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Recent results in EPR-type experiments on singlet photon pairs which establish (a) the non-existence of local hidden
variables, (b) the existence of quantum superluminal correlations between the action of independent parts of a measuring
device separated by space-like intervals, are interpreted causally within the frame of the stochastic interpretation of quan-

tum mechanics.

Physicists who support Einstein’s view in the Bohr
—FEinstein controversy are now confronted with the
challenge of interpreting in a causal way the non-local
result just established by Aspect et al. [1] (see also
refs. [2,3]) and the eventual confirmation of that test
in the forthcoming Rapisarda [4] experiment. To do
this we start with a non-zero mass photon model. This
is justified: (1) by the well-known fact [5—8] that the
zero-mass limit of a non-zero mass spin-1 Proca parti-
cle cannot be physically distinguished from a Maxwell
wave since the so-called transverse waves just corre-
spond to J3 = £1 (i.e. to opposite circular polariza-
tions) while the longitudinal solutions J5 = 0 (practi-
cally decoupled from transverse waves when m, - 0)
describe the Coulomb field when m,, > 0;(2) by the
theoretical result that (with m, # 0) one has found a
classical counterpart (i.e. the Weyssenhoff particle) to
the photon field [9], so that one can determine a clas-
sical counterpart of spin for isolated “classical” pho-
tons which is distributed [10] in the hydrodynamical
representation of the Proca wave equation.

Both in the usual quantum-mechanical theory [11]
and in the stochastic interpretation of quantum me-
chanics [12,13] a system of two correlated photons
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(m,# 0) can be represented by a second-rank tensor
A,,. As one knows this compound state of two spin-1
particles can be split [as a consequence of the group-
representation relation D(1) ® D(1) =D(2) & D(1)
® D(0)] into a symmetric part 4, a skew part 4,
and a trace 4, representing respectively the J=2,J
=1, and J = 0 compound states. Since the aforemen-
tioned experiments utilize 0 — 1 — O singlet-state cas-
cades we shall limit ourselves to the 4,,,,, D(0),/=0
singlet case.

Denoting by 1 and 2 the two photons (with coordi-
nates x and x5) we represent our compound state by
a scalar field

<I>(x1 ,x2) =A ly(xl)A‘j(xz)

uu

=exp[R(x,x7) +iS(xq,x,)],

where fi = ¢ = 1. As one knows [14] such a scalar field
satisfies the system of relations

(O +0, - 2mHe =0, (@O, -0y)®=0, (1)

or equivalently
@, -m2)®=0, (O, -m2)®=0, Q)
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along with the transverse gauge conditions 94 yAl

=0, #A 5 =0, the second relation of (1) representing

the causality constraint in the so-called predictive me-
chanics with action-at-a-distance [14]. This system is
clearly deterministic in the sense that we shall now
show that:

— the system of two J = 1 particles can be solved in
the forward (or backward) time direction in the
sense of the Cauchy problem;

- the paths of the two particles are time-like;

— the formalism is invariant under the Poincaré group
P=Te L£1.

Indeed writing P{* = 3S/dq;,, (i = 1, 2) we can split in-

ternal from external variables by writing P¥ = p{ + p4;

=5(p4 - p); 0% =3(a} +a4); 2 =qf —qb;

q“ and p} representing pairs of canonical variables.

Splitting (2) into real and imaginary parts we obtain

for the real parts

1 =12
13, SHS) + U =5m2,

7(3,,5048) + U, =;m§, (3)

where we have U; = — %(DiR + a;‘Ra,.“R). This sepa-
ration can be performed in the rest frame of the center
of mass of the two photons where we consider the case
of an eigenstate of P, i.e.

® = oz*) explik, (x} +x5)/2],

where k* is a constant time-like vector. In that case we
have (3% + 34)R = 0 and (3} + 85)S = k* so that sub-
tracting eq. (3) we get k" 9R/oz* =0 and hence R
only depends on z{| =z —z k¥ k* /k In order to
satisfy the condition {y ‘P, U } 0 for the existence of
causal time-like world lines {14] we must now make
the substitution z{ >z =z" + 2 P”P“/P so that
(8% + 3R =0and U; = U, = U(Z,,). In that case the
relations (3) represent a pair of causally bound pho-
tons connected by a causal action-at-a-distance. More-
over:

(i) The causality condition P-y = 0 implies that the
Poisson bracket of the two photon hamiltonians {H,
H,} is zero, i.e. their corresponding proper times 7,
and 7, are mdependent

(ii) ql = x in the rest frame of the center of mass
Zo(k;=0).

(iii) Subtracting eq. (3) with Uy = U, we get [15]
Py= 0 s0 that P = 0 where the dot denotes the oper-
ation 3 (3/ ory + a/arz) This yields P+y = 0 which
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shows that no energy can be exchanged between the
photons in Zy, so that no causal anomaly results from
this particular type of action-at-a-distance.

(iv) We have fv,--P = () so that the paths of both pho-
tons remain time-like.

(v) The formalism shows [16] that our causal covar
iant action-at-a-distance is instantaneous only in X
and its velocity n can thus be calculated in any other
frame X by the corresponding £, - Z Lorentz trans-
formation. In the particular case of the Aspect—
Raspisarda experiment this immediately yields [16]

1 =7.57¢ in the laboratory frame.

We now come to our interpretation of the Aspect
—Rapisarda experiments.

Despite the confirmation [17] of quantum predic-
tions in EPR experiments (i.e. the violation of Bell’s
inequalities [18]) a supplementary device was needed
to prove directly the non-local character of this quan-
tum correlation [19]. This set-up essentially rests on
the use of calcite crystals acting as random switches
on the photon paths which orient them, with probabil-
ity % ,in the O (ordinary) or E (extraordinary) rays.
The photons thus pick at random four possible paths
and are subsequently detected through two pairs of
linear polarizers L, L', N, N’ with polarization direc-
tions 4 and B perpendicular to the x axis (see fig. 1).
In the last experiment [2] L(L') and N(N") are sepa-
rated 12 m. In the m_, # 0 formalism the vector po-
tentials are the field states A}, and represent the pho-
ton polarization states. Since we assume them to be
transverse (Alu LS = A,,,058 = 0) we know [20]
that a photon impinging normally upon a linear polar-
izer either passes or is stopped, thus answering yes or
no (1 or 0) to the question: “is your linear polariza-
tion found parallel or perpendicular to the direction
A(B) of the polarizer?”,

Considering now a pair of singlet photons issuing
from a cascade source S we compute in a system
where the photon pairs move in opposite directions

Fig. 1. Schematic view of the Aspect—Rapisarda experiment.
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parallel to the same axis x and are detected in two lin-
ear polarizers. If we then set « =4 — B we can com-
pute the probability of the four possible answers to
the composite question: ““‘does photon 1 pass the po-
larizer L(L") and photon 2 the polarizer N(N )?”. The
initial state is now represented by 4 “Az ; since the
A} are orthogonal to the x axis we get

iy =2-12(ly Dlyy) + 1z)zy)) @

in terms of state vectors polarized along two orthogo-
nal axes in the x = const. plane. Denoting by (1, 1),
(0, 0), (1, 0), (0, 1) the probabilities of the four possi-
ble answers we can easily calculate them: for example
(1, 1) is given if we consider that the final state is

If) =(cos A|y) +sin 4|z ()

X (cos Bly,) +sin Biz,)), (%)
so that we have
(1,1) = [i{f)2 =} (cos 4 cos B + sin A sin B)?

=1cos2a 6)
and we get in an analogous way
(0,0) =5cos2a, (1,0)=(0, 1) =1sin2a. @)

The recent experimental confirmation [2] of this
well-known quantum prediction implies, following
Bell’s work [18] and a recent analysis of Feynman
[21], that there is no way in which a local hidden-
variable theory can reproduce such quantum correla-
tions. Indeed, as another example [21], the classical
local prediction for this probability for a = 30° in a
typical arrangement is 2/3 and is strikingly different
from the quantum prediction of 3/4 with which ex-
periment agrees. A

This situation can be interpreted in two ways. The
first is that in the Copenhagen interpretation the two
photons do not possess hidden polarizations when
they leave the cascade and borrow their polarizations
when they interact with the polarizers: the EPR para-
dox being that they are then non-locally correlated.
To paraphrase Einstein’s famous statement: “If God
plays dices in that situation, then there is a space-like
correlation which connects the two dices not when
they are shaken in the cup, but at L(L") and N(N")
when they stop rolling on the table”. The second is
that this result does not imply that the photons of
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each pair do not possess hidden polarizations but only
that they are correlated by the quantum-potential ac-
tion at a distance. This later statement will be clarified
by the subsequent hydrodynamical analysis.

In the stochastic interpretation of quantum me-
chanics we start from the physical existence of
de Broglie’s waves [22] and we will show that in the
hydrodynamical-stochastic representation of our ex-
periments the spins (and polarizations) of the two
photons are always defined and non-locally connected.
Indeed if the total state ®(x, x,) satisfies egs. (1)
and (2) [12,13] the lagrangian of our pair will be

L=mlo*®+23,,0 0 d +0,,0"05. (8)
A classical relativistic hydrodynamical analysis [10,
23] then allows one to build the energy—momentum
tensor for each single photon (from now on, because

of the 1 < 2 symmetry, we will calculate only the
quantities relative to photon (1), i.e.:

1 = [0L/3(34 )] 81, A} +cc. — 28,

=31,2%9,,0+0,,3,,0" ~ L5, )
From Belinfante’s tensor [23]

Flum = [aB/a(a?A;’)] Zo0A +ec

=301\2") g4y,

where .SZ”" =7(8p" ov — 80,04y), the spin density
tensor becomes Gf u" are the unitary four velocities
of the photons)

—.AlﬂAzp)‘*’C.C., (10)

Sl/.w ulfluvx

=(A),A;, — A1,4,,)uld) @ +cc. ¢8))
and the spin vector can be written
Slu =l2ievaﬂuufsiw' (12)

Moreover, denoting now by a dot the derivative along
a current line, we can show that because of the 7y,
symmetry we have [23]

S1up = 312008 14,) = 21 — 11, =0. (13)
From this it results that:

(1) Sy, has a constant length in the sense that §2 1
=0; indeed we see that [23] §% = 81,81 = Slaﬁsl
because of the properties of €, uvg> the antisymmetry
of 8}, ufuy, =—1,andu, A§ =u,, A4 = 0. Hence
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§% = 0 because we showed that 8y, =0.

(2) The derivative of § is Sl = —1evaﬂ”S1
X (ulal A1) so that it depends in a non-local way on
the 4,(x,) contained in S}*”.

(3) The elements of the photon pairs interact per-
manently not by exchanging tachyons but through ac-
tion-at-a-distance which reflects the disturbance of
Dirac’s covariant stochastic aether [24] . In present ex-
periments the photons are “holding hands’” over 12 m
and any disturbance of one of them is carried super-
luminally to the other by a phase-like disturbance of
the stochastic quantum potential ... which includes a
quantum torque. This interpretation of the EPR—
Bohm experiments is identical to the one recently de-
veloped by Philippidis and Bohm to interpret the
Aharonov—Bohm effect [25].

To conclude we are now confronted with the real-
ity of non-local correlations between independent
parts of a measuring device since the action of the po-
larizers L(L") and N(N") are space-like separated, and
can be associated to four independent sets of ob-
servers and observations. In that case one can take
three different attitudes:

(a) Assume that this brings nothing new to the
present interpretation of quantum theory ... which is
thus non-local by nature, as now confirmed by experi-
ments. This no-problem attitude ignores the facts that
(1) the instantaneous coilapse of the wave packet by
experiments in all frames is not a relativistic concept,
(2) the instantaneous correlation between the observa-
tions of independent observers evidently goes beyond
the present interpretations of the quantum measure-
ment theory and (3) there is now a basic experimental
irreducible discrepancy between any form of local
classical causal interpretation and the results of quan-
tum statistics in EPR experiments [18,21].

(b) Assume that the Aspect—Rapisarda experiments
raise new problems of interpretations which imply an
extension of the present theory in the Copenhagen di-
rection as suggested by Wigner [26], Stapp [27] and
Costa de Beauregard [20].

(c) Assume (as done by the authors and by Bohm
and Hiley [28]) that one must interpret the new re-
sult in terms of a non-local quantum potential. This,
of course, implies a real physical existence of
de Broglie’s waves. It is interesting to note that this
line of thought has recently led to concrete experi-
mental proposals which imply conflicting predictions

386

PHYSICS LETTERS

7 February 1983

[29] between the Copenhagen and the causal stochas-
tic interpretation of quantum mechanics ... identical
in this case to Maxwell’s predictions. In other words,
we feel that one will only be able to assess the real
meaning and theoretical implications of the Aspect—
Rapisarda experiments when the question of the real
existence of de Broglie’s waves will be settled (as is
now attempted by Gozzini [30] in Pisa) by experi-
mental physicists.

The authors wish to thank Professors Gozzini and
Selleri and Dr. Droz-Vincent for helpful discussions in
the preparation of this work. One of us (N.C.P.) is
grateful to the Italian M.P.1. for a grant which made
this research possible.
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