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Abstract

In this paper we study a two-step version of EPR-B experiment, the
Bohm version of the Einstein-Podolsky-Rosen experiment. Its theoretical
resolution in space and time enables us to refute the classic "impossibility"
to decompose a pair of entangled atoms into two distinct states, one for
each atom. We propose a new causal interpretation of the EPR-B exper-
iment where each atom has a position and a spin while the singlet wave
function verifies the two-body Pauli equation. In conclusion we suggest
a physical explanation of non-local influences, compatible with Einstein’s
point of view on relativity.
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1 Introduction

The nonseparability is one of the most puzzling aspects of quantum mechanics.
For over thirty years, the EPR-B, the spin version proposed by Bohm [5, 6] of the
Einstein-Podolsky-Rosen experiment [1], the Bell theorem [2] and the BCHSH
inequalities [2, 3, 4] have been at the heart of the debate on hidden variables
and non-locality; but hitherto the precise nature of the physical process that lies
behind the "non-local" correlations in the spins of the particles has remained
unclear.

Many experiments since Bell’s paper have demonstrated violations of these
inequalities and have vindicated quantum theory [7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17]. The first one was done with pairs of entangled photons and clearly
violate Bell’s inequality [10, 11, 12, 13]. Entangled protons have also been
studied in an early experiment [9]. The generation of EPR pairs of massive
atoms instead of massless photons has been considered [14, 15]; it also shows
experimental violation of Bell’s inequality with efficient detection [15].

In a new experiment, Zeilinger and all [26] measure previously untested
correlations between two entangled photons, they show that these correlations
violate an inequality proposed by Leggett for non-local realistic theories [25].
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Figure 1: Schematic configuration of EPR-B experiment.

The usual conclusion of these experiments is to reject the non-local realism
because the impossibility to decompose a pair of entangled atoms into two states,
one for each atom.

In this paper we show, on the EPR-B experiment, that this decomposition
is possible: a causal interpretation exists where each atom has a position and a
spin while the singlet wave function verifies the two-body Pauli equation.

To demonstrate this; we consider a two-step version of EPR-B experiment
and we use an analytic expression of the wave function and the probability
density. The explicit solution is obtained via a complete integration of the
two-body Pauli equation over time and space.

A first causal interpretation of EPR-B experiment was proposed in 1987 by
Dewdney, Holland and Kyprianidis [21, 22]. This interpretation had a flaw: the
spin of each particle depends directly on the singlet wave function, and so the
spin module of each particle varied during the experiment from 0 to %

The explicit solution in terms of two-body Pauli spinors and the probability
density for the two steps of the EPR-B experiment are presented in section
2. The solution in space and time shows how it is possible to deduce tests on
the spatial quantization of particles, similar to those of the Stern and Gerlach
experiment.

In section 3, we provide a realistic explanation of the entangled states and
a method to desentangle the wave function of the two particles.

The resolution in space of the equation Pauli is essential: it enables the
spatial quantization in section 2 and explains determinism and desentangling in
section 3.

In conclusion we propose a physical explanation of non-local influences, com-
patible with Einstein’s point of view on relativity.

2 Simulation and tests of EPR-B experiment in
two steps

Fig.1 presents the Einstein-Podolsky-Rosen-Bohm experiment. A source S cre-
ated in O pairs of identical atoms A and B, but with opposite spins. The atoms
A and B split following Oy axis in opposite directions, and head towards two
identical Stern-Gerlach apparatus A and B.

The electromagnet A4 "measures" the A spin in the direction of the Oz-axis
and the electromagnet B "measures" the B spin in the direction of the Oz’-axis,
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which is obtained after a rotation of an angle § around the Oy-axis.

We further consider that atoms A and B may be represented by Gaussian
wave packets in x and z. We note r = (z, z). The initial wave function of the
entangled state is the singlet state:

Uo(ra,rp) = %f(rA>f<rB><|+A>|—B> — = a)l+8)) (1)

22422
where f(r) = (2r02)"2¢ % and where |+£,4) (|£p)) are the eigenvectors of
the spin operators s, (5.,) in the z-direction pertaining to particule A (B):
Soalta) = £(2)|£a) (B.p|EB) = £(£)|£p)). We treat classically dependence
with y: speed —v, for A and v, for B.

The wave function ¥U(r4,rp,t) of the two identical particles A and B, elec-
trically neutral and with magnetic moments pg, subject to magnetic fields B4
and BP, admits in the basis |+4) and |+p) 4 components U*®(r4,rp,t) and
verifies the two-body Pauli equation [24] p. 417:

.ha\ya,b _ _h_2A —h—zA \IJa’b'i‘ BA( 4)0,\1]0717_’_ BB( ‘)b\IJu”d (2)
z@t_ om- A am—B ISR 1Bj\95)a
with the initial conditions:
T (r4,1p,0) = U (ra,rp) (3)

where the o; are the Pauli matrixes and where the ‘Ilg’b(r A,rp) correspond to
the singlet state (1).

We take as numerical values those of the Stern-Gerlach experiment with
silver atoms [18, 19]. For a silver atom, one has m = 1,8 x 1072% kg, v, = 500
m/s , 0o=10"*m. For the electromagnetic field B, B, = Bjz; B, = 0 and

B, = By — Bz with By = 5 Tesla, B = ’%—Jf = ‘ B| = 103 Tesla/m over a
length Al = 1 cm. The screen that intercepts atoms is at a distance D = 20 cm
(time t; = 2 =4 x 107*s) from the exit of the magnetic field.

One of the difficulties of the interpretation of the EPR-B experiment is the
existence of two simultaneous measurements. By doing these measurements one
after the other, the interpretation of the experiment will be facilitated. That is
the purpose of the two-step version of the experiment EPR-B studied below.

2.1 First step: Measurement of A spin and position of B

In the first step we make, on a couple of particles A and B in a singlet state, a
Stern and Gerlach "measurement" for atom A, and for atom B a mere impact
measurement on a screen.

It is the experiment first proposed in 1987 by Dewdney, Holland and Kypri-
anidis [21].

Consider that at time ty the particle A arrives at the entrance of electro-
magnet A. At is the crossing duration of electromagnet A and t is the time
after the A exit. The wave function can be calculated, from the wave function
(1), term to term in basis || 4), |+ p)]|. After this exit of the magnetic field A,
at time ¢ + At + ¢, the wave function (1) becomes [19]:

\I/(I‘A,I'B,to—FAt—Ft) = ( ) (4)

f+ (ra,t)l+a)l=5) = 7 (ra,t)|=a)l+5))

AS\
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with

FE( 1) = f(2,2 F 2n Fut)e! TR 0) (5)
and
Al Bj(At)?
At = — = 2 x 1075, A= FoBo(A)” =10"5m,
Uy 2m
foBy(At)

=—>"=1 . 6
- m/s (6)

The atomic density p(z4, zp, to + At +t) is found by integrating U*(r4,rp, to +
At +6)U(ra,rp,to+ At+t) on x4 and xp:

_(zp)?
p(za, 2B to + At +1) = | (2m02)"7e %%) (7)

i1 _(za—zp—ut)® _(zatzpatut)?
— = 2 2
x | (2mad) 5 \e %70 +e 290 .

We deduce that the beam of particles A is divided into two, while the B
beam of particle stays one. This result can easily be tested experimentally.

Moreover, we note that the space quantization of particle A is identical to
that of an untangled particle in a Stern and Gerlach apparatus: the distance
8z = 2(za + ut) between the two spots NT (spin +) and N~ (spin —) of a
family of particle A is the same as the distance between the two spots Nt and
N~ of a particle in a classic Stern and Gerlach experiment [19]. This result can
easily be tested experimentally.

We finally deduce from (7) that:

e the density of A is the same, whether particle A is entangled with B or
not,

e the density of B is not affected by the "measurement" of A.

These two predictions of quantum mechanics can be tested. Only spins are
involved. We conclude from (4) that the spins of A and B remain opposite
throughout the experiment.

2.2 Second step: "Measurement" of A spin, then of B
spin.

The second step is a continuation of the first and results in realizing the EPR-B
experiment in two steps.

On a couple of particles A and B in a singlet state, first we made a Stern
and Gerlach "measurement" on the A atom between to and tg + At + ¢1, then
a Stern and Gerlach "measurement" on the B atom with an electromagnet B
forming an angle § with A between to + At + ¢; and tg + 2(At + t1).

Beyond the exit of magnetic field A, at time to+ At+t;1, the wave function is
given by (4). Immediately after the "measurement" of A, still at time to+At+1t1,
if the A measurement is +, the conditionnal wave functions of B are:

Up/ia(rp, to+ At +1t1) = f(rp)|FB)- (8)
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To measure B, we refer to the basis |+3) where |£’;) are the eigenvectors of
the spin operators sz in the z’-direction pertaining to particule B. We note
r = (2/,2). So, after the measurement of B, at time tg + 2(At + t1) the
conditional wave functions of B are:

1) .0
‘I’B/+A(1‘§97f0+2(ﬁf+f1))=COS§f+(r/B=t1)|+§9>+Sln§f (rpt1)[=5), (9)

.0 6 ._
Up _a(rp, to+2(At+1t1)) = —sm§f+(r'3,t1)|+/3> +cos§f (r'z, t1)|="5). (10)

We therefore obtain, in this two steps version of the EPR-B experiment, the
same results for spatial quantization and correlations of spins as in the EPR-B
experiment.

3 Causal interpretation of the EPR-B experiment

We assume, at moment of the creation of the two entangled particles A and B,
that each of the two particles A and B has an initial wave function W (r 4, 05!, ')
and U (rp, 08, oF) with spinors which are opposite spins; for example

Wit (ra, 06 o) = f(ra) (cos B 1+a) + sin Greid |- 1)) and
UB(rp,08,08) = f(rp) (cos “-|+p) +sin %e“"o |—B>) with 08 = 7 — 60§ and

o8 =i — .
Then the Pauli principle tells us that the two-body wave function must be
antisymmetric; after calculation we find:

Wo(ra, 04, 0%, 15,07, ¢7) = =" f(x4) f(xp) X (|+a)l=5) = [~ )|+5))

which is the same as the singlet state, factor wise (1).

Thus, we can consider that the singlet wave function is the wave function of
a family of two fermions A and B with opposite spins: direction of initial spin
A and B exist, but is not known. It is a local hidden variable which is therefore
necessary to add in the initial conditions of the model.

This is not the interpretation followed by the school of Bohm [21, 22, 24, 23]
in the interpretation of the singlet wave function; they suppose, for example, a
zero spin for each of particles A and B at the initial time.

It remains to determine the wave function and the trajectories of particles
A and B: from the entangled wave function, initial spins and initial positions of
each particle.

We assume therefore that the intial position of the particle A is known

(zd', ygt = 0, 28') as well as the particle B (v = 28',yf = yi' = 0,28 = 28}).

3.1 Step 1: Measurement of A spin and position of B

Equation (4) shows that the spins of A and B remain opposite throughout step
1. Equation (7) shows that the densities of A and B are independent; for A
equal to the density of a family of free particles in a classical Stern Gerlach
apparatus, whose initial spin orientation has been randomly chosen; for B equal
to the density of a family of free particles.
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The spin of a particle A is orientated gradually following the position of the
particle in its wave into a spin + or —. The spin of particle B follows that of A,
while remaining opposite.

In the equation (4) particle A can be considerd independent of B. We can
therefore give it the wave function

A 04
TA(ra,to + At + ) = cos %er(rA,t)H—A) +sin %ewé‘f—(u,m_@ (11)

which is that of a free particle in a Stern Gerlach apparatus and whose initial
spin is given by (63, ¢7').

In de Broglie interpretation [23], particle velocity is proportional to the gradi-
ent of the wave function phase. See compute exemples for Young experiment [20]
and Stern-Gerlach experiment [19]. So, the equation of its trajectory is given
by the following differential equations: in the interval [to, to + At]:

d Bt
% = £0% cosf(za,t)
O(za,t fp —L0Botza
with  tan % = tan Eoe 2mep (12)

with the initial condition 24 (to) = z§'; and in the interval to + At +¢ (¢ > 0):

dza tanh(%) + cos By
dt 1 + tanh(m) cos b
90
0 ).t Q, —atub)za
et tan Ozalt).t) = tan ?Oe AT (13)

2

0(z4(t),t) describes the evolution of the orientation of spin A.

The case of particle B is different. B follows a rectilinear trajectory with
yp(t) = vyt, 2p(t) = 28 and zp(t) = 2F. By contrast, the orientation of its
spin moves and it was 07 (¢t) = m — 0(z24(t),t) and P (t) = p(2a(t),t) — 7.

We can then associate the wave function:

UB(rp, to+ At +1t) = f(rp) <cos @Hm + sin @eiﬁ(m—m) . (14)

This wave funtion is specific, because it depends upon initial conditions of A
(positions and spins). The orientation of spin of the particle B is driven by the
particle A through the singlet wave function. Thus, the singlet wave function is
the actual non-local hidden variable.

Figure 2 presents a plot in the (z,y) plane the trajectories of a set of 5 pairs
of entangled atoms whose initial characteristics (03 = 7 — 6F, 28! = 2£) have
been randomly chosen. The trajectories will therefore depend on both the initial
position zy and the initial spin orientation 6. Since the spin initial orientation
are different, trajectories of the A particles may intersect.

3.2 Step 2: "Measurement" of A spin, and then B spin

Until time tg + At + t1, we are in the case of step 1. Immediately after the
"measurement" of A at the time ¢y + At + ¢1, if the A measurement is +, the
conditional wave function of B is given by (8).
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Figure 2: Five pairs of trajectories of entangled particles. Arrows represent the
spin orientation (6).

Then particle B is in position (zZ, 25).

We are exactly in the case of a particle in a Stern and Gerlach magnet B
which is an angle § with A.

To measure the spin of B, we refer to the basis [+’3). So, after the measure-
ment of B, at time to+2(At+t1), the conditional wave functions of B are given

by (9) and (10), and we find again the quantum correlations.

4 Conclusion

From the wave function of two entangled particles, we have determined spins,
trajectories and also a wave function for each of the two particles.

In this interpretation, the quantum particle has a local position like a clas-
sical particle, but it has also a non local behaviour through the wave function.
Indeed the wave function is not separable and non-local. Because in the Broglie-
Bohm interpretation the wave function pilots the particle, it also creates the non
separability of two entangled particles.

As we saw in step 1, the non-local influence in the EPR-B experiment
only concerns the spin orientation, and not the motion of the particles
themselves. This is a key point in the search of a physical explanation of non-
local influence.

The simplest explanation (Ockham’s razor) of this nonlocal influence is to
reintroduce the existence of a space having certain properties related to the
action at a distance, that is a kind of ether, but a new form of ether given by
Lorentz-Poincaré and then by Einstein in 1920. Einstein said [27]:

"But on the other hand there is a weighty argument to be adduced in favour of
the ether hypothesis. To deny the ether is ultimately to assume that empty space
has no physical qualities whatever. The fundamental facts of mechanics do not
harmonize with this view. For the mechanical behaviour of a corporeal system
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hovering freely in empty space depends not only on relative positions (distances)
and relative velocities, but also on its state of rotation, which physically
may be taken as a characteristic not appertaining to the system in itself. In
order to be able to look upon the rotation of the system, at least formally, as
something real, Newton objectivises space. Since he classes his absolute space
together with real things, for him rotation relative to an absolute space is also
something real. Newton might no less well have called his absolute space "Ether”;
what is essential is merely that besides observable objects, another
thing, which is not perceptible, inust be looked upon as real, to enable
acceleration or rotation to be looked upon as something real]...]

Recapitulating, we may say that according to the general theory of rel-
ativity space is endowed with physical qualities; in this sense, there-
fore, there exists an ether. According to the general theory of relativity
space without ether is unthinkable; for in such space there not only would
be no propagation of light, but also no possibility of existence for standards of
space and time (measuring-rods and clocks), nor therefore any space-time inter-
vals in the physical sense. But this ether may not be thought of as endowed with
the quality characteristic of ponderable inedia, as consisting of parts which may
be tracked through time. The idea of motion may not be applied to it."

Taking into account the new experiments, especially Aspect’s experiments,
Popper [28] (p. XVIII) defends a similar view in 1982 :

"I feel not quite convinced that the experiments are correctly interpreted; but
if they are, we just have to accept action at a distance. I think (with J.P. Vigier)
that this would of course be very important, but I do not for a moment think
that it would shake, or even touch, realism. Newton and Lorentz were realists
and accepted action at a distance; and Aspect’s experiments would be the first
crucial experiment between Lorentz’s and Finstein’s interpretation of the Lorentz
transformations."

Lastly, let us notice the great difference between EPR and EPR-B experi-
ments. The spin connected to the rotation of space-time seems to be the cause of
the instantaneous action at a distance in experiment EPR-B. It is thus possible
that there is not instantaneous action at a distance in original experience EPR.
And in this case, Einstein was right. It is the proposal of Popper [28] p.25: "
I mays perhaps mention here some of the differences between the original EPR
argument and Bohm version of it. These differences relate to the distinction of
two kinds of quantum mechanical state preparations." [...] "Indeed, it is possible
that the Bohm-Bell experiment decides for action at a distance , and therefore
against special relativity theory, whereas the original EPR arguments does not."

The new experiments of non-locality have therefore a great im-
portance, not to eliminate realism and determinism, but as Popper said, to
rehabilitate the existence of a certain type of ether, like Lorentz’s ether
and like Einstein’s ether in 1920.
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