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| ABSTRACT

Objective local - theories of reality are defined, and
shown td lead to predictions which are distinctly different from
the predictions by quantum mechanics. Experimeﬁts may thus be
performed which will either disprove the predictions by quantum
mechanics in at least one.application, or show that nature cannot
~ be viewed as both»objective_and consistent with macrocausality.
' The experimental requirements are presented. The demonstration is
done thrbugh a generalization-Of analyses by Bell, Clauéer, Horne,
Shiﬁony, and Holt. The present analysis will be based solely on
the phenomeno1ogy»o£ éorTeléfion experiments; and thus will constrain.

thé_most general theories of this type.



INTRODUCTION
._The old classieai atomic theories described objective

deterministic systems. The advent of quantum mechanicsﬁintroduoed'

(among other'things) stochastic elements into the description,
. presumably as an ihherent attribute of natore. Opponents of this
: ?interpretation‘proposed that all of the statistical predictions
| by quantum mechanics could be deduced from a broader deterhinistic
theory, in which the observed stochastic features emerge as'the
result of unknown random initial conditions. Such a covering theory
is generally called a'hiddeh‘variable theory. Bell has recently
eOnsidered'such theories in conjunction with a ''locality' or
"inétrOcausality".requirement.1 This requirement (reasonable for
any viable theory) denles the p0551b111ty of propagating 51gnals for
macroscopic dlstancesféster'than the speed of light. He showed that
no local hidden-variable theory can reproduce all of the statiétical
predictions by quantum mechanics. Extensions of thie result to
realizable systems by Clauser, Horne, Shimony, and Holt 2 have led
 to experimental tests of the hidden-variable proposal.?

A'related but more general question concerns the.objectivity
of the systems descrlbed by quantum mechanics. One.naturaily
assumes that a phy51cal measurement measures the properties of an
objective physical system, or object. It is taC1t1y assumed that -

‘measurable objects have at least some objective properties or real

physical conditions which‘exist independently of their beihg observed.

For example, an atom, prepared in a pure state, has characteristic
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prépérties which it is known will be the resﬁlts_of certain
measurements performed upon it.These agre the obJect1ve propertles of
this’ QbJect. For classical objects, e. g.rocks, ‘trees, etc. ., it
_seéms hard to dispute that these have characteristic propertles;
Since objects evidently have some spafial extent, it is undoubtediy
mére‘preciée,to’consider all of the objects (iﬁcluding measuring-
”apparatusesx or better yet, all of the real physical-conditibns.or
propertieé within a giveh spatiai fegion; and indeed to assume that
“the totality of all propefties within this region exist. Thus we
assume'that a given region'of space and time is characterized by
prépertieé intrinsic to tﬁat region;

.If one takes at ali seriously the word "measurement,” these
properties must influehce, at least to some extent, the results of
measuréments-oécurring there. On the other hand, they perhaps will
not fully determine the results. To be sure, the dependence upon
these may be _P?Tti311Y. random, since the evolution from the

_ $pecification of the properties until the result is finalized may

“be an inherehtly_stochastic feature of nature. To.compare various
systems we must then specify the properties at some characteristic
point in time. 'If one does so;ahd takes a large enough ensemble

of regions with 1dent1ca1 natural properties at that timé,these

' prpperties must determine at least the probabilities (fractidn.
among:the,numbers of the ensemble) of the farious evéntual outéomes;
.Deterministic theories'form avlimitiﬁg case in_which'these probabil-

ities are always zero or one. Since it is clearlygmeaningless to ask



: whether conditions in the future uniquely evolve from those at the
present when the conditions at the present are not definabie,
deterministic theories form a subclass of the more general objective
vthéOries; | |

The iocality;requirement mentioned above will deny the influencev
of the resuits of measurements performed within the region by |

‘properties which are defined only outside of the backward light
cone of the:region at the time of the measurement ‘event.. In
summary;-then; we define an objective local theory (OLT) as one

‘constrained by the following two postulates:

1. Signals cannot propagate macroscopic distances faster than
the speed of light, and so d01ng influence any experlmental outcome
(macrocausallty - locallty assumptlon)

' II;- The mathematical probab111t1es for various exper1menta1

results observed in some spatial region at a given time are determined |

by quantities (objectivevproperties);existing independently of a local
observer, that are characteristic of the backward light cone of this
regiou Deterministic (hidden-variable) theories form allimiting'
‘case in which these probabi!itles are always ZeTo Or oOne (obJect1v1ty
assumptlon)‘“ |

| These postulates although reasonable in everyday terms,
diverge'from the normal quantum mechanlcal postulates. It is worth-

' whlle to ask whether quantum machanlcs can sub51st w1th1n thelr frame->

work. It cannot! Thus, 1t is the purpose of thlS paper to show that
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suitable experiments may be performed which will e1tﬁeridi$prove

‘the predictions by quantum mechanics”in at least one application,

or show that nature cannot be viewed as both objective and

consistent with macrocausaiity. We will use here observable

phenomenology, but no assumptions additional to the above. The
results follow as an extension of the épplicability, formalism, and
interpretation of Bell's result for local hidden-variable theories.’

The paper consists of two parts. In part I we first review

the simple phenomenology of Bobm's Gedankenexpefiment, since

arrangements of this type form the backbone of our analysis.® We '
'theﬁ'present in turn the predictioﬁs by our objéctivify andﬁlocalityv
'assumptions,‘and by'quantum;mechanics; We find a direct incompatibilify

of these for realizable cases of Bohm's.Gédankenexperiment and similar

schemes, over a range of experimental parameters. We end this part
with a discussion of the réquirements for anvexperiméntal test and

" the implicatiohs of such a test. Part II concerns itself with the
'exﬁeriﬁental status of these results.’ We have mentioned that
earlief'extensions of Bell's theorem.have beén fecently tested |
experimentally. We discuss there the relationship of that experiment
| to the -above proposed test. Also'there we explore the limits of' .
that data's applicability to the first question about.detefminism,,

" and theoadditional information which the proposed test will bring .

to bear on this question.



" PHENOMENOLOGY OF BOHM'S GEDANKENEXPERIMENT

Figure 1 shows schematically a Gedankenexperiment proposed by

Bohm® as an example of the Einstein—Podolsky-RQsen'paradqx. In it
an unstable mblecule with fotal spin equal to zero (or one) °
dissociates into a pair of spin-1/2 atoms. Some of the pairs enter
a respective pair of apparatuses. Each apparatus consists of a -
Sfefn—Gerlach analyzer, followed by a detector. The analyzers may
.be oriented along directionsla and B.by the.experimenter or
experimenters. Particles with their spin along ggg) are detected;
those with spin opposed to-a(b) are ignored.a |
Avfypical record of the detector outputs is.depicted in

Fig.,; 2. It consists of a random train of voltage pulses. The

.pulse rates and their correlation will in genéral depend upon‘the -

-orientations,a and:gj but the rate of.molecu1ar dissociations will
be specified to be conStantJPhus count rates (6? probabilities per
unit time) may be measured as a function of the detector orientations
only.‘v

vFrequéntly,the'detector at apparatus A will count simultaneously;
or nearly so, with that of apparatus B. The joint event is cdmmbnly
called a coincidence. The definition of.a coincidenée, however, is
émbiguous and nonlocal. In order to refrain from specifyiﬂg an
internal model giving rise to the correlations at A and B (e.g.
éorréiated'”particle" emission),and to set the stage for what

follows,we shall provide a more careful definition of the term. o




We:eqﬁip’each épparatus-wiﬁh'a'cieek“produeing fiﬁe intervals -

of total iehgth'%}'fThe“fwd'clbeks have beeh‘sYnchronized.
beforehand.' Eaéh'time'interval (t.:t.+1) we divide into three
sublntervals of length T1,T2, and T3, such that'r1+r2+r3 = T,.as
_shown in Figure 2, Durlng the first sublnterval T1, each analyzer |
is‘reédeSted? to some orlentat;on,selected perhaps at random by

the experimenter, and supplied to the apparatus at time £i+s, with
O<e<t,. The second subinterval tp is inserted so that the adjustment
can have sufficient time to effect the experimental result. In the.

~ example of Bohm's_Gedénkenexperiment, the spin'i/z’particleé will

traverse the Stern-Gerlach mégnets and be defiected into or away

from the detector during this period. Finaliy et each detector if

the leadlng edge of an output pulse occurs durlng the f1na1 subinterval
13, the experlmenter locally records the Value +1 for the time 1nterva1
.-(ti"i+1)’ along with the assoc1ated analyzer. orlentatlon a.
: If no éuch voltage excursion occurs in this interval, he instead

records the current value'of a and the result zero for that interval.

.. Either detector output in each interval of time is thus constrained

to be in one of the two final states®: +1 or 0.- This procedure will .
then convert theserdetector‘records to the quare pulses shown in

Fig.2.

It should be noted in pa551ng that the experlmenter s role

here is thm{old He must observe and record (perhaps -using



-8-

automatic equiﬁment) the various ekperimenfal outhhes.' Second,
he'must.generate signals to control the analyzer orientations.
Since wé have two apparatuses which may have an arbitrarily large
separation, two experimenters (or equivalently. reliable mechanical
or electronic surrogates) are needed to operate them. Thesé
experimenters wheni acting as signal sources,-may select at random
thefparahéters g;énd'b‘for each interval from among the set of
posSibie orientations {gj}.and {Ej}' Thesé orientations are aiso
recorded together with the associated experiment result. - If they
are not, the ihtroduced randomneés will obscure the correlation
’bétween'the'A and B results. This recording assures that one can
corfectly measure probabilities condi tioned by the appropriaté
pérameter pair settings. |
Consider now the data accumulated.over many time intervals

dﬁring.which'a large numbéf.of +1 events have occurred for each of

the various interesting pairs of analyzer orientations. We group

together the data for all of the intervals taken with like parameter

péir settings. Dendtelby N(EJE) the number of time intervals that
the apparatus was set at the orientation pair a, Q} For this (and
for every other) pair we tally thé'four possible coincidence |
. combinations. ‘Thus N++Q249) is the total.number of time intervals
during which the apparatus was oriented to direction 3 and b, and
the fesults A = +1 and B=+1 occurred; eté. We now define the

"overlap coincidence rate' as

R(a,b) = N,,(a,b)/N(a,b)Tl. (1)




Correspondingly we define the ''singles rates' as
1, (@,%) = [N, (28,%)+N,, @]/ N(@x)<]  (2)

and

o) = N, GORWo, a1/ NGO (3)

with
N(a,p)=N,, (2,R)+N, (3,p) N, (a,b) Ny, (a,b) 4

Onevargument,, X, remain5~unspecified_in each singles rate sincé
v 16ca1ity will deny a dependence of this rate at one detector
'upoﬁ the orientation of the distant apparatus.

| With definitions (1) - (4), for negligible jitter in the
experiment timing, we recovef the usual mcaSures of singles»and
cbinciden;e rates. We recall of course‘that these measure .
prdbabilities conditioned by the apparatus parameter settings. Our
'procedure assures us that there are no tacit nonlocal _assumptions_v

mahifest in this definition.

EXPERIMENTAL CONSEQUENCES OF OBJECTIVE LOCAL THEORIES

We now derive model-1independent predictions from the SimUltanéous'
_ éssumptidn ofklocality and objectivity which are experimentaily |
:testable, If these predictions are violated by experimeht, then
 éith¢r_ijectivity qf locality (or both) does not hold; Impiicit

~in our locality requirement is a presumed existence of sources of
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space-time localized signais, so' that such signals may be
- generated independently of the objective world around the source.

In other words, sources with '"free will" must exist, for locality

to have any meaning. ’ Such Signéls presumably can then exist which -

are observeduto'be.Iocalized in space-time regions outside of the
'Lighf-cohe‘of thé”measurement region. Any influence by these
signals on an individual measurement result is a violation of the
locality requirement; Thus the locality restriction is much more
sevefe for individual objective systems than it is for an ensemble
of nonobjective systems. Locality, in the latter case, simply
denies the influence of nonlocal signals upon an ensemble average

of experiment results. For objective systems, however, every

individual measurement result must not be influenced by the signal,

nor must ény ensemble average of thesg}' It is possible that
individual measurement reéults violate the locality restriction,
- but that 3n ensenble of these appears not to, because the absence
of determinism masks’this‘effect. We shall see that in the

quantum mechanical case,the masking is incomplete.

To explore the consequences of OLT's, we consider schemés like -

Bohm's Gedankenexperiment. The timing, control of adjustable

apparatus paramenters, and data output are to follow the above
prescribed sequence. For full generality,'however, we simply"
identify each apparatus,(Stern-Gerlach.analyzer and associated

detectbr) as a black box. We surround each black boX and the
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associated signal source for'apparétus parameters with an imaginary
’ sﬁrfaée, L, or zBsrespectively;:suchthat evefy point on the surface
has a separation from any point on the associated signal source and
boX'greater'than.cf (see Fig. 3). . Our postulates imply that a
result at t.,q may be influenced only by the properties of nature
which are contained within the béckWard 1ighfcone of the-assotiated
box and source at that time; Equivalently, the i—th result recorded
at the time tiag at a given apparatus, A for example, is influen¢ed

~only by the properties of nature which are physically located

- ~within the surface Ty at time t,.

- We denoterby the symbols A A and AR the set of natural properties
contained within the surfaées T and,zB, respectively, at time t,.
Thus, AA'fully specifies the 'objective state" or"ultimafe essenceﬁ
of nature within the surface 5, at that time. ‘Although *,, xﬁ, a and
Bvare denoted by single symbols they are fully general quantities,which
mayvhave any form and deéired degree of complexity (it is not
necessary that g and b specify a vector orientation of an analyzer).
One excéptionvwe shall make to the all—incluéiveness of)\A and AB
is the state of thg "free willed" signal source, since by our
'hypothesis the objéctive‘propeftiesbdfvnature exist indepehdently

of the observer, and conceivable sources include the observers'

- actual decisions.

We separate the two apparatuses sufficiently far that the surfaces

, ZA and'ZB do not intersect. In an ensemble of such pairs of
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apparatuses, any correlation between the paired results must
arise somehow through a correlation of M and Ap. That is, the
real_physical‘prdpefties of the two disjoint'regionslof space-time
mpst somehow be correlated. Among the members of this ensemble
(equivalently we may consider a sequence of such measurements,
assuming the random processes to be ergodicll) there will be a
random distribution of these various natufallpropefties AA and Ap-
The signal sources do not define the.apparatus_ parameters 3_ and b
uﬁtil a time ti + ¢. Hence it is_impossible for AA and Y defined
at an earlier time ti; to be dependent upon quantities a;and b which
are notfyet defined. Converseiy,lour objectivity postulate allows
‘the generation of é,and.é'to be independent of A, and A;. Thus we
write a probability density p(xA,AB),‘describing the distribution
of A and g among the members of the ensemble, being justified in

introducing it as independent of g_and‘h: We leave open the specific

form of p so that the most general allowable correlation may be specified,

~ ' Since we have defined the quantities A and g at time ti, but do

not complete our measurements until the time too the states inside

the bléck'boxes-will evolve during the interim. Locality requires that

‘thedevplution proceed independently of anything outside of the

corresponding-surface. Up until time t,+e, the evolution:may depend

upon_the local A's themselves. At that time the apparatus parameters

are defined and supplied to the black boxes. The evolution will then
depend upon these also, and they will become a part of the local
objective properties of nature. Thus the final outcome at box A, for

example, can depend only upon the two quantities ap and @,
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‘Randomness has entered,through.the unknown initial conditions,
.specified by the*function'o. We should also allow. for Situations ‘
in which probability enters'in a deeper and more fundamental way;
since the evolution of phy51ca1 systems may’ be inherently stochastic.
In51de one surface, for example Lns in a large ensemble of cases with
identical initial conditions A and signal inputs gd'both the +1 and
'Ovouteemesfmay.eccur, Denote the fraction of +1 outcomes in this’
ensemble by the symbol pQ?) Our postulates imply that'AA and-

| a determine this number, if the ensemble is sufficiently large.

Correspondingly there is a probab111ty pB(h e ) defined at the surface

g Because these are sensible probabilities, we must have
0< plany) $1
ANSTA
(5)
-ngB(h)‘B)<1

These probab111t1es are determined by a, b, AA’ and XB; thus for_
a»glven set of these, the fractlon pg cannot then depend upon any

.'Chosen snbensemble of associated A outcomes, and vice versa. If
Py and Py arefdependent, then a subensemble of B outcomes associated
nith certain sUbensembies of A outcomes will have a fraction of +1
'results different from P This subensemble is an equally valid
.vensemble for the definition of pg. SC contrary to our hypothesis;

b'this fraction is not then uniquely specified By b and AB. Therefore
the probab111t1es pA and pﬁ must be 1ndependent ThlS 1ndependence

: 1mP1195 that for fixed & h, A’ and AB’ we can write the probablllty
(of the second type) that both detectors will record +1, 51mp1y as

" the product W = pA(a,A )pB(QJ

| Any correlation, we recall, enters via a correlation of A\, and

_ _ A
'AB."We‘thus_calculate the fraction of the ‘times that
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both apparatuses record the +1 resuk by averaging w over the entire
sample space of ) A and Ag- This probability is then

WA+, B®)+] = W(a,b)= JpA(g,xA)pB(‘e,xB)o(xA,xB)dxAde' (6)

In similar fashion the probability that the apparatus A will record

+1, irrelevantly of B's result is

._LikewiAse. for apparatus B. we have _

Let us now be more specific about the experimenter's choice

for the apparatus parameters. Consider the case in which only two

x
different apparatus parameters are chosen for each appai‘atus. Thus
the A apparatus parameter will be set at either g or g', and the B
_ parameter at either b or b'. The above physical arguments ‘allow
us to.define the four prpbabllitles pA(g_,AA), pA(g_', )\A), PBQ{’AB)’
~and pBQ)" ,AB) associated with the objective properties inside the
A and ZB.

The remainder of the demonstration is purely mathematical., We

surfaces Z

use a theorem, proved in the appendix which states: Given any

six mimberS X715 X595 Y75 Yy X, and Y such that the inequalities
< < < . < < < ' -

o-xl—X,o-xz-X,O-y1 =Y, O-nyY (A1.1).

hold, then the following inequality also holds;
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- XY'S'XJYlv’.X1Y2 Xy Y XY, - Yx, - Xy, S 0. O (ALD)

We now take

X = Y =1, x,;= PA(a,AA) ,X2 s PA(a }\A) ,)’1 pBQ’)‘B) ,)’2 PB(b )\B)
and. f1nd that 1nequa11tles (5) reduce to the required 1nequallt1es
. 0&1.1). The theorem thus imposes the following constralnt upon these_
'probabilities:'

-1%< pA@,AA)pB(g,AB) - Pal@n rgiag) + pA(_g_',/\A)'pB'(_b_,'/\B)

* pA(gf,XA)pECQf,AB) ‘-’pA(gj,AA) - pB(g,xB) <. )

Multiplying Ineq. (9) by p(},, AB); integrating it over the full
dOmains of A, and Ay, and using Eqs. (6) - (8, we get
S W) - Wg,R) + W@ D) +_wcg; B - W @) - w®) <
| (10)
which will hold for each interval of time. Dividing by T, we
find that the following inequality contrains observable overlap
coincidence rates,defined by Eas. (1) - (4) for our ensemble:
- TS RGb) - RG@RD *R@ELR) *+ Rg, ) - 1@ - Tp® s 0.
- (D

Thus we have succeeded in castlng the assumptlons I and II 1nto
the form of a perfectly general inequality which contrains observable

rates, using only the observable phenomenology of Bohm's

'Gedankenexpefiment5 but no assumption of determinism, nor of any

specific internal model. Inequality (11) thus contrains any and
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all obJectlve "local, theories of nature. In many relevant experiments

...........

parameters a and b, such as the angles between ‘the analyzer orientations
planes and some common reference plane 1nc1ud1ng the fllght axis. If
experlmentally (and as predicted by quantum mechanics) the rates

Tp and rB are found to be 1ndependent of a and b, and the rate R '

found to depend only upon ‘the angle between the analyzer or1entat10ns b,

then ‘this 1nequa11ty can be wrltten in the more convenient form
-1<. < : o v .
T - 3R(©) - R(H) - 1p- 15 =0, .1y
‘where we have chosen b-a = c-b=d-c = §.
QUANTUM MECHANICAL PREDICTIONS AND INCOMPATIBILITY
For a contrast with the predictions by objective local theories,

we now present the predlctlons by quantum mechanlcs -for Bohm's

Gedankenexperlment " For each apparatus two eff1c1enc1es may be

measured for a controlled flux of particles entering-the collimator:

EM and E are the response probab111t1es for a particle enter1ng
collimator i, initially polarlzed parallel and antiparallel respectlvely
to the analyzervorlentatlon. " We rewrite these in the following

i

q  and Ef'zaé - 5; . The quantum mechanical

i_, 1 _
fOI'mS. g_'_ :EM + g
prediction for the coincidence rate is then!?

SR = REeh el s r et P cos@yy e, am

where F is a parameter which depends upon the nature of the two-atom

.
[P |
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initialVState, For an initially’pUreISingiet (S=0),state.we have

F = -1; for an initially pure M=0 tr1p1et (S=1). state we have F =
Statistical’ mlxtures of other states w111 g1ve correlatlons Wthh
when averaged»over_a + b will yield the same form with [F}--
The_apparatus orientations é.anq.b_are both‘taken'perpendicular’
to_tbe'experiment axis and are‘at angles'a and b from some'reference
“axis in their pléne. Here, Rp is the rate ét wbich.correlated pafticles
simultaneously enter both collimators (proportionaivto the dissociation
rate). R is the unavoidable accidental rate which in a well

de51gned experiment, presumably, can be made neg11g1b1e ;Iis the
eff1c1ency by which our scheme recognlzes c01nc1dences The |

51ngles rates with the above deflnltlons 51m11ar1y are glven by

'urA_=,ReA/(2n)+RdA, )
rg = R Jan *Rg  as

- Here hA and‘nB ~are the "gatbering“ efficiencies for the coilimators
A and B; i.e. ﬁA is the probability'that a particle will enter |
collimator A, given-that an_associated particle enters collimator -
» uB. The gathering:etficiencies-will depend upon the natUre of the

; decay(e g. two body vs. three-body) the collimator geometry, and the
center- of'mass momentum of the two part1c1e system dA and RdB _
: are the detector background count rates. | |
| In principle, at least, the efficiencies can'be made nearly -

ideal and the backgrounds negligible. In this limit we have
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. " .
En 1 Em +0, n~ +1 Rd/% +0, Ra/Rp +~0, 1 , and thus

R(a,b)~ R cos[(ab)/2],
| (1) B

TpoTp R/

-Wé now contrast'theSe predictions Qith'Ineqs. (11)
and (12),derived'above;lby evéluating the quantum mechanical
prediction at the relative orientations shown in Fig.4. Assuming
the néarly ideal experiméntal conditions.Eq.t16Lﬁuacentral expression

df,Ineq.(ll),A

R (7 1),
is positive, in clear violation of Ineq.(li) which requires it to be
negative. Thus experiment’must disprove the predictions by quantum
mechanics; or prove that nature cannot be viewed as both objective
and cbnsistent with locality. If thesevpredicfions by quantum
N hechanics are correct, individual objective.systems, if they exist,
must violate locality even though average valués for ensembles of
‘them do not. ’ |
" REQUIREMENTS FOR AN EXPERIMENTAL TEST
" The orientations bf Fig.4 were chosen to yield maximm violation.
ConVersélYthe minimum experimental réquirémenf for observation of .-
a violation of Inéq.(il) is obtained by direct substitution of the
quantum méchaniéal predictions ,Eqs. (13) —_(15)- at these angles,

into Ineq.(12), and reversing the direction of the inequality. The’
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c[&f};f*n gj_\EE’F]»«‘..:“_--_t-_I_-___Mi_ .o an
o ‘ R nB .nA R ! |

Inequality (17) shows that the required analyzer efficienéy,‘”

. gathering efficieﬂcy; degree of correlation; etc. are interrelated.

In gneral, some parameters may deterioratevif.Others are improved.

On the other hand, if all parameters are nearly ideal except one,
that one must still have a certain absolute minimum quality in

order for Ineq.(17) to be satisfied. This condition represents an experi-

méntal'requirement that is difficult to meet. In part II we show

- that the existing experimental results of Freedman and Clauser’ do

not in fact do so. On the other hand, there seems to be no a priori
reason why it cannot be achieved with current (or perhaps future)
technology. For example,”fhe ¥ rays pfoduced by positronium
annihilation achieve the required correlation, but polarizers with
§Uffi¢ient transmission and extinction for them are not available.

Alkali metal atoms can be detected by hot-wire detectors cdupled

‘through mass spectrometew, and their polarization can be

analyzed by modern Stern-Gerlach magnets, both processes with high
efficiency. It ma& be difficult, however, to produce thesebin , |
pairs with the‘requigite polarization éorrelation, angular correlation,
and intensity. Nonetheless it is~§1ausib1e that suitable systems

can be found to satisfy all of these requirements, and that the above

‘experimentslﬁan be performed. This question will be the subject of

future work.
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DISCUSSION

The present paper has addressed the questiqn of whether or not
the existing formalism Qf-quantum mechanics can be recast or perhaps
réinterpreted in a manner which restores the objectivity of nature.
We have found that it is not possible to do so, consistent With
locality Onacrocausality), and without an observable change of the
éxperimentai predictibﬁs; That Béll's theorem in principle implies
‘an incompatibility of objectivity and locality, with the quantum
mechanical predictions for idealized experiments was qualitatively
noted earlier by d'Espagnat}* The present quantitative argument
 shows that with no further assumptions,'objectivity and

locality are amenable to direct experimental test. Such data will

then confirm or reject any realistic, micro—dbjective;or macro-
6bjéctive natural philosophy. The reader is directed to d'Espagnat's
ﬁhorough'diSCussion of these latter topics.
In order to solve various difficultiés encountered in an
: analysié of the measufement process, Jauch has recently introduced
a new concépt of state which is in many respects equiﬁalent to ours.
He has noted with interest the similarity in the predicfiﬂns fof
_various examples of his scheme and the predictions by Bell'é theorem.
Our analysis shows that this similarity is by no meahs’coincidental.v
It also ciarifiés many earlier misconceptions concerning nonlocal
correlatidnsfeﬁ |
Postulatgs.I'G IT include an enormously general class- of theories.

Physicists consistently attempt to model
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micrqscopic aﬁd'macrOSCOpic phenomena. ‘Any such models, if they
areHCOﬁariant and geometrically based are included by this ‘scheme,
and‘thus'are inconsistent with the prediCtipns by quantum mechanics.
These include ény.conceptual model of a wave packet as a geomefrital
h entity, whether'or not it is synthesized'from a set of covariant
field modes . Asblong as the model includes a épace-time_description '
of the measurement proceSs,'itvmuét be inconsistent with the usual

predictive rules of quantum mechanics.

Perceptive readers will have immediately noticed that the .
quéntum mgchanical formaliém,_as expected, directly violates our
‘assumptions. The wave function ¥ may not be simply substituted for
our"Variab.le-vs’xA and Ag. In this case our postulate requires that
_the localvprobability p, at detector A.be determined then -
by ¥ and g. Hence P, may not depend upon the selection of any
~associated subensemble or event at the B apparatus, and as noted
before, pA‘and.pB will be independent. For'fixedlp, there is then
no correiation between the A and B measurements, in violation of
the_quantdm mechanical prediction. The énly remaining way‘to give
a’cdrrelatidn is to recognize that the state ¥ is not pure, but a
mixture. Most assuredly it cannot be a quantum mechanical mixture,
as ‘it was very early noted by Furry17that this will not give the

;desired_prediction either.
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Together then, objectivity and macrocausality are

violated in Bohm's Gedankenexperiment by the quantum formalism.

Immediately after the molecular dissociation occurs, each atom may

not be individually described by a state vector, but must be

described as an improper mixture.'® Thus the spin description of
an individual atom here has no objective properties. The composite

state of the two atoms must be described together. When either

>partic1e of the pair is measured, the composite state vector

coliapses and the other particie gains objective pfOpertieS CcoTTes~-.
ponding to the orientation of the first apparafﬁs,' Hence the set
of’objeétive propérties-of the sécond particle is in fact modified
bY'thé'fifst measurement in a mahner which depends directly upon

the orientation of the first apparatus. This is in violation of

our'assumptions I and II. It occurs even though. the usual causality

condition--the principle of local commutivity--is satisfied'? Thus
an expefimental test of macrocausality and the objectivity of nature

is possible. Fortunately the requirements for such a test are

‘perhaps within the limitations of current technology. Such tests

are clearly of great importance, both philosophically, and phyéicallx

to explore further the range of vélidity of the quAntum mechanical

fbi‘mél ism.

SN S
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APPENDIX _
In this appendix we. prove the fo‘lloWing mathematical theorem:
Given six mumbers X, , '5(2 » ¥ys ¥,» X, Y such that
05x X, 0%x X, 0%y, SY,0%y, Y,  (ALL)
‘then the function U = x;y, -_klyz + XY, * Xy, - Yx, - Xy, is-
constrained by the inequality
-xytuto. (A1.2)
We first establish the upper' bound by considering two cases. First
assume that X, <-bx2 and rewrite | |
U= Xy, + O - 0%+ (X - X)Y,.
We have thus assumed the last term to be nonpositive. Inequalities
(Al.l) requiré the first two temms likewise to be nonpositive, and
the Validity of the upper bound is demonstrated. Next assume the
other alternative, i.e. that x,>x,, and use this assumption to bound
U, thus:
U= X, (y; - ¥o) + (X, - Xy, + x,(y, - Y)
< ' '
- X1(Y1 - }’2) +(x, - Xy, +x,(y, -Y) = (AL.3)

x, - Xy, +x,0y, - Y).



_2‘4-

Inspéction and application of Ineqs.(Al.l) show that both of the
resulting temms are also nonpositive.. Thus, the Upper’bound on U
is'esﬁablished fbr all caées;" | |
The proof of the lower bound'followg from a ébﬁsideration of
three cases. Fifst, assume &2 2 il; ‘The validity of the 10Wer'
bound 1is épparent by‘inspection when written in the form
UsXY = X -x)0 -y) +xy + (x -x)y,  (AL4)
sihce Ineq; (Al;lj requires all three terms to be ndnnegative.
© Similarly for the case Y, ¢ yz,-inspection reveals the
correctness of the upper bound when written
U+ XY= (X-x)(Y-y)+xy +x(y -y)=0. (ALS)
Finally, suppose neither of the two previous cases holds; that
is x2< x and y1< y,-Then write |
U= X)) - G X, - y) rxy (L)
The sum of the first two terms is nonnegative since now |
X-x) % (x -x)>0and (¥ -y) 2 (y, -y)> 0. Ineq. (AL.1)
reduires the final temm to be also nonnegative, hence fhe final

‘case is also verified, and the theorem is proved.




Ea—"

-25;

FOOTNOTE. AND REFERENCES
*Work supported by U.S. Atomic Energy Commission ‘
1 J. S. Bell, Physics (N.Y.) 1, 195 (1964); J: S. Bell, in

Foundations of Quantum Mechanics, Proceedings of the International

School of Physicé "Enrico Fermi', Course 49, edited by B. d'Espagnat
(Academic Press, N.Y. 1971), p. 171. | | |

2 J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt, Phys. Rev.
Letters 223 880 (1969); J. F.»Clauser; Bull., Amer. Phys; Soc.'%i,
578 (1969); A. Shimony, in Foundations of Quantum Mechanics, p. 182

v(see Ref. 1); M. A. Horne, Ph.D. Thesis (Boston'University,'1970)
(unpublished). |
3 S, J: Freedman and J. F. Clauser, Phys. Rev. Letters 28, 938 (1972);
S; J. Freedman;_Ph.D. Thesis (Universit& of California, Berkeley, |
'1972), Lawrence Berkeley Laboratory, Report'LBL 391 (unpublished).
* Tt shouid be noted that when we speak‘of objectivity, we refer to
" what is sometimes called strong objectivity. In this view, nature
really possesses the aforementioned properties,'regardless of an
‘observer's particular technological ability to measﬁre them. Strong
| objectivity is to be contrasted with wéak objectivity. This latter
viewpoint merely stipulatesvthat the results of observations aré o
independent of who observes them. The usua1 interpretatibns of
quantum mechanics are consistent with weak but not strohg objectivity..
The distinction Between these views is discussed by B. d'Espagnat in

Ref.14.



-26-

‘Hartle [Am, J.-Phys: ég; 704 (1968)],giy¢s.a noteworthy
alternative definition of objectivity which is, however, unsatisfactory
for our purposes. We quote, "..}the state will be called an objective
_property if an assertion 6f what the state is can be verified by
me3$urements‘on the individual system without knoWledge ofvthe
system's history." The ﬁlthnate limitation to possible measurements
is, unfortunately, unknown, and present iimitatiohs hay perhaps be
only technological ones. Quantum mechanics assumes the uncertainty
principle to place a fundamental limitation on measurements. Since
theory whose veracity wé currently question, we cannot in the present -
instance accept this limitation. Hartle's statement is meaningful
only if one knoWs the ultimate 1imitétion to physical measurements.

It can equally well be used tovdefine this limitation.

° Indeed, Bell (Ref.1) considered a quite general'case which included
"indeterminism with a certain local character." Unfortunately, this
phrasé alone was the full extent of his description. Understandably

it led to subsequent confusion; see K. Popper, in Perspectives in

~ Quantum Theory: Essays in Honor of Alfred Landé, edited by W. Yourgrau
andbA._Van der Merwe (MIT Press, Cambridge, 1971),‘p]182;' Some of
the confusion was subsequently clarified [J. S. Bell, Science EZZ, 880
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. farfetched, however, since for a Lorentz-invariant objective theory
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' cOmmﬁnicate with the eXperimenter. Indeed, they must convince the
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specified by the objects themselves. We will thus ignore this possibility.
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"FIGURE CAPTIONS

Figure 1. Schematic diagram of Bohm's Gedankenexperiment.

Spin-1/2 particles produced by the dissociation of a spin-zero
molecule are spin-state selected by Stern-Gerlach magnets and

detectors.

Figure 2. Typical detector outputs (first two traces) are
converted by proceduré_butlined in text to records *+1 or Q)
shown as the third ahd fourth traces. Clock pulses are |
shown as the last trace.v During subinterval t, , the analyzer

. orientations are réadjusfed. Any pulse leading edge falling

e . ) . . Y ]
in subinterval ts3 is accepted as a + 1 event.

Figure 3. ~ Apparatuses A and B with typical associated signal
' sources and recorders. Surfaces ZA and ZB do not intersect,

and have separation greater than cT from the boxes and sources.

Figure 4. Analyzer orientations for maximm violation with
F=+1(¢ =45°). Maximum violation for F = - 1 occurs

with ¢ = 135° (Yeverse directions of R and b').
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