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Abstract

We show how a recently introduced retarded version of the Bohm
Model evades the Hardy proof that hidden-variable models must violate
Lorentz-Invariance. We also discuss a possible test of such models.

1 Introduction

Since the work of Bell [1], it has been known that any hidden-variable model of
quantum theory must be non-local. That it must also violate Lorentz-invariance
was shown by Hardy (2] (see also [3]). Recently one of us has shown how the
Bohm model can be modified so that it becomes Lorentz invariant [4). Clearly
this modified model, which we call the Retarded Bohm Model, will violate
quantum theory. It is not clear, however, whether it violates the results of any
actual experiments.

The purpose of the present note is to show how the Retarded Bohm Model
evades the Hardy proof of the lack of Lorentz-invariance of hidden-variable mod-
els. The work reveals another possible test of the retarded model, which is briefly
discussed in the final section.

2 The Mach-Zehnder interferometer

A particle enters at point A (see fig.1) and encounters a beam splitter, which
separates the wave-packet into two parts of equal magnitude:

19> — &?svigvv. (1)

The wave-function then evolves with time according to

19> = ,\Fw?:v +1v>), (2)
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Figure 1: A Mach-Zehnder type interferometer

until either it is observed by the detectors, U or V, or the wave-packets reach
region B. Here there is a second beam splitter. If T is the time when the
wave-packet reaches B, then, for t > T', it can be arranged that

1

,\mepv +1d¢>) (3)

U > —
and

_sviw:n_vlm_vr (4)

where path ic> will cause the C detector to fire and path id> will cause the D
detector to fire.
Hence, if detectors U and V are missing, we have for t > T

19> =1e>. (5)

On the other hand, if the U(V) detector is present, it will either register the
particle, in which case

> =0, (6)

or it will fail to register, leading to
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where S is the hypersurface t = constant, ¢ being the time variable in some
Lorentz frame. The model is designed to give exactly the statistical predictions
of orthodox quantum theory and so must contain trajectories going along these
paths. Let us consider such trajectories from the point of view of a Lorentz
frame in which 77 < T2. Then, from eq.12(c), it is clear that a path along d;
requires that particle 2 is on the ua path. Hence, in this frame we have a unique
description of the event: particle 2 went along u, and particle 1 went along v;.
It could not have gone along u;, otherwise it would have been annihilated.

However, it is clear that from a different Lorentz frame in which T < T},
we have exactly the opposite description: particle 1 went along u; and particle
2 along vo. In the Bohm model the paths actually exist, so only one of the de-
scriptions can correspond to what actually happened. Hence there is a preferred
frame of reference, in clear violation of Lorentz-invariance.

4 The Retarded Model

Here we use a similar expression to that in eq.13 except that we replace the
space-like surfaces S, by the backward light-cone from the i** particle. Since
By and B; have a space-like separation each particle will react as though it
reached the area of interference first. Thus, using eq.12(c), when B is reached
by particle 1 it will go along ¢; or d; on the basis of whether particle 2 was
along us or v. In particular, it can go along d; only if particle 2 is on the path
uy. (Note that the time when the wave-packets reach the annihilation region
is inside the backward light-cones from the times when the particles reach the
respective regions B). Likewise, using now eq.12(b), particle 2 can go along
d, only if particle 1 is on path u;. Hence, for both particles to end up in the
dark detectors, D; and D, they have to have followed the u; and u, paths,
respectively. Since this is not possible, for they would then have annihilated,
we conclude that in the retarded model there are no such events.

1t follows that the Hardy proof of a lack of Lorentz-invariance cannot be used.
Of course the reason why we have been able to evade the Hardy Theorem is that
we have violated one of the assumptions, namely that the hidden variable model
should in all cases give the results of orthodox quantum theory. The retarded
model fails in this respect, so it can in principle be distinguished from orthodox
quantum theory by experiment. One possible such experiment is discussed in
the next section.

5 Experimental Tests
The previous section suggests a very clear experimental test of the retarded

Bohm model (see [4] for other possible tests). If the Hardy Experiment could
actually be performed then any event in which Dy and D; record particles

=]

would immediately rule out the retarded model.

Unfortunately such experiments are not 100% efficient and it is necessary
to see what happens if the annihilation mechanism is not perfect. Perhaps
surprisingly it turns out that an imperfect annihilation mechanism (which of
course reduces the dy,d, probability in the quantum theory case) increases
it from zero in the retarded model. To see this suppose the probability of a
|uyuz> state not being annihilated is a®. Then, according to orthodox quantum
mechanics, we have, after the annihilation region has been passed,

Y — aujuz+ uyvy + vius + Vv t<Tiandt<T, (a)
_ (1 +a)ujes ~ (1 — a)urds + 2vic2 T,<t<Ty (b)
(1 + a)eyug — (1 — a)diuz + 2c1v2 Ty <t< Ty (c)

(14)

These equations replace the previous eqs.12(a,b,c). The important point to
note now is that in the retarded Bohm model the path taken by particle 2 at
the second beam splitter is determined by eq.14(b). Thus it will go along d>
only if particle 1 is on u; and then with probability

(l-af _ (1-ay 5)
(I+a)?+(1-0)? " 2(1+0?)’
A similar argument holds for particle 1. Thus the probability of obtaining dy
and d; in the retarded model is given by

a4
Pallads) = oy Pl
a?(l - a)!

(16)

43+ a?)(1 +a?)?’

where the P(uuz) is the probability of ujus paths calculated from 14(a).
We want to compare this with the result of orthodox quantum theory. This
comes from the result

P — (3+a)cica—(1—a)eide—(l—a)dyco—(1—a)did2 ¢t > Ty and t > Ty, (17)

which gives )
(1= a)
dy)) = . 18
Ps(did) = 33 (18)
It is clear that Ps(didy) > Pr(did2). In fact:
> 3¢, _ 113
Pr 20°(a — 1) (19)

Ps ~ (1+a?)(a?+2a—1)

which reaches a maximum value of (12+8v2)~! ~ 0.0429 at & = vV2~1~ 0.414
and tends to zero as @ — 0 and a — 1. It must be remembered that both
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