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Abstract 

We discuss how the description of a two-particle spiu-1/2 system prepared in 

a singlet state, a product state of definite total spin-projection and a specified 

mixture relates to the EPll conceptions of reality, locality and completeness 

and to Jarrets interpretations and representations of these concepts by prob

ability statements. The importance of the state-preparation procedures and 

their relevance in this context is emphasized. The position of Bell's inequalities 

is also discussed. It is concluded that the inequalities have a limited power 

in deciding whether or not a system requires a quantal description and that 

making a priori claims on reality and completeness is a too narrow scheme to 

describe quantal phenomena. 



1 Introduction 
Albert Einsteins unrest with the description of quantal phenomena has survived him 
and is still an incentive to both theoretical and experimental inquiries into questions 
pertaining to the interpretation of quantum mechanics. 

Einsteins unrest was first expressed in his famous paper "Zur Quantentheorie der 
Strahlung" [1], where he pointed out as a weakness of the theory thai it left the 
duration and direction of the elementary radiation processes to a statistical descrip
tion. The principally statistical nature of the quantal description was also Einstein's 
foremost concern in his discussions with Niels Bohr, where he tried, with the help 
of gedankenexperiments, to circumvent the uncertainty relations [2]. This proved 
impossible, but did not settle Einstein's unrest. He now sought the origin of the 
unavoidable statistical nature of the quantal description in the incompleteness of the 
theory. The EPR paper [3] concludes that the quantal description does not provide a 
complete description of the physical reality. To arrive at this conclusion, the authors 
formulate a necessary condition for a theory to be complete (EPR-C) and a sufficient 
criterion for physical reality (EPR-RC). EPR discuss the quantal description first of 
a system of one particle and then of a system of two particles that have interacted 
during a limited time interval. The question for the first system is whether or not 
momentum and position, as represented by two non-commuting operators, can both 
have physical reality. EPR-RC cannot, because of its very formulation, be applied 
to settle this question. EPR nevertheless decide it in the negative. Their criterion 
is therefore nothing but an a priori requirement on the concept of "physical real
ity". For a physical quantity to possess reality, EPR require it to be dispersion-free. 
Since it is impossible to prepare a system in a quanta! state which is at the same 
time dispersion-free for two observables represented by non-commuting operators, 
the quantal description is by definition incomplete. Thus, while EPR make efforts to 
avoid philosophical predjudicc, they still seem to fall victims of a wish to preserve the 
main features of a classical description of nature. It is then not very surprising that 
the application of EPR-RC on a two-particle system leads to the conclusion that the 
quantal description is incomplete. 

In this paper we discuss how the description of a system of two spin-1/2 particles 
prepared in three distinct states, a singlet s-state, a product state of definite total spin-
projection and a specified mixture, relate to the EPR concepts of reality (EPR-RC), 
locality (EPR-L) and completeness (EPR-C) and to J.P.Jarret's (•!] interpretations 
and representations of the same concepts by probability statements. Furthermore, we 
emphasize the importance of the state-preparation procedures and their relevance in 
this context. The position of Bells inequalities [5], is well as their generalisations, is 
also discussed. 
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2 Reality: Bohr-Einstein Revisited 
As indicated above, EPR do not approve of the quantum mechanical description of 
nature, since in their view it does not provide a complete description of the physical 
reality, i.e. it does not give a detailed account of what happens to a single system [6, 
p. 668]. Einstein argued against the positivist critiscism that such a priori notions of 
reality should not be considered by claiming "existence" to be a mental construction 
that, given a conceptual system, may be regarded as probable or not on the basis of 
its ability of understanding empirical data [6, p. 669]. Using these considerations as 
the basis for a demonstration of the incompleteness of the quantum description, EPR 
constructed the following criteria, assuming them to grasp the essence in a complete 
description of nature [3]; 

i) EPR-RC If without in any way disturbing a system we can predict with certainty 
(i. e. with probability equal to unity) the value of a physical quantity, then there 
exists an element of reality corresponding to this physical quantity. 

ii) EPR-L Since at the time of measurement the two (particles) no longer interact, 
no real change can take place in the second (particle) in consequence of anything 
that may be done to the first (particle). 

iii) EPR-C Every element of the physical reality must have a counterpart in the 
(complete) physical theory. 

Their subsequent discussion is then centered on the reality criterion, since it is this 
criterion that allows EPR to draw the conclusion that quantum mecanics gives an 
incomplete description of reality [7]. Nevertheless, because the locality assumption 
ii) constitutes an integral part of the reality criterion, we realize that an essential 
requirement for the EPR analysis to be valid is that what happens to one subsys
tem cannot in any way depend upon what happens to another subsystem, spatially 
separated from the former. We may say that there is total separability. 

Bohr defended the position that quantum mechanics represents a completely ra
tional description of physical phenomena [2, 8]. lie saw the necessity of a radical 
revision of our attitude towards the problem of physical reality as a result, of the very 
existence of Planck's constant. Completely in accordance with EPR, Bohr denied the 
the possibility that a priori philosophical conceptions can provide the basis for an 
ascription of meaning to the expression "physical reality" and held the view that any 
meaning attached to this expression must be found by an appeal to experiments and 
measurements. Bohr's reply to EPR was therefore based on an analysis of the experi
mental arrangements suited for the study of proper quantum phenomena. He showed 
that certain physical quantities cannot be defined experimentally in an unambigious 
way and that one is therefore forced to deem the EPR-RC to contain an essential 
ambiguity when it is applied to the actual experimental situation. Thus, in spite of 



their cautious formulation, EPR seem to rely on a priori philosophical conceptions 
when ascribing a meaning to the term "physical reality". 

We will in the following briefly review the two approaches by applying them to 
a system of two spin-1/2 particles prepared in the singlet state. This state can be 
described by 1/ = (y = -^( | '« i ) j - \du)J, where a2 \u)z = + \u)z and a2 \d)2 = - \d)z, 
az being the z-spin operator. After preparing the state, we suppose that its subsequent 
evolution will conserve the total spin and that there will be no appreciable interaction 
between the parts of the system (EPR-L). If one now measures the z-spin on particle 
1 with the result + | , the reduction of the wave packet will give us the transition 
7 = 0) i—» \ud)z from which we deduce that the z-spin of particle 2 is - j . Hence, 

by assuming the reality criterion valid, we may assign to the z-spin of particle 2 an 
element of reality, and because locality is also assumed, the z-spin must have been 
an attribute of particle 2 even befort the measurement. However, since \J = 0) is 
rotationally invariant this holds for any component of the spin of particle 2, which 
means that all its spin-components must possess reality simultaneously before the 
measurement. But the quantum state, since [O^ITTO] ^ 0, can specify at most one 
component with complete precision. We are then lead to the conclusion, using EPR-
C, that the statevector does not provide a complete description of all elements of 
reality pertaining to the second particle. 

Since the spin-operators are bounded it is not immediately evident how a coun
terargument could be constructed in analogy with Bohr's analysis of the double-slit 
experiment in his reply to EPR. The following discussion is, however, an attempt 
towards this end. 

With {S\S',n + S,(2)] = 0, where S = 5<" + 5<2>, we realize that apart from 
a definit total spin, the properties of the system of two spin-1/2 particles together 
with spin-conservation assigns a definite value of the sum of the spin-components 
of the two panicles along a given axis i to the system if it is prepared in e.g. a 
singlet state. If we decide lo measure the spin of one of the particles along this 
axis, finding it to be + j , we know from the description of the singlet state that 
the spin of the other particle musl be - | . From the EPR-RO. the reality of the i-
spin of the second particle then follows, i.e. we have a reduction ./ = 0) <—• \ud),. 
Now, we can write |nrf); = 3i(W = 0) + W = l})> indicating that the product state 

does not contain a definite total spin. Equally, hy [52,5') + S, \ = 0, it does nol 
assign a definite value to t' - sum of the spin-components of the particles along an 
arbitrary axis i (except of course the z-axis). This means that if we were to perform 
a spin-measurement on one of the particles along another axis j immediately after 
the first reduction has taken place, we could no longer infer from the knowledge of 
the state of the system what won',I be the result of a possible measurement on the 
other particle. The first reduction has destroyed the correlations that were initially 
present in the singlet stale, showing that the EPR assumption of separability docs not 
hold. The measurement of the spin causing the first reduction has indeed influenced 
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the part icle not directly measured upon, though not through any t ransmi t ted signal 
or by a mechanical dis turbance. Rather it has been an influence on the "conditions 
which define the possible types of predictions regarding the future behaviour of the 
system" [8]. In our example, the mentioned "condition" is the conservation of angular 
momen tum which after the first reduction no longer applies, i.e. can no longer be 
used to infer anything about the spin of the second particle from a measurement of 
the spin of the first particle. Since the measurement of two non-commuting spin-
components cannot be made simultaneously, and since any measurement seems to 
imply a "d is turbance" of the kind mentioned above, this kind of influence is then what 
const i tutes the ambiguity of the E P R reality criterion. The E P R conclusion tha t all 
spin-components must possess reality even before the measurement then cannot be 
held. 

3 Reali ty as Expressed by Probabilit ies 
In the more recent deductions of Bell's inequalities [9, 10, 11, 12] the main focus is 
on the notion of probabilities. Since the original motivation for the derivation of the 
inequality was to achieve a description of nature in terms of "real" hidden variables, it 
would be of interest to express the E P R criteria by probabilities, which subsequently 
will be compared to the requirements needed for the deduction of the inequalities and 
to the quan tum mechanical analysis. Moreover, since the E P R criterions are minimal 
criterions, i.e. are far from pretending to exhaust all possible ways of recognizing 
physical reality, a certain la t i tude in their transformation into probability s t a t ements 
is to be expected. 

T h e expression of E P R - R C by probabilities seems relatively straightforward since 
we observe tha t the values of the probabilities related to the elements of reality must 
be confined to the set {0, 1}. If we restrict ourselves to a system of two spin-1/2 
particles, we may denote the joint probability of measuring the .spin as ± 1 along the 
axes » and in of particles 1 and 2 respectively as ;)(±;7, ±rii) . EPR-KC I lien takes on 
the form 

J i ( ± n , ± r o ) e {0.1} (1) 

The aim o! the KI'R locality criterion Hl'R-l, seems to be avoiding any possibility 
that a signal might travel from one particle to the other as a result of a measurement 
being performed on one of them. In the above example, an operat ional definition 
could be to demand that the singles probability of observing the spin-component of 
one of the particles along a given axis should not depend on whether or not another 
device tha t provides the possibility of making a measurement on the other particle is 
introduced into the appa ra tus , i.e. the act of introducing another measuring device 
should not be applicable for signalling purposes. This interpretation has been sug
gested by .larret and Shimony (I, Hi). In the previously introduced notation EPH-I , 
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can then be expressed as a condition on the marginal probability; 

p(±n, *m) = />(±rc, +m) + p{±n, — rh) = p(±n) (2) 

Yet again the interpretation seems to be very close to the corresponding EPR one. 
However, it does not in any way contain the "influence" on the very possibility to 
define the physical quantities involved that was pointed out by Bohr. 

Applied to a system of two spin-1/2 particles prepared in a definite spin state, 
completeness as defined by EPR-C presumably would ascribe to each particle a defi
nite spin and at least one definite spin-projection after the two particles have ceased 
to interact, i.e. the description of the state of the system should simultaneously allow 
the relevant spin-observables of the individual particles to be dispersion-free. For a 
given spin of the two-particle state, quantum theory equally ascribes a definite total 
spin, but no definite spin-projections to the individual particles composing the sys
tem. To expect that it is possible to construct a complete theory in the EPR sense 
by appealing to so-called hidden variables thus seems to assume that the quantum of 
action can be totally neglected for the space of the same hidden variables. 

Nevertheless, there exists a formal analogy between a classical and a quantal de
scription of a spin-system as expressed by Poisson-brackets and commutator relations 
respectively. Classically, only the length of the spin and one of its components can 
be constants of the motion under a rotation, while in the quantal description only 
the length and one spin-component can be simultaneously dispersion-free. In the first 
case these considerations equally apply to the description of the spins of the individ
ual particles of a two-particle system that has been prepared in a state of definite 
total spin if the parts of the system can be considered as being without significant 
reciprocity. However, with the transition from the classical to the quantal level, i.e. 
from Poisson-brackets to commutator relations, a description on the individual level 
is no longer possible. 

The EPR demand on a theory to accept it as complete is not easily stated in defi
nite terms. In the above case of a system of two spin-1/2 particles, one possibility, due 
to Jarrct [4], is the following relation, expressed in terms of conditional probabilities: 

p(±n | +7ii) = p[±n,*m) = p(±n | — m) (3) 

The completeness condition on this form asserts that the outcomes of spin- mea
surements on the particle pairs are uncorrected. It can be seen to reflect completeness 
since, assuming locality, any correlation would have to be explained by some unknown, 
common causal factor which, according to EPR-C, explicitly should be a part of the 
specification of the state. If the state description is already compldc, however, any 
relation of type (.'() will be satisfied, indicating that there arc no such factors present. 
Consequently, the state cannot be further specified. This interpretation of complete
ness docs not fully correspond to the EPR-C since it does not emphasize the explicit 
Inclusion of every element of reality into the description of the state. Nevertheless, it 
appears as if the factors included in the specification of the stale must constitute at 
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least a subset of the set of elements of reality. Thus , J a n e t ' s criterion of complete
ness could be said to reflect a t least some aspects of the E P R proposal. Moreover, (3) 
could be motivated by observing that the conditionalisation involved by it will have 
no effect on the predicted probabilities. Accordingly, the problem of deciding upon 
whether or not a theory is complete in the sence of E P R - C then cannot be solved by 
appealing to E P R - R C . 

We notice tha t by proposing (3) as a minimal demand on a theory of a two-particle 
spin-1/2 system in order to accept it as complete, we do also make it possible to test 
experimentally whether or not a system can admit a complete theory. Since E P R 
believe tha t it is possible to provide an in their sense complete description of physical 
reality applicable to all systems, this consequence is, however, definitely not in the 
spirit of the E P R program. 

It is noticed tha t i) implies tha t any theory tha t can admit the notion of elements 
of reality for its observables according to (1) is a deterministic theory. J a r r e t [4] 
claims tha t this is the essential part of the reasoning in the EPR paper: Making the 
assertion that the locality and completeness criterions are satisfied, we obta in what 
Jar re t denotes "strong locality" and Shimony "outcome independence". In the above 
notat ion this is expressed as 

p(±»T, ±m) = pl(±n)p2(±m). (4) 

We realize tha t the strong locality is the locality conditio7i of the objective lo
cal theories (OLT) of Clauser and Horne [9]. Assuming strong locality for an iso
lated system, e.g. a s ta te of zero total spin, determinism is obtained for certain 
observables, e.g. the spin-components along the axis it of the individual part i
cles of the system. If this s ta te could be regarded as being incoherent, it is pre
dicted tha t p(+ii,+n) = lh(+n)p2(+ii) = 0, p( + » , - n ) = p,(+n)p-i[-ii) = 1(0). 
p(-n,+n) = ; » i ( - » W + " ) = ° ( ' ) i ? ' ( - » > - " ) = 7 ' i ( - " ) / ' 2 ( - " ) = ", i.e. all proba
bilities involved would take the values unity or zero. It is possible to arrive at this 
result solely based on the assumptions of locality, completeness and conservation of 
total spin. Determinism as it is presented here therefore lends itself as a natural 
reality criterion. Hut now, since both conservation and locality are reasonable as
sumpt ions , the pure entangled states of quantum mechanics, which do not allow the 
above determinism, must necessarily be incomplete. This argument then completes 
the discussion of EI 'R. 

4 Reality and the Quantum Description 
In view of the foregoing discussion we now want to examine the quan tum s t a t e de
scription more closely, concentrating on an analysis of the properties of the q u a n t u m 
states in relation to the reality and locality criterions of the KPU paper and on Hohr's 
critical comments . We will discern between t in - genera l entangled s ta te , the mixture 
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and the product state, which will be represented by density matrices denoted by p, 
W and P respectively, and again limit the discussion to the case of two spin-1/2 par
ticles. As an example of the entangled state we take the singlet state, as a mixed 
state we choose the case containing a mixture of spins along the axes defined by the 
directions n and m, and for the product state the case of the particles having defi
nite spin-components along the mentioned axes. The density matrices are then given 
by [14] 

Po = j ( 1 ® 1 - "l ® °\ - <72 ® "2 - 03 ® 03 ) 

W = aP?®Q* + ^ + ® <3? + 7^? ® <?+ + ^P- ®Q-

p = pi®Qt-

Here, P± = | (1 ± S • ft) and Q± = |(1 ± 3 • m) are the projectors of the spins along 
the axes ft and m of particles 1 and 2 respectively, while <T,',J = 1,2,3, are the usual 
Pauli-matrices. The probabilities of observing the spin of particle 1 along ft and the 
spin of particle 2 along m in the state p is given by p(±n,±ro) = Tr(P± ® Q±p)-

We proceed by examining the states represented by p 0 , W and P with regard to 
the properties i), ii) and iii). 

The pure state p0: 

i) It is known from EPR discussion that the reality criterion cannot be met. For 
the state | / = o) = ^ j ( M ) , - \du)z) = •j^(\ud)I - |rfu)J, according to EPR 
it should be possible to assign an element of reality to both the x- and z-
components of the spin of one of the particles by a measurement of the corre-
spomding observable on the other particle. However, as pointed out in Bohr's 
analysis, this is in contradiction with the constraints set on the system by the 
experimental arrangement needed for the measurement of the relevant obscrv-
ables. Consequently, in the quantal representation of the state, the particles are 
non-separable, and Uohrs argument as sketched in section '2 applies. 

ii) This will generally be true also for the entangled states of quantum mechanics. 
Take again pa — i ( l ø 1 — ax 0 ô  - <72 0 a2 — <73 0 a-j). Our analysis gives 
p(±'T, *m) = j = /)|(±»), indicating locality. 

iii) As previously indicated, this is generally not the case for entangled stales. With 
po the following conditional probabilities are obtained: 

; i(±iT|+m) = - ( l ^ H - m ) 

p(±i7|—rii) = - ( l i H - r i i ) . 

This gives p(±n | +m) ^ ;>(±» | - ' » ) , implying incomplcleness. 



In the above discussion it is assumed that systems prepared in 
pure s tates cannot be described by any underlying s t ructure , i.e. hidden variables. 

As suspected, the density matr ix p0 then is a local, incomplete and therefore indeter-
ministic representation of the physical system prepared in a pure s ta te which cannot 
comply with the E P R reality criterion. Moreover, to expect tha t a determinist ic 
theory could reproduce the results of quan tum mechanics is futile, since a determin
istic theory would demand strong locality which, according to Clauser and Horne [9], 
implies Bell's inequalities violated by the pure states of quan tum mechanics. 

The mixtures W: 

i) The EPR reality criterion does not relate to this representation of a two-particle 
spin-1/2 system. The mixture represents no definite total spin nor a definite 
value of the sum of all spin-components of the particles along a given axis, which 
we realize by 7 Y ( W 2 ) < 1. W is a true mixture, i.e. it cannot be represented 
by a vector in Hilbert-spacc. Therefore, no observables are dispersion-free, and 
no predictions can be made with certainty about the spin-components of one 
particle from a measurement made on the other. 

ii) Our analysis provides 

p{±n\*m')= i ( l ±(a + P-T-\)n-n') = ; i (± ; ? ) , 

i.e. the mixture represented by VV is local. 

iii) T h e calculations give 

l±(a+g-- >-A)iin''+[o-/3+-v-Alm-.i?d:[c»-/i- 7+A)[ff.,r')(,it.„?) 
2(l+(n-/)+-y-A).nV) 

l±(n+fl-T-A)iT-ii'-(<Wi+-y-A)Ta.m'Tl<»-g—i+.\)(S-«~')|iil-n?) 
l ( l - | , . - , l t i - J | i J . « ; | 

As was the case with the enlangled states, the discussion shows that the mixture 
is incomplete since generally ])(±n' | —in') ^ ji(±n', *in') ^ / ' ( ± " ' | + ' " ' ) • 

T h " mixture represented by W is incomplete and indetcrministic. It therefore 
cannot be expected to comply with the EPR reality criterion, even if we have noticed 
that no direct verification along the line sketched in the case of an entangled s ta te 
is possible. Since the i. ' ixtnres give rise to predictions obeying Hell's inequalities, 
contrary to the case of a pure s la te , it would he interesting to know whether a 
reasonable reality criterion that is met by W could lie constructed. Such a criterion 
should, because of the stat istical character of VV, lie formulated wit hin the framework 
of a statistical ensemble. Indeed. <i criterion satisfying these conditions has been 
introduced in the mentioned work by (iaruccio el al. I 'nfortunalelv, this criterion 
will not distinguish between mixtures W and pure states p. 

p(±n' | +m) = 

p(±ri | -m') = 

S 



The product s ta tes P: 

i) By arguing along the same lines as E P R for p0, it is evident tha t the reality criterion 
can be met only by one definite spin-component a t a t ime (here it- and m-spin) , 
i.e. it can be applied unambigiously. 

ii) a n d iii) Since the product s ta te may be seen as a special case of a mixture rep
resented by a density matr ix on the form W, we conclude from the above dis
cussion of mixtures, i.e. the remark to point iii), tha t the product s ta tes are 
both local and complete. 

As expected from Jar re t ' s discussion of the E P R criterions, locality and complete
ness manifest themselves as determinism under certain experimental conditions, i.e. 
the measurement of n - and m -spins. This may be understood by looking at how 
the s t a t e has been prepared (see figure 1). From the figure we realize t h a t for a 
measurement of spin-components parallell to the axes defined by the Stcrn-Gerlach 
magnets , no other result than a mere reproduction of the results predicted by the 
s ta te preparat ion procedure is possible. We also notice tha t the product s ta te , as was 
the case with the mixtures, generally has no memory of the tota l angular momen
tum ' . Therefore, the Bohr argument cannot be applied and separability is present, 
again confirming our previous findings of section 2 . 

From the above inspection of s tates and their properties it is evident t ha t EPR-
reality can only be met by a description of the physical system tha t is complete in 
the discussed sense. Also, it has been shown that this is the case only for very spe
cial q u a n t u m s ta tes . The scope of the reality concept of the E P R argumentat ion 
thus seems to be very limited when applied to the quan tum domain. This limita
tion is linked to the determinism tha t follows from the E P R criterions when choosing 
this part icular formulation of completeness. However, as was mentioned above, de
terminism is not the decisive factor when it comes to obtaining predictions that do 
comply with the Hell-inequalities, neither in the classical [10, 12] nor in the quan-
tal version [14]. Of particular interest is to notice that in the last reference it has 
been shown tha t mixtures W give quantum predictions with an upper limit equal to 
the Bell-limit. The lesson drawn from these considerations yet again seems to con
tain a warning against the application of a priori concepts in the analysis of natural 
phenomena. 

'We realize this by .studying e.g. the states \J - 0) and |"rf).. Comparing the values of the total 
spin of the two-jmrtirle system, defined by S = S\ + .S2, in the two rFises, we obtain (in units of h~) 

(J = 0| S* \J = 0) = 0 (J = 0| S4 \.l = 0) = 0 i.e. AN 2 = 0 , 
(»rf|, S 2 !„(/), = 1 (uj\t S'< \„<l)t = 2 i.e. AS- = 1. 
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5 Reality and Bell's Inequalities 
Many later deductions of Bell's inequalities [9, 10,13] have been based on the assump
tion of strong locality. What makes these approaches successful is the factorizability 
of the probabilities, which usually has been interpreted as mutual independence of the 
observables for which the probability statements are made (e.g.[9]). This assumption 
is, however, not essential for the deduction of the inequalities. In the presentations 
by De Muynck and Gudder[15, 11] it is the possibility of defining a joint probability 
distribution on a probability space that is important. The relevant point here is the 
possibility of assuming the existence of disjoint events, i.e. objective real properties. 
Such an assumption can only be made a priori. Equally, the deduction of the gen
eralized Bell inequalities by Garuccio et al. [12], departing from a generalized reality 
criterion and separabilty principle, ultimately demands the introduction of ad hoc 
quantities. These quantities are the a priori given subsets of the quantum ensem
ble, motivated by the generalized principles, on which constant probabilities can be 
given for the outcomes of the set of all possible observables on the system. The de
duction of Bell's inequali.es then, as is the case with the EPR analysis, principally 
seems to rely on a priori conceptions of reality. However, as it has been shown else
where [14, 16, 17], the rules of quantum mechanics do not admit the limits set neither 
by Bell's inequalities nor by the generalized inequalities ' . The discussion of the con
ceptual foundations of a theory therefore cannot be restricted by the considerations 
made above. 

6 The Importance of The Preparation Procedure 
We have indicated that general quantum states cannot be represented by density 
matrices that are describable using classical probability concepts, neither for the 
subensembles [12] nor for the ensemble as a whole [IS, 19]. On a more formal basis, 
similar conclusions have been drawn by Guelder in his attempt to construct a quantum 
probability [11]. 

We now investigate more thoroughly, first observing that the probabilistic reality 
criterion (PRO) of Garuccio et al., i.e. a "classical" description, can provide motiva
tion for the introduction of the notion of a measurable space on which a Kolmogorov 
probability measure may be defined: By the PRC and a generalized separability 
principle, corresponding to EPR-L, it can be assumed that there are objective real 
properties that can be associated with the subensembles, related to the two particles, 
of an ense/nble E describing a two-particle system prepared in a given state. For the 
objective real properties it would therefore be reasonable to assume the existence of 
a set X of outcomes of probability experiments on the individual elements of E, with 

2More specifically, pure entangled states give predictions violating the generalized inequalities, 
while they are obeyed by the predictions obtained for product states and mixtures [14]. 
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the corresponding "real" subensembles motivating a cr-algebra S of subsets of X. T h e 
double (X,E) const i tutes a measurable space which, with an appropr ia te Kolmogorov 
measure, defines a probabili ty space (X,E,p) . 

However, Gudder has shown tha t quan tum probabilities, i.e. probabili ty ampli
tudes , generally are not describable by a classical probability space since Bell-type 
inequalities would follow from this assumption. To describe the probabili ty ampli
tudes one has to use an extended generalized probability space (gps), which generally 
would have to be adapted to the specific (individual) quan tum s ta te [11, pp 169-
185). The main difference between the extended and the ordinary gps is that, the 
lat ter is based on a <r-algebra while the former is based on a c-addit ive class A which 
does not contain the meet of all possible individual events (fl"=i A £ A). Therefore 
it will generally not be possible to define a joint probability distribution for the set 
of individual outcomes for all relevant observables on the extended gps. A possible 
interpretat ion could be tha t the quantum mechanical formalism does not allow a si
multaneous description of all possible events. T h e outcome of the above analysis thus 
seems to be similar to the conclusion reached by Bohr [2, 8], which led him to in
t roduce the concept of complementarity: Given an experimental appa ra tus designed 
for the measurement of certain observables, other (canonically conjugate) observables 
cannot be measured simultaneously. 

From section 4 it can be recalled that for systems prepared in a product s t a t e or as 
mixtures a classical probability space seems to be sufficient for their description, while 
this is not the case for systems prepared in a pure, entangled s ta te . By reviewing the 
a rguments from the analysis of the product s tates , we notice that the main difference, 
apar t from the determined outcome for some experiments , is that the product s ta te 
has no memory of the total angular momentum s ta te from which it was produced, i.e. 
does not itself possess any well-defined angular momentum. The above considerations 
equally apply for mixtures 3 . 

Figures 2, 3 and 4 i l lustrate a possible experimental setting for the determinat ion 
of the quant i ty S entering Bell's inequalities [21] on a system that is prepared in a 
product s ta te P, in an entangled s ta te p0 or as a mixture W respectively. We assume 
tha t a source (s) provides us with systems of two spin-1/2 particles prepared in a 
\J = 0) s t a t e , and tha t the particles individually can be passed through two Stern-
Gerlach magnets (SG), henceforth denoted primary magnets. If a blocker (B) is 
placed in one of the two paths defined by each of the primary magnets , the remaining 
pa ths now define the properties "spin up" or "spin down" along the axes defined 

3Another way of arguing that pure slates possess coherence '''.at has been lost in mixtures is by 
using the notion of equivalence classes put forward by Jauch [20]. Preparing a .system of two spin-1/2 
particles in a pure state p u with zero angular momentum, mixtures W aml \Y" can be obtained by 
performing measurements of the individual spins along the n/m- or Ti'/m'-axes respectively. We 
notice that in this case po is in the same equivalence class with regard to their respective basis 
projections, {P* 0 Q ' n } for W and {P"' S Q'"'} for YV respectively, as both W and W . However, 
W is not in the equivalence class of \V\ These considerations indicate that />() possesses coherence 
that has been lost in W and \\". 
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by the gradients of the fields produced by the magnets, e.g. the tt- and m-axes in 
Figure 1. From this figure it is realized that the sketched procedure completes the 
preparation of the product states of the type P£ ® Q™ ". The actual measuring of 
the quantities necessary to determine S are now made by placing an apparatus in the 
two open paths, each consisting of three more SG-magnets and four particle counters 
(Figure 2). S is determined by registering simultaneous counts in counters that are 
situated to the left and to the right of the source. 

For the measurement on systems prepared in pure entangled states or as mixtures, 
different arrangements are required. Take e.g. the zero total angular momentum state 
po (Figure 3). In this case no blockers are introduced, but a new apparatus consisting 
of two SG-magnets and four counters is put into each of the four paths defined by the 
primary magnets. The quantity S is determined in the same way as before. 

Finally, in the case of mixtures, the same setup can again be applied, with the 
exception that devices designed to "clip" the paths are introduced into the path just 
after the primary magnets (denoted by C's in Figure 4). These devices close and 
reopen the paths and are assumed to operate stochastically. The intention is to re
duce the wave-packet sufficiently as to make certain that the system is a mixture. 
The property of a definite spin-component along the axes defined by the primary 
magnets may now be attributed to the particles after the "clipping"-devices, since 
the introduction of these devices brings about a reduction of the initial pure state. 
This reduced state is represented by a mixture W which no longer retains any infor
mation of its history, since the coherence of the initial state is completely lost. Thus, 
the "clipping" introduces an irreversible change of ihe initial state. Equally, as it 
was emphasized in the discussion of the product slates, the introduction of beam-
blockers irreversibly reduces the initial state. However, with an experimental setting 
as sketched in Figure 3, the measurement process on a system prepared in a pure 
entangled state is reversible at all stages prior to the registration of the particles in 
the counters. In this context, it is not possible to assign elements of reality to the 
properties of individual particles. 

7 Conclusions 
The hidden variable theory proposed by Hell [5] as an alternative to the quantum 
theory gives predictions in connection with Bell's inequalities different from quantum 
mechanics. The results of the experimental tests by Aspect et al. [21] in response to 
Bell's proposal are in accordance with the predictions of quantum) mechanics and not 
with Bell's theory. It is expected that an experiment of the type sketched in Figure 3 

4 We remark that the product states in their general form cannot he assumed to lie given directly 
by a \J = 1) or a \J = 0) stales since they do not possess a definite total angular momentum. The 
only exception from this rule is when « = i/i, in which case the P+ 0 QT|- and 1"] CO Qil-state.s 
partially compose Ihe \J = 1) triplet. Thus, for >7 / m, the apparatus sketched ahove seems lo be 
a necessary, if complicated arrangement. 
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will give the same result if the initial state provided by the source is the singlet spin-
state p0. The upper limit of Bell's inequalities will for this experiment according to 
Bell's theory be equal to 2, while quantum mechanics predicts the maximum value 
2\/2- It is realized that Bell's theory complies with the EPR requirements to a 
"complete" theory even if the theory itself can only give the upper and lover limits 
of the inequalities, but fail to predict the experimental result. As pointed out in the 
analysis, this is not the case for the entangled state p0 which meets neither with the 
reality- nor the completeness-criteria of EPR or Jarret. However, p0 is local in the 
sense described by Jarret. 

A measurement on a two-particle spin-1/2 system prepared in a product state 
P or as a mixture W is not able to distinguish between Bell's theory and quantum 
mechanics since both predict the same upper limit for Bell's inequalities. Only for a 
very specific choice of the directions defined by the Stern-Gerlach magnets (coplanar 
with SG(n) and SG(m), n and m being parallell) necessary to measure on a system 
prepared by the experimental setting sketched in Figure 1 and represented by P, the 
EPR-RC will be met. P is Jarret-local, but a state described by P is generally not 
complete, nei ther in EPR's nor in Jarret's sense. 

A system prepared as sketched in Figure 4 is repiesented by the mixture W. For 
this state the EPR-RC is not applicable. W is Jarret-local, but not complete in the 
Jarret-sense. 

The lesson to be drawn from these considerations is that the notions of locality 
and completeness are irrelevant to the question whether or not Bell's inequalities are 
obeyed. The relevant factors in this respect are rather connected to the possibil
ity of describing events by a classical probability space, and to the non-separability 
characteristic of the quantum description. 

It has been made clear that the demands on a theory to accept it as complete put 
forward by EPR [3] and Jarret [4] are not based on a "direct appeal to experiments and 
measurements" [3, 8], but rather on philosophical attitudes and conceptions. Jarrets 
criterion for completeness even makes it possible to test experimentally whether or 
not a system can admit a complete theory. We find the above analysis sufficient to 
conclude that the search for a complete theory that can replace quantum mechanics 
along the lines indicated by EPR and by Jarret is a much to narrow scheme to grasp 
the quantal character of nature. 

No experiment on quantal systems has ever been able to extract more information 
than allowed by quantum theory. In this sense, quantum theory so far seetns to be 
complete. 
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Figure 1: Preparation of the state P^ <g) Q*. 

Figure 2: Principle sketch of an experimental setup designed for the measurement of 
S (see text page 11) on the product state P*®Q^. The Stern-Gerlach magnets (SG) 
defining the axes ai, 02,61 and 62 are denoted as such, while the primary magnets are 
given by n and m. The dashed box contains the part of the apparatus participating 
in the preparation of the state. 
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Figure 3: Principle sketch of an experimental setup designed for the measurement of 
S (see text page 11) on the pure state pa- The Stern-Gerlach magnets (SG) defining 
the axes a*,,a*>,6i and 62 are denoted as such, while the primary magnets are given 
by n and m. The dashed box contains the part of the apparatus participating in the 
preparation of the state. 

Figure 4: Principle sketch of an experimental setup designed for the measurement 
of S (see text page 11) on the mixture W. The Stern-Gerlach magnets (SG) defining 
the axes 0*1,02,61 and 62 are denoted as such, while the primary magnets are given 
by n and m. The dashed box contains the part of the apparatus participating in the 
preparation of the state. 
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