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As a criterion between quantum mechanics and local hidden-variable theories, the so-called Einstein-Podolsky-
Rosen paradox is mainly tested in the form of the statistical correlation between polarizations of photons
issuing from a cascade transition. It has been stated more than once that an improved form of the test would
make use of polarizers, the orientation of which would change randomly in a time comparable with the time
of flight of the two photons; the Bell locality assumption could then be replaced by a weaker assumption also
considered by Bell: The Einstein principle of separability. However, to our knowledge, no workable
experimental scheme has yet been proposed, and we believe the one described in this paper to be a workable
one. After explaining the difference between the Bell locality assumption and the Einstein principle of
separability, we briefly discuss the theoretical implications of the modified experiment. The overall scheme of
the apparatus we are proposing is described, and the generalized Bell inequalities, modified for our case, are
derived. As in previous experiments, supplementary assumptions are made in order to derive experimentally
testable inequalities. Finally, we describe the device we intend to use to carry out the proposed scheme.

I. TEST OF THE PRINCIPLE OF SEPARABILITY

The so-called nonlocality paradox of Einstein,
Podolsky, and Rosen' has been much discussed.
Bell' has shown the possibility of bringing the ques-
tion into the experimental domain. Then, several
experiments have been proposed and performed. ' '
All these experiments are able to discriminate be-
tween quantum mechanics and "local" hidden-vari-
able theories that fulfill Bell's condition of locality:
The setting of a measuring device does not influ-
ence the result obtained with another remote mea-
suring device (nor does it influence the way in
which particles are emitted by a distant source).
Most of the experiments contradict these local
hidden-variable theories, '"although conflicting
results exist. '

Although such a condition of locality looks highly
reasonable, it is not prescribed by any fundamental
physical law. Following a suggestion made by
Bell, ' we are proposing an experiment able to dis-
criminate between quantum mechanics and "sep-
arable" hidden-variable theories fulfilling Ein-
stein's principle of separability '' that we can
formulate in the following way for the experiments
under consideration: The setting of a measuring
device at a certain time (event A) does not influ-
ence the result obtained with another measuring
device (event B) if the event B is not in the forward
light cone of event A (nor does it influence the way
in which particles are emitted by a source if the
emission event is not in the forward light cone of
event A).

Any theory fulfilling Bell's condition of locality
also obeys Einstein's principle of separability.
But one can conceive separable theories that do
not fulfill Bell's condition of locality; such theories

take into account the possibility of interactions be-
tween remote measuring devices (i.e. , these theo-
ries do not fulfill Bell's condition of locality), but
these interactions do not propagate with velocity
greater than that of light (i.e. , these theories obey
Einstein's principle of separability). These theo-
ries were not within the reach of previous experi-
ments, but they could be tested with a modification
of these experiments.

To discuss this point, let us recall the optical
transposition of Bohm's "Gedankenexperiment" "
as performed by Freedman and Clauser' (Fig. 1).
Letting N(a, , bj) be the joint detection rate when
the polarizers are in orientations a,. and b,. (the
value ~ represents the removal of the correspond-
ing polarizer), one considers the quantiy

S = [1/N(~, ~)j[N(a„b,) —N(a„b2) +N(~, b, )

+N(a„b, ) —N(a„~) —N(~, b, )],

where a„a„b„b,denote specific orientations of
the polarizers in successive measurements. Local
hidden-variable theories fulfilling Bell's condition
of locality predict (modulo a supplementary as-
sumption on the detector's efficiency) that S is
constrained by the generalized Bell inequali-
ties'" "

—1 (S(0.
For certain values of the orientation parameters
ai a 2 bi b2 the quantum- mechanical predictions
violate the inequalities (2). Hence an experimental
test between the conflicting theories is possible.

It has been emphasized that a crucial point in
the derivation of the Bell inequabties is the local-
ity assumption. ' These inequalities could not be
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some general assumptions) could be derived with-
out reference to any specific theory (in particular
without incorporating in the general assumptions
just mentioned any a Priori hypothesis about the
existence of hidden variables" ); Then, some re-
interpretations of the quantum theory would be
untenable, while others would be upheld. "

FIG. 1. Optical. transposition of Bohm's "Gedankenex-
periment. " The correlated photons && and &8, issuing

from the cascade source S, impinge upon the linear polar-
izers I and II in orientations a and b. The rate of joint
detections by the photomultipliers is monitored for var-
ious coupl, es of orientations (a, b).

proved if the response of one polarizer was de-
pending on the orientation of the other one (or if
the emission of the pairs of photons was depending
on the orientations of the polarizers) In .the pre-
vious experiments, such interactions are not pre-
cluded by the principle of separability because
"the settings of the instruments are made suffi-
ciently in advance to allow them to reach some
mutual rapport by exchange of signals with velocity
less than or equal to that of light". ' Therefore the
separable theories that do not fulfill Bell's condi-
tion of locality cannot be tested by the previous
experiments.

To test these theories, it has been pro-
posed '' '' '' to change rapidly, repeatedly, and
independently the orientations of the polarizers.
Then one finds as a consequence of the principle
of separability that the response of one polarizer,
when analyzing a photon, cannot be influenced by
the orientation of the other polarizer at the same
time (when analyzing the coupled photon); likewise,
the way in which a pair of photons is emitted can-
not be influenced by the orientations of the polar-
izers when later analyzing this pair. Therefore,
for such improved experiments, inequalities (2)
can be derived from the principle of separability,
with no further locality assumption made. Since in-
equalities (2) still conflict with the quantum-mech-
anical predictions, such modified experiments
would be able to discriminate between quantum
mechanics and separable hidden-variable theories.

A result consonant with the quantum-theory pre-
dictions would imply the rejection of separable
hidden-variable theories. But as a matter of fact,
it would imply more. " According to a recent anal-
ysis" it would constitute an experimental confir-
mation of the reality of the nonseparability intro-
duced formally in the quantum theory. More gen-
erally, d'Espagnat'0 pointed out that such a result
would entail consequences practically amounting
to a disproof of the principle of separability, and
he showed that these consequences (violation of
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FIG. 2. Proposed experimental scheme. The commu-
tator C& directs the photon &~ either towards polarizer
I& (in orientation a&) or towards polarizer I2 (in orienta-
tion a2). Similarly C z directs &z towards II& or II2 (in
orientations b

&
and b 2). The two commutators work inde-

pendently in a stochastic way. The four joint detection
rates are monitored, and the orientations a&, a2, b &, and
b 2 are not changed for the whole experiment.

II. PROPOSED EXPERIMENTAL SCHEME AND

CORRESPONDING GENERALIZED BELL INEQUALITIES

Several authors'" " "have already proposed
to change rapidly and repeatedly the orientations
of the polarizers, but few experimental practical
suggestions have been given. One could think of
using Kerr or Pockels cells, allowing changes in
the polarization orientations in less than one
nanosecond. Unfortunately, there are several
drawbacks: Only very narrow beams could be
transmitted, yielding very low coincidence rates;
as these cells heat up, and then become inopera-
tive, long runs would be prohibited. Last, a very
sophisticated system would be needed for monitor-
ing the change in time of the orientations; the
calibration of the system would thus be exceedingly
difficult.

We believe that these difficulties could be over-
come by using optical commutators (Fig. 2). Dur-
ing a short time interval, the commutator C„di-
rects the photons v„ towards the polarizer I,; then
its state changes and, during the following period,
it directs v„ towards the polarizer l, . The com-
mutator C~ works similarly with the photons v~,
independently of C„. The time intervals between
two commutations are taken to be stochastic, so
that two states of the commutator, separated by a
time longer than the autocorrelation time, are
statistically independent. The autocorrelation time
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of each commutator is taken as short as L/c; L
denotes the distance between the commutators and
c denotes the speed of light.

One guesses that the separability assumption
then leads to inequalities analogous to Bell' s, with
the arguments the same as in Sec. I'3 24

Let us proceed to the actual derivation of the
modified inequalities. We use the formalism of
hidden-variable theories, but, as emphasized in
Sec. I, the validity of the result will be more gen-
eral.

Each emitted pair of photons is assumed to be
characterized by a hidden variable A. (A. might stand
for any number of parameters). We denote by t,
the time of emission" of a pair of photons in the
laboratory frame, and by u(A. , t, ) the probability
distribution of g. At the time t, = t, +L/2c the
photons v„and v~ impinge upon the commutators.
We define "commutation functions" a, (t ) and p~(t )

(i =1 or 2 and j=1 or 2), the values of which are 1

or 0 according as, respective1y, the photons are
sent along the corresponding channel or not; n&(t) and

P~(t) are of course A, independent. We denote by t, & t,
the time at which the photons are anlayzed by the po-
larizers, and byS;(X., t, ) andS&(A. , t, ) the correspond-

ing response functions, the values of which are 1 or 0
according as the corresponding photon does or does
not pass the polarizer. Thus n;(t, )P, (t, )
x Q, (A., t, )S,.(X, t, ) assumes the value 1 if both pho-
tons v„and v~ emerge from the polarizers I& and
II& and 0 otherwise. Finally, the probability that
a pair of photons v„and v~ emerge in coincidence
from I; and II& is

P„= lim — dt, dZ u(X, t, )n, (t,)P,(t, )
1

~ QO

x g, (y, t, )S,(y, t, ),

where the considered X is the initial value at the
time t, of emission.

Following Bell, we can generalize this to the
case where the polarizers themselves contain hid-
den variables contributing to the result. We de-
note by g& and ~'„ the instrumental parameters ofI)
each polarizer; then the response of each polarizer
is 8,.(A. , A. ~&, t, ) and Sz(g, X», t, ). This formalism
is also appropriate for a stochastic theory, "since
g&, and A. «can be taken as random variables with-
out any specific interpretation. Then the probabil-
ity P&& assumes the form

P(~ = lim — dt, dA, ~ dA, I
. ~ dX(( u(X, X(,, . . . , A, (), t„ t3)

1

T~oo ~ T

x n, (t, )j,(t, )e, (X, X(, , t, )S,.(X, ~'», t,), (4)

where u( ~ ~ ) is the probability distribution of X at
time g, and of the instrumental parameters at
time g, .

Correlations may exist between the instrumental
parameters g,' and ~« . However, in accordanceI] Dg'
with the principle of separability, correlations at
time t, can be produced only by common causes at
times t «t, . Introducing these common causes in
formula (4), one remarks that these common
causes are always coupled with ~; then for sim-
plicity these common causes a,re included as a
part of the fully general A..

In accordance with the principle of separability,
the given X at times t & t, describe in a complete
manner all the correlations between the instru-
mental responses at time t, ; therefore the condi-
tional probability distribution of the instrumental
parameters, given a particular value of ~, is fac-
torized. " Hence, with u(X, A. ',, , ~ ~ ~, A, h, t&, t3) ex-
pressed as a function of the probability distribu-
tion p(A, , t, ) of A. at time t, and of the conditional
probability distributions of each instrumental pa-
rameter, P,.~ (formula 4) assumes the form

P;;= lim — dt, dA. pX, t, n, t,
~ OO

xA,.(Z, t, )B,(x, t,),
where A, (A, , t, ) and B&(X, t, ) are the average val-
ues —over the respective instrumental parame-
ters —of the instrumental response functions at
time g, .

When integrating over time, we must consider
the possibility of interactions between the com-
mutators and the other devices. The principle of
separability precludes instantaneous interactions
but not retarded ones. Hence the response of po-
larizer 1,. (for instance) at time t, might depend
upon the state of commutator C„at times t «t,
and also upon the state of commutator C~ at times
t ~ t, —L/c. Simila. rly, the emission at time t,
might depend upon the states of both commutators
at times t ~ t, —L/2c. Taking into account these
possible interactions, it can be shown (see Ap-
pendix) —by using the assumed properties of the
commutators (stochastic independent workings,
autocorrels. tion times shorter than L/c) —that the
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probability of coincident emergence factorizes as P, &
= 2a-, p~ cos'(a, , bi),

p„=p, (), fop(x)p, h)p, (z), (6)
and

1
Pfo gQ$

(12)

where o. , and P~ denote the averages over time of
the commutation functions n, (t) and P&(t), p(A) is
a function with the properties of a probability dis-
tribution, and A&(A, ) and B,(A, ) are functions related
to the responses of polarizers I, and II&, con-
strained by the inequalities

0 &A, (x) &1,

0 &B,(X) &1.

With the same notations, the probabilities that
one photon emerges from I( (or Iij) are (respec-
tively)

(8)

with

&@&0 (10)

11 P12 21 + P22 P20 Pol (11)
+1PI +1P2 +2 Pl +2P2 +2 Pl

Inequalities (10) are isomorphic to the general-
ized Bell inequalities. " On the other hand, the
quantum-mechanical predictions, which are

Thus, using the principle of separability, we
have derived a factorized form similar to the de-
finition of objective local theories. " Nevertheless,
there is a large difference: The response of one
polarizer, which (given g) depends upon its orienta-
tion, might also depend upon the orientations of
the other polarizers (since we do not make the
Bell locality assumption). Similarly, the way in
which the pairs of photons are emitted [and there-
fore p(A, )] might depend upon the polarizers'
orientations. But, in our experiment, all the
orientations remain unchanged during the whole
course of the experiment; hence, in formula (6),
p(A. ) does not depend upon the indices i or j; like-
wise, A, (X) does not depend upon the index j [nor
does A&(X) depend upon ij.

Therefore, the derivation of Clauser and Horne"
holds. Inequalities (7) entail

—1 &U&0,

with (X is dropped for simplicity)

U=—A,B,-A,B2+A2B, +A2B2 -A2 —B, .
After multiplication by p(A, ) and integration, one

obtains

1
Pop = zPg,

leadtoaviolation of the inequalities (10), the maxi-
mum of which occurs respectively for

(a„b,) =(fl„a,) =(a„f),) = 22.5'

67.5'

67.5'
(a„b,) = or

202.5'

For these specific orientations, we indeed have

0.207
S= or

1.207 .
All the quantities involved in formula (11)are

probabilities of coincident —or single —emergence
and could, in principle, be measured. W'e thus
have a test for separable hidden-variable theories.
This test will be operational if we find means for
measuring these probabilities and designing com-
mutators obeying the assumptions we have made.

III. TESTABLE INEQUALITIES

N, ~(a, , bj) = e,~P,&N. (14)

As in previous work, ' ' ' ' we assume that g&&

does not depend on whether or not the photons have

Although theoretically measurable, the probabil-
ities in formula (11) cannot be measured directly
for two reasons. ' " First, optical photomulti-
pliers have a low quantum efficiency; hence the
rate of joint detection will be lower than the true
rate of coincident emergence from the corre-
sponding polarizers. Second, in atomic cascades
only a fraction of pairs fly in opposite directions
(since we have a three-body decay); hence a photon
v„(for instance) may impinge upon commutator
C„and be analyzed while the corresponding v~ is
lost; therefore the rate of single detection is not
a faithful measurement of the probability that a
single photon is transmitted by the corresponding
polarizer.

Denoting by N the average rate of emission of
processed pairs (i.e., with both photons impinging
upon the commutators) and by e,.&

a numerical fac-
tor accounting for the quantum efficiency of the
corresponding photomultipliers, the rate of joint
detection may be expressed as
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N;&(~, ~) ='e„o.;P&N, (15)

where o. &P& is the probability of a coincident
emergence from the commutators C„and C~ along
the corresponding channels.

We thus obtain

P;J No(at i bj)
(y. P N. (ao co)

(16)

and then the four first terms in formula (11) are
put as functions of measurable quantities.

One more assumption is needed to render the
two last terms of $ measurable: that the probabil-
ity that a photon emerges out of a polarizer does
not depend upon whether or not another polarizer
ha, s been removed" (although, as stated above, we
accept that the elementary response might be
changed).

Therefore, if the polarizer II& is removed, the
probability of joint emergence of v~ from polarizer
I& and of v~ along channel 11& is P&P,O (see Ap-
pendix), and the rate of joint detections, with po-
larizer II& removed, is

N()(a;, &) = e„P)P,o N.

We finally obtain

Pro N;g(a;, ~)
(co, m)

Pox N)g(~, bg)

P N, (~~) '

and the two last terms in formula (11) can be mea, —

sured.
On the whole, S in formula (11) is expressed as

N„(a„b,) N„(a„b,) N„(~, b, )
(ao Qo) N (ao, ao) N &(co, ca)

passed through a polarizer. '~ We also assume that
the average rate of pair emissions N is not changed
when a polarizer is removed [although, as stated
in Sec. II, we accept that u(A, , &) might be changedj.
Therefore the rate of joint detection in channels
I,. and II& when the corresponding polarizers are
removed will be

IV. OVERALL EXPERIMENTAL SETUP

Clauser et al.' have already discussed the case
of nonideal polarizers and extended beams. These
features of a realistic experiment decrease some-
what the quantum-mechanical violation of the in-
equalities (10). Significant experiments have
nevertheless been carried out to test the locality
condition. Our experiment could be built with the
same sort of source, polarizers, and detecting
devices.

The specificity of our experiment is the presence
of two optical commutators. These can consist of
acoustic standing waves working as adjustable
gratings (Fig. 3). The deviation of a. light beam
by strong interactions with an acoustic wave has
been studied both theoretically and experimental-
ly. We are planning to use commutators with a
surface of 4 cm' and an angular aperture of
1' x 30'. By appropriately adjusting the various
parameters, we should be able to obtain one single
beam diffracted, i.e. , two channels.

The transmitted and diffracted beams will be
modulated in opposition at twice the frequency of
the sound wave. We expect the modulation rate of
the transmitted beam to be over 90%%uq, and polar-
ization independent.

We finally must discuss to what extent our com-
mutators obey the assumptions stated in Sec. II.
Since the modulation rate is not exactly 100% and
the commutation is not instantaneous, the values
of the commutation functions o. ,(t) and P&(t) are
not restricted to 0 and 1. Nevertheless, the rea-
soning in Sec. II still holds if, with n&(t) and P&(t)
denoting the probability that a photon is directed
towards channel I, or II&, these commutation func-

Incident
phd/on

N»(a„b, ) N, q (a„~) N&, (~, b, ) (19)

The four quantities N,.&(a&, b&) are measured dur-
ing one single run of the experiment, and this is a
very significant difference between our proposal
and the previous schemes. The other quantities
are measured in auxiliary calibrations.

Concluding this section, we have been able to
define a practical scheme for measuring the prob-
abilities, modulo some reasonable assumptions
which, however, restrict somewhat the generality.
of the derivation of Sec. II.

Generg&or

FIG. 3. Optical commutator. The generator supplies
two identical transducers T, producing an acoustic
standing wave in a crystal. The diffracted beam (chan-
nel 2) is modulated at twice the frequency of the standing
wave. The transmitted beam (channel 1) can be modu-
lated at a rate greater than 90%; hence the commuta-
tion is nearly complete.



PROPOSED EXPERIMENT TO TEST THE NONSEPARABII. ITY. . . 1949

tions do not depend on the hidden variable A,. This
makes one more assumption. If it is unsatisfied,
a fraction of the photons could be directed one way
or the other, depending on the value of ~, and a
"conspiracy" of the commutators and polarizers
could decrease the difference between the quantum-
mechanics predictions and the separable hidden-
variable theories predictions. However, if the
quantum-mechanics predictions were vindicated
for various modulation rates, the occurrence of
such a conspiracy might appear as a Priori unlike-
ly. Nevertheless, such a "conspiracy" could be
avoided by inhibiting the detectors when the com-
mutation functions assume values significantly dif-
ferent from 0 or 1 (during the rise time).

Another difficulty is that the commutators are
operated periodically and not in a truly stochastic
way. However, the significant requirement is that
we have two independent commutation functions,
each with autocorrelation time shorter than L/c-
say, shorter than 20 nsec if I.is 6 m. It seems
that these conditions will be fulfilled if the com-
mutators are separately driven by macroscopic
generators whose frequencies deviate independent-
ly. We can drive a pseudorandom deviation of the
frequency of each commutator, and a direct action
of the source upon the driving mechanisms (and
possibly upon the operator's descision; see foot-
note 13 of Ref. 15) seems very unlikely. For in-
stance, the standing-wave frequency can vary be-
tween 100 and 125 MHz, and the commutation fre-
quency will vary between 200 and 250 MHz. Then
the autocorrelation time, which is of the order of
the' inverse of the line width, is about 20 nsec. If
a sweeping of the frequency over a broad line
turned out to be too difficult, a supplementary as-
sumption should be exhibited: The polarizers
have no "memory, "i.e. , they can be influenced by
signals received at a certain time from the com-
mutators (with a certain delay) but they cannot
store all this information for a long time and ex-
trapolate in the future even if there is some regu-
larity in the working of the commutators. With
this very natural supplementary assumption, the
experiment would be significant even with periodic
commutations.

V. BRIEF CONCLUSION AND ACKNOW LEDGMENTS

We believe that the experimental scheme we are
proposing, although it is not an ideal one, is inter-
esting in that it embodies a device for changing the
orientations of the analyzers in a time comparable
to the time of flight of the photons. Such a feature
has been considered a crucial one by quite a few
workers in the field, and therefore such experi-
ments are worth making, even if they are not ideal.
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C. Imbert and Dr. O. Costa de Beauregard for
having suggested this study and for many fruitful
discussions. He especially thanks Dr. J. S. Bell
for his encouragement, and Professor B. d'Espa-
gnat for his thorough consideration and discussion
of the theoretical aspects of our scheme.

APPENDIX

The probability P,&
in Eq. (11) is the time average

of the quantity [see Zq. (5)]

p„(z, ))=f,dz p(z, t)$, )t,)8,(t,),
x A;(X, t~)B~(A., t3),

where t, =t, +L/2c and t, —t, is the time of flight
of photons between a commutator and a polarizer.

Since the commutators work in a stationary
stochastic way, we may replace the time average
by ensemble averages. Denoting by X(t) and Y(t)
random variables specifying the states at the time
t of commutators C„and Ca, respectively, we
replace the time functions "by functions of these
random variables. Taking care of the various pos-
sible interactions (as explained in Sec. II) we ob-
tain

n, (t, ) -n, [x(t,)],
tI, (t.) -P,[r(t.)],
p(x, t, )-p[x, x(t, ), r(t, )],
A, (~, t, ) -A, [~,x(t,), x(t, ), x(t, ), r(t, )],
8,.(z, t, ) -83,[~, r(t, ), r(t, ), Y(t,),x(t,)],

and in general

P„(~, t,)-f„[~,x(t,)" r(t, )],
where

to &t, —I/2c

t, —L/2c &t4 & t2.
As the two commutators are working independent-

ly, X(t) and Y(t) are independent random vari-
ables. As the autocorrelation time of each com-
mutator is shorter than L/c, X(t, ) and X(t,) are
independent random variables, and so are Y(t,)
and I'(t ).

We average I'„., i.e., we integrate after multi-
plying by the probability distribution

g[X(t ), X(t,), X(t,)]$[Y(t ), Y(t,), Y(t,)]
in a factorized form since X(t) and Y(t) are inde-
pendent. Integrating over X(t2) and X(t,), we then
define
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A, [7]., X(t,), Y(to)]=(o' S'[X(t.)]) '

dXg d'Xt g Xt,Xt,Xt Xt A XXto, Xt

where

g'[x(t, )7 ffd=x(t, )dx(t, )g[xft, ),x(t*) «(t )]

is the probability distribution of X(t,) and o.; is the average of 5, [X(t,)]. Remembering that A, assumes
values 0 or 1 and that alI the factors are positive, we obtain

t) ddt[t, x(t,)r(t, )7 ,[tt t g [x-(t')] ] ',ffdx(t, ) dx(t, ) g[x(t, ), x(t)x(t, ),]tt t[,x(tl], ,

hence, remarking that fdX(t, )g [X(t,), X(t,), X(t,)] factorizes, because X(t,) and X(t, ) are independent
random variables, we obtain

o w, [7[., x(t, ), Y(t,)]

By a completely similar fashion, with f'[Y(t o)] replacing g' [X(t,)], we obtain

o & a, [7]., x(t, ), Y(t,)] & I. .
The average of E,&

is then

p, tt, g, fff , d=t dx(t, )dr(t, )g'[x(t, )]rt'[rit. )]tt[X «(t,))'(t,)]d[t, x, (t), r(t, )]t,t [t,x(t.)r(t,)]. ,

For simplicity we can include X(t,) and Y(t, ) into the parameter &, thus obtaining formulas (6) and (7).
Similarly, the single probability that a photon emerges from polarizer I, is the time average of

and, through the same procedure as above, we obtain formula (8).
Finally, the joint probability of photon v„emerging from polarizer I, and photon v~ emerging from com-

mutator C~ into the channel II& is the time average of

Npz, t, &, t, , t, A, X, t, .

Remembering that X(t, ) and Y(t, ) are independent, we obtain p~ P;, as the expression of this probability;
this expression is used in Sec. III [Eq. (17)].
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