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Abstract

Recently, for spinless non-relativistic particles, Norsert!, Norsen, Marian and Oriols? show that in
the de Broglie-Bohm interpretation it is possible to replace the wave function in the configuration
space by single-particle wave functions in physical space. In this paper, we show that this replacment
of the wave function in the configuration space by single-particle functions in the 3D-space is also
possible for particles with spin, in particular for the particles of the EPR-B experiment, the Bohm

version of the Einstein-Podolsky-Rosen experiment.



I. INTRODUCTION

A major difficulty of wave function interpretation of N particles in quantum mechanics
is its definition in a 3N-dimensional configuration space. Since the Solvay Conference in
1927, de Broglie and Schrodinger considered the wave function of N particles introduces by
Schrodinger in the 3N-dimensional configuration space as fictitious and proposed to replace

it by N single-particle wave functions in 3D-space:

"It appears to us certain that if one wants to physically represent the evolution of a
system of N corpuscles, one must consider the propagation of N waves in space, each N
propagation being determined by the action of the N-1 corpuscles connected to the other
waves. Nevertheless, if one focusses one’s attention only on the corpuscles, one can represent
their states by a point in configuration space, and one can try to relate the motion of this
representative point to the propagation of a fictitious wave ¥ in configuration space. It

appears to us very probable that the wave

27
U= a’(QlJ qz, .-, QH)COSFQO(IZ qi1, QTL>7
a solution of the Schrodinger equation, is only a fictitious wave, which in the Newtonian
approzimation, plays for the representative point of the system in configuration space the
same role of pilot wave and of probability wave that the wave W plays in ordinary space in

the case of a single material point." de Broglie® (cited by Norsen')

"This use of the g-space [configuration space]| is to be seen only as a mathematical tool,
as it is often applied also in the old mechanics; ultimately... the process to be described is

one in space and time." Schrédinger® (cited by Norsen et al? p.26)

But, as noted by Norsen et al?, this program to replace the wave function in a
3N-dimensional configuration space by N single-particle wave functions was prematurely-
abandoned. It was recently re-opened by Norsen, Norsen, Marian and Oriols?. For spinless
non-relativistic particles, these authors show that it is possible in the de Broglie-Bohm pilot-
wave theory to replace the wave function in the configuration space by N single-particle wave
functions in physical space?. These N wave functions in 3D-space are the N conditional wave

functions of a subsystem introduced by Diirr, Goldstein and Zanghi®”. For a N-particle wave



function W(xy, zo, ..., xN,t), the N conditional wave functions are:
\Ijl(xa t) = \I](l’, Lo, ..., TN, t>|$2:X2(t);.Z’N:XN(t)

Uy, t) = W (1,2, oy TNy )y =1 (e =X n (1)
‘IJN(IJ) = \II<I17 cesy TN -1, %t)|x1:X1(t);xN,1:XN,1(t)

where X;(t) is the position of the particle i at time t in the Bohmian mechanics. The
evolutions of these positions X (t) = {Xi(t), Xa(t), ..., Xn(t)} are given by the guidance

formula:

dxi(t) _ b, viv B YY)
dt m; L X® m; \Ijz Xi(®)

We discuss in® the pertinence of this passage from the configuration space to physical
space.

The aim of this paper is to show that this replacement of the wave function in the
configuration space by single-particle functions in the 3D-space is also possible for particles
with spin, in particular for the particles in the singlet state of the EPR-B experiment, the
Bohm version of the Einstein-Podolsky-Rosen experiment.

To realize this decomposition of a pair of entangled atoms into two states, one for each
atom, we consider a two-step version of the EPR-B experiment and we use an analytic
expression of the wave function. The explicit solution, obtained via a complete integration
of the two-body Pauli equation over time and space for the two-step version of the EPR-B
experiment, is presented in section 2.

In section 3, we show how, in the de Broglie-Bohm interpretation, we can replace the

singlet spinor of the two-step version of the EPR-B experiment by two single-particle spinors.

II. EXPLICIT SOLUTION OF THE SPINOR IN CONFIGURATION SPACE FOR
THE TWO-STEP VERSION OF EPR-B EXPERIMENT

Fig[l] presents the Einstein-Podolsky-Rosen-Bohm experiment. A source S creates in O
pairs of identical atoms A and B, but with opposite spins. The atoms A and B split following
the y-axis in opposite directions, and head towards two identical Stern-Gerlach apparatuses

A and B.
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FIG. 1: Schematic configuration of the EPR-B experiment.

The electromagnet A "measures" the A spin in the direction of the z-axis and the elec-
tromagnet B "measures" the B spin in the direction of the z’-axis, which is obtained after a
rotation of an angle ¢ around the y-axis.

We assume, at the 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' (ra, 03, ¢4) and

VB (rp, 08, oF) with spinors that are opposite spins; for example

S 04
\Ilg‘(rA,%‘, gog‘) = f(ra) (cos 70|—|—A> + sin 706“"‘04\—A>> (1)
and
B B B 9(? . 9(? ipB
v (rp, 0y 7800) = f(rp) <COS 7|+B> + sin 76% |_B>) (2)
12+z2

with 8 = 7 — 04, B = A — 7, where r = (,2), f(r) = (2n02)"2¢  *8 and where |+,4)
(resp. |£p)) are the eigenvectors of the spin operators s,, (resp. S.,) in the z-direction
pertaining to particle A (B): 8., |+4) = £(2)[£4) (resp. 5.,|+5) = £(resp.2)|£p)). We
treat the dependence on y classically: speed —v, for A and v, for B.

Note that we represent a particle with spin by a spinor with a spatial extension and

not from a simplified wave function without spatial extension:
A A A 964 ‘95‘ s
W (e, 65 o) = (cos L) +sim L8 Q

In the usual textbooks on quantum mechanics” 4, the spatial extension of the spinor is not

taken into account and its spatial integration in the Pauli equation is not possible. We lose

any possibility of taking the spin evolution into account during the measurement4.
Then the Pauli principle tells us that the two-body wave function must be antisymmetric;

it 1s written:

\IJO(I‘A79A7 YA, IB, 937 @B) - ‘I/%(rfhe/-h SOA)\II%(I.I%QBUQOB) - \I[?Ll(rB7eBJ @B)W%(I’A,QA,QOA)
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Le. qu(rAv 9A7 PA,TB,, 937 SOB) = f(rA)f<rB)[(COS QTAH_A) + sin QTAei@A’_A>)(COS QTBH_B) +
sin 28¢5 |— ) — (cos 28|+ 4) +sin Be#B|— 1)) (cos 2 |+5) +sin Lea|—p))], and after cal-

culation we obtain:

Uo(ra,0a,94,5,05,05) = = f(ra) f(rp)(|+4)|=B) — |=a)|+5))

which is the same as the singlet state , factor-wise:

Wo(ra 1) = %f(rA)f(rB)(|+A>|—B> — = a)l+5)) (4)

Note that our initial singlet wave function has a spatial extension contrary to the usual
wave function ({5)), which is a simplifield function without spatial extension:

1
V2

And this spatial extension is essential to solve the Pauli equation in space!

Vo(ra,rp) = —=(4+a)|=B) — |=a)|+8)) (5)

The wave function ¥(r 4, rp,t) of the two identical particles A and B, which is electrically
neutral and with magnetic moments po, subject to magnetic fields B4 and B?, admits
4 components U*®(ry,rp,t) in the basis |[44) and |£p)and verifies the two-body Pauli

equation® p. 417:

. opb h? h? a,b A aysc,b B by\ya.d
ih = (=5 = 5 Ap | U™ 4 BN 0)0 0% + pB(o)r (6)

with the initial conditions:

\If“’b(rA,rB,O) = \Ilg’b(rA,rB) (7)

where the o; are the Pauli matrixes and where the \Ifg’b(r 4,rp) correspond to the singlet
state (4)).

We take as numerical values those of the Stern-Gerlach experiment with silver atoms*4%,
For a silver atom one has m = 1,8 x 107% kg, v, = 500 m/s , 0p=10"*m. For the
electromagnetic field B, B, = Byr; B, = 0 and B, = By — Bz with By = 5 Tesla,
B = ‘%—lj = — }%—f’ = 103 Tesla/m over a length Al = 1 ¢m. The time in the magnetic
field is At = f—yl = 2 x 107%s. The screen that intercepts atoms is at a distance D = 20 em
(time tp = % = 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.
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A. First step: Measurement of A spin

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, then in the second step a Stern and Gerlach
"measurement" for atom B. It is the experiment first proposed in 1987 by Dewdney, Holland
and Kyprianidis®”.

Consider that at time t, the particle A arrives at the entrance of electromagnet A. At is
the duration of the crossing electromagnet A and t is the time after the A exit. The wave
function can be calculated, from the wave function (), term to term in basis [|£4), |£5)].

After this exit of the magnetic field A, at time to+At+t, the wave function (4)) becomes™¥ 2.

U(ra,rp, to+ At+1t) = f(rp)

< (fH(rat)+a)l=5) — [~ (xa,t)|=a)l+5)) (8)

Sl

with
fi(]:‘, t) ~ f(,jlj’ 2F Zn F Ut)ei(irr};uz'i“»"i(t)) (9)
and
BL(At)? B (At
2N = po By (At) —10%m,, wu= poBy(At) ~ lms
2m m

The atomic density p(za, zp,to + At + t) is found by integrating W*(r4,rp,to + At +
W (ra,rp,to+ At +1t) on 4 and zp:

IO<ZA7ZBatO+At+t) = ((27{-0_3)_%6 208 > (10)

) 11 _(ZA*ZA2*W)2 _(ZA+ZA2+ut)2
X (2%00)_55 e 270 +e 270 :

We deduce that the beam of particles A is divided into two, while the B beam of particle

stays whole.

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 z = 2(za + ut) between
the two spots NT (spin +) and N~ (spin —) of a family of particles A is the same as the
distance between the two spots N* and N~ of a particle in a classic Stern and Gerlach

experiment™®. We finally deduce from 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.

Only spins are involved. We conclude from that the spins of A and B remain opposite

throughout the experiment!?.

B. Second step: "Measurement" of B spin.

After a first step of a Stern and Gerlach "measurement" on the A atom between t; and
to+ At +tp, the second step comprises a Stern and Gerlach "measurement" on the B atom
with an electromagnet B forming an angle ¢ with A between to+ At+tp and to+2(At+1tp).

At time to+ At+tp, the wave function in configuration space is given by . Immediately
after the "measurement" of A, still at time ¢y + At + tp, if the A measurement is +, the

conditionnal wave function of B is:

\IJB/iA(I'B,tO—f—At—f—tD) :f<rB)|:FB> (11)

To measure B, we refer to the basis |+’;) where |t’;) are the eigenvectors of the spin
operators s, in the z’-direction pertaining to particle B. We note r' = (', 2’). So, after the

measurement of B, at time ¢y + 2(At + tp), the conditional wave functions of B are:
4] .0,
Up/a(ry, to+2(At +tp)) = cos §f+(1‘§97 tp)|+p) + sin of (v, tp)|=5), (12)
.0 o,
Vg/a(tpto +2(At +tp)) = —sin o f (v, tp)[+) + cos o f~ (¥ tp) =) (13)

We therefore obtain, in this two-step version of the EPR-B experiment, the same results

for spatial quantization and correlations of spins as in the EPR-B experiment.

III. THE TWO SINGLE-PARTICLE SPINORS FOR THE TWO-STEP VERSION
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, ¢5') and UF(rp, 6F, oF)
with spinors which are opposite spins given by equations and , with 68 = 7 — 63,
05 =¢p — .

In the de Broglie-Bohm interpretation, we assume therefore that the intial position of the
particle A is known (x4, yi' = 0, 2§') as well as the particle B (28 = 28yl = y5! = 0,28 =

zh.



A. Step 1: Measurement of A spin

Equation shows that the spins of A and B remain opposite throughout step 1. Equa-
tion (10]) 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.

The spin of a particle A is oriented 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 equation particle A can be considerd independent of B. We can therefore give it

the wave function

A A
\I/A(rA,to + At +t) = cos %f+(rA,t)|+A> + sin %ewéf_(u,tﬂ—f;) (14)

which corresponds to a free particle in a Stern Gerlach apparatus and whose initial spin

is given by (03, ¢g'). For an initial polarization (6, ¢;) and an initial position (23'), we

obtain, in the de Broglie-Bohm interpretation®, an evolution of the position (z4(t)) and of
the spin orientation of A (64(z4(t), ). In the interval [to,to + At], we obtain:

d Bt
% = MO—OCOSQ(ZA,t)

_'U‘OB(/)t2ZA
Q(ZA7t) — tan %6 2777,(7(2) (15)

with the initial condition z4(tg) = zg'; and in the interval to + At +¢ (t > 0):

with tan

dzs tanh(%) + cos by

u
dt 1+ tanh((“t%) cos g
0

O(za(t),t 0, —Latuza
%:tange 0. (16)

Fig[2 presents in x0y a set of 10 particles A trajectories of which initial characteristics

and tan

(03', o, 28') have been randomly chosen: 64 and j with a uniform law and z§' with the
Gauss law N(0,0¢). The spin orientation 6(z(t),t) is represented by arrows.

We can see that the final orientation, obtained after the decoherence time tp, will depend
on the initial particle position z;' in the wave packet and on the initial angle 6! of the atom
magnetic moment with the z axis.

The case of particle B is different. B follows a rectilinear trajectory with yg(t) = v,t,
2p(t) = 2P and zp(t) = z8. By contrast, the orientation of its spin is driven by the

orientation of the spin of A: 0P(t) = m — 0(z4(t),t) and ©B(t) = ©(24(t),t) — 7.

8
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FIG. 2: 10 silver atom trajectories after the A electro-magnet; Arrows represent the spin orientation

0(za(t),1).

We can then associate the wave function:

UB(rp,to + At +t) = f(rp) (cos 932(t) |+p) + sin @ewm\—Q) : (17)

During the first step, the singlet spinor in configuration space can be replaced by the
two single-particle spinors given by Equations and (17).

B. Step 2: "Measurement" of B spin

Until time ty + At + tp, we are in step 1. Immediately after the "measurement" of A
at the time ty + At + tp, if the A measurement is 4, the conditional wave function of B is
given by .

Then particle B is in position (¥, 2). We are exactly in the case of a particle in a Stern
and Gerlach magnet B which is at an angle ¢ in relation to A. To measure the spin of B,
we refer to the basis |t’). So, after the measurement of B, at time ¢y + 2(At + tp), the
conditional wave functions of B are given by and ((13)), and we again find the quantum

correlations.



IV. CONCLUSION

We have show that it is possible to replace the singlet spinor in configuration space
by the two single-particle spinors given by Equations and .

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 classical particle,
but it has also a non-local behaviour through the singlet wave function.

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 for a physical explanation of non-local influence.
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