that for EpR-l ike measurements the
lnstrumental lst, /phenomenalist interpretat lon does not lead to such a

Jpd because of the necessity, in thls interpretat ion, to measure the
four  observab les  Jo ln t l y .  A lso ,  s ince  ln  the  obJec t iv is t l c  rea l l s t i c
case the quantl t les are attr lbuted to the obJect independently of the
measurement procedr'-e, this interpretat lon cannot lead to the quanrum
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mechan ica l  resu l ts .  For  th ls  reason the  contex tua l i s t i c  rea l l s t i c  case
r e m a l n s  a s  t h e  o n l y  r e a l i s t l c  p o s s l b t l i t y .  B o h m  a n d  H l l e y 2 l )  a r r l v e  a t
a comparable conclusion in thelr attempt "to explain qualrtum
mechan lca l  non loca l i t y  a long E lns te ln .s  l lnes ,  l .e .  ln  te rms o f  a
Ioca l  f ie ld " .  Th .y  come to  the  conc lus lon  tha t  Be l l ' s  inequa l l t ies
cannot be derived tf  the hidden variables probabll i ty distr ibution
p(\) is dependent on the measurement setup.

From the foregoing tt  rs. rndeed, crear that contextual lsm rs
necessary for a real ist lc understandlng of quantum mechanlcs. However,
an unquali f ied contextual lsm nay not be suff lclent. As a ftatter of
fac t ,  a lso  in  rhe  contex tuar is t i c  case,  in  whrch  p(a i  lX)  depends on

the measurement procedure, l t  is posslble to wrlte down a Jpd
according to

or"1."3,d,r?t = J dr p(x) p(al lr) p(a]l^) p(41^) p(b?l\) ( 3 1 )

from whlch the single-observable probabll tr les (23) can be obtained by
narginal izat ion, a' 'd whlch satlsf ies 'acrolocal i ty. Hence, the BeIl
lnequa l l t ies  a re  sa t ls f ied  even rn  th ls  contex tua l l s t i c  case.

However, the Jpd (31) does not seem to represent the physical
s i tua t ion  o f  EPR- I lke  exper lments  because l t  does  no t  a l low fo r  the
poss ib i l l t y  tha t  e .g .  the  probab i l r ry  d is r r ibu t ron  o f  A ,  mt8ht  d i f fe r

ln the context of a Br-measurement from the distrrbution of A, in the

context of an Ar-measurement. The constructlon of the Jpd (31) is,

evidently, based on an unwarranted quasi-obJectivrsm (cf- sect s). The
lack of a real lst ic theory of measuremer\t dlsturbance nnkes l t
impossible to estirate whether Bohm's theory excludes such
quasi-obJectlvlst ic Jpd's. In any case, they are excluded by the
tradit lonal Helsenberg theory of measurement, which, therefore, seems
to me to have a certaln advantage over Bohm's theory, even l f  we try
to come to a real lst ic understandlng of quantum mechanics.

8. ONCI-USION

My concluslon is that Bohm's theory, as rt  stands, should not be



4JO

consldered as a hidden varlables theory, but as a suggestlve yay to
wrrte down the schri idlnger equatron. For thrs reason, Bohm's theory
shourd not be rnterpreted as yielding inforrnatron transcending the
quantum mecha'rcal one. Far from representrng a nonlocal interaction
the nonlocaltty of the quantum potentlal can be interpreted as
descrlpt ive of a correlat lon between the pa.rt lcles. whtch rnay be
caused by the preparation process and whrch need not vanish when the
par t i c les  separa te .

The basrc rdea of Bohm's theory rs, to consrder quantum mechanrcal
states as a kind of equl l tbrrum states of some subquantum dynamrcs.
This rdea ls very attract ive and rs worth to be developed further,
both as an explanation of the quantum rtddle and as a source of
lnspirat ion ln f inding wErys to transcend the experlmental donraln of
quantum mechanics' r t  's questlonable, however, whether thts wrl l  be
possrble by sttcking to a drsguised form of the schri idinger equatron
and a rather arbltrary rnterpretat ion of the rnathenratical fornral ism.
Admt t red ly ,  i r  rs  rmpossrb le  to  p resent  a  fa ls i f rca t ron  o f  the
in te rpre ta t ron ,  na in ly  because 1c  does  no t  o f fe r  a  su f f i c ien t ly
developed theory of neasurement to be able to draw even the most
general conclusrons l tke the ones necessary to investrgate whether the
Be l l  inequa l i t les  a re  sa t ls f ied  or  no t .  As  He isenberg ,s  theory  o f
measurement ls developed not rmrch further, l t  renalns possible to
prefer Bohm's measurement scheme over Helsenberg,s one. For this
reason r t  rs '  a t  th is  moment ,  no t  s t r rc t l y  lmposs ib le  to  v tew Bohm,s
theory as a hldden varlables theory.

On the other hand, several arguments were advalced ln the
foregoing whlch nrake such a chorce unattractrve. Among these arg.ments
the nonlocal i ty lssue ls not the least lmportant one. Jndeed, we
should have strong indrcatrons of the correctness of the theory, rf  we
are to accept the consequence of a theoretrcal nonlocal l ty t t ' t  has no
counrerpart rn experrmental physrcs. such rndrcations we do not have,
a t  leas t  no t  r f  we resrs t  the  tempta t ron  to  Jus t t fy  the  non locar l ty  o f
Bohm's  theory  by  po ln t rng  to  the  Ber l  tnequa l r t res ,  wht le  re fe r r rng  to
Bohm's  theory  tn  Jus t t fy tng  the  ro le  o f  the  loca l l t y  assumpt lon  in  the
der lva t lon  o f  the  Be l l  rnequar r t res .  Hence,  un less  we accept ,  wr thout
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any necessity, Bohn's theory as a hidden variables theory, we al 'e not

cons t ra ined to  be l leve  tha t  we l l ve  ln  a  non loca l  wor ld .

By renouncing an interpretat ion of Bohm's theory as a hidden

var iab les  theory  I  do  no t  in tend to  deny  the  poss ib i l l t y  o f  a

real ist lc interpretat lon of quantum mechanics. on the contrary, 1f we

want to t ianscend the experimental donrain of appl lcat lon of quantum

mechan lcs ,  such a  rea l i s t i c  ln te rpre ta t ion  nny  be  very  he lp fu l  in

f inding new theorles and new phenomena. I t  seems to me ttrat a nonlocal

theory  l i ke  Bohm's  one cou ld  on ly  cont r lbu te  to  th is  goa l  l f  l t  wou ld

predict experimental evidence of this nonlocal i ty. As long as the

theory 1s completely equivalent with quantum mechanics this, however,

wil l  fai l  because of the quantum nectranical prlnclple of local

comnutativi ty. For thls latter reason Bohm's theory has to provide for

an explanation why the nonlocallty on the subquantum level does not

nranifest l tself  on the level of quantum phenomena. Far from providing i

an explanation of nracrolocal l ty i t  introduces a nonlocal l ty that is of

a completely metaphyslcal nature. For this reason l t  seems to be more

of  a  h indrance to  the  a t tempt  o f  f ind ing  a  rea l i s t l c  ln te rpre ta t lon  o f

quantum mectranlcs, t tran a step forward into this dlrect lon, even

though i t  contains qulte a lot of seminal ldeas' As demonstrated

above, the local i ty lssue ls not the relevant lssue ln assesslng the

lmportance of the BelI inequalir ies. I f  the disturbance of the obJect

system by the measurement lnteraction ls duly tal<en into account 1t

does not seem imposslble to give an interpretat lon of quantum

mechanics in real ist ic terms tt lat is baslcal ly local.  As far as Bohrn's

theory trampers attempts to develop such a theory l ts lnf luence seems

to be ttrat of a degeneratlve rather t tran a progresslve research

program. This contr lbution has the lntentlon to help to try to lmprove

on th is  s ta te  o f  a f fa l rs .
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