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Abstract

Is the wave-function a physical reality traveling through our apparatus? Is it a
real wave, or it is only a mathematical tool for calculating probabilities of re-
sults of measurements? Different interpretations of the quantum mechanics
(QM) assume different answers to this question. It is shown in this article that
the assumption that the wave-function is a real wave entails a contradiction
with the predictions of the QM, when the special relativity is invoked. There-
fore, this text concentrates on interpretations that conjecture that the reality
that moves in our apparatuses is particles, and they move under the con-
straints of the wave-function. The de Broglie-Bohm interpretation, which
matches this picture, assumes that the particle travels along a continuous tra-
jectory. However, the idea of continuous trajectories was proved to lead to a
contradiction with the quantum predictions. Therefore this interpretation is
not considered here. S. Gao conjectured that the particle is in a permanent
random and discontinuous motion (RDM). As it jumps all the time from
place to place, the total set of occupied positions at a certain time is given by
the absolute square of the wave-function. As motivation for his idea, Gao ar-
gued that if a charged particle were simultaneously in two or more locations
at the same time, the copies of the particle would repel one another, destroy-
ing the wave-function. It is proved here that the quantum formalism renders
this motivation wrong. Although refuting this motivation, the RDM inter-
pretation is examined here. A couple of problems of this interpretation are
examined and it is proved that they don’t lead to any observable contradic-
tions with the QM predictions, except one problem which seems to have no
solution. In all, it appears that none of the wide-spread interpretations of the
QM is free of contradictions.
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1. Introduction

The question whether the wave-function (w-f) is or is not a real wave traveling
in our apparatus, has preoccupied for a long time the physicists. Pusey, Barrett
and Rudolph (PBR) [1] [2], proved that the w-f must have a realistic counterpart
that travels in our apparatus and that differs from one w-f to another. The most
widespread interpretations of QM agree with this conclusion which seems al-
most trivial; indeed, in our apparatus must travel some real entity, and must dif-
fer from one w-f to a different one for producing different effects when tested.

e The de Broglie-Bohm (dBB) mechanics [3] [4] [5], assumes that the quantum
object (QO) that travels in our apparatus consists of two items, a particle and
a wave. The latter guides the trajectory of the particle by determining which
trajectories are allowed and which are forbidden. However, the dBB mechan-
ics conjectures that a particle cannot appear out of nothing and disappear
into nothing. Therefore its trajectory must be continuous and not split. It was
proved that the assumption of continuity of trajectories leads to a contradic-
tion, [6]. Therefore this interpretation is not examined here.

e The “consistent histories” interpretation [7] [8] [9] [10] speaks in terms of
waves. However, while claiming that it explains the measurement process
without using the collapse postulate, in fact, in each history of a quantum sys-
tem appears the collapse from a superposition of states to one of the members
of the superposition, see examples in the Chapter 12 and 13 of [8].

e The “transactional” interpretation [11] [12] [13] [14], suggests the existence
of two types of waves. One is identical to the w-{, it is emitted by the source
of the QO toward the detectors, and travels forward in time; the other type of
waves, alien to the quantum formalism, is emitted by the detectors and tra-
vels backward in time. A “hand-shake” is postulated to occur between the
wave from the source and the wave from one of the detectors, and that de-
termines which detector would click.

® Ghirardi, Rimini, Weber, Pearle, Gisin, and others, accepted the collapse of
the w-f as a real phenomenon caused by a perturbing field [15]-[27]. The
most advanced form of this proposal—the CSL model of collapse—is ex-
amined in detail in [27]. No clear claim is made that the w-f is considered a
real wave, but this interpretation does not speak of a particle. The perturbing
field is supposed, in some works, to be the gravitational field [28]-[33].
However, this interpretation is problematic when applied to entanglements.
For instance, if an experiment is performed dynamically, if the experimental-
ists change their minds and change the configuration of their apparatuses
during the measurement (e.g. in an experiment with the photon singlet they

change during the experiment the orientations of the polarizers) the per-
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turbing field should change according to their choices. No physical field
changes according to human choices. D. Bedingham [34] tried to tailor a
perturbing field to the polarization singlet, but he did not offer a solution to
the mentioned problem.

® S. Gao [35] [36] [37] [38], assumes that the w-f is a statistical entity, in the
sense that the region occupied by the allowed positions of a particle at a given
time determines the absolute square of the w-f at that time. The particle is
supposed to be in a random discontinuous motion (RDM), ie. jump from
place to place. Thus, what has reality in Gao’s interpretation of the QM is the
particle, and the w-f is just a mathematical tool.

Only the Copenhagen interpretation of QM makes an exception [39]: it does
not speak of a really existing item as PBR proved, be it wave or particle, it just
doesn’t deal with question of the w-f realism, but only with its predictions for
tests results. The w-f is considered something that comprises all the information
about the QO.

It is proved in the present article that the option that the w-f is a real wave,
leads to a contradiction. Therefore, the idea that what travels in our apparatus is
a particle, is examined. And since continuous trajectories are impossible, these
particles should jump from a region of the space to another one, as conjectures

the RDM interpretation. Gao motivated his interpretation of the QM as follows:

“If the wave function represents a physical field, then it seems odd that
there are (electromagnetic and gravitational) interactions between the fields
of two electrons but no interactions between two parts of the field of an
electron” [37].

The present text proves that this motivation is wrong, as the behavior of the
QO is dictated by quantum laws, not by classical ones. But that does not invali-
date the RDM interpretation. On the other hand it is shown here that this inter-
pretation is not free of problems either, especially vis-a-vis the special relativity.
In his work [35] Gao himself points to difficulties of the RDM. This text offers
solutions for some of the difficulties, but has no solution for the problem with

the special relativity.

Note: in this article the expression “quantum particle” is frequently used. It
may mean an elementary particle, or an atom or molecule for which the internal
structure is ignored. In any case, the respective item is considered as described
by the QM, not by the classical physics.

The rest of the sections are organized as follows: Section 2 shows that the as-
sumption of onticity of the w-f leads to a problem with the special relativity. Sec-
tion 3 proves that the quantum formalism forbids interaction between two parts
of the w-f of the same QO. Sections 4 and 5 try to apply the RDM to entangle-
ments and shows that difficulties are encountered. For some of them, solutions
are proposed, but there is a problem vis-a-vis the special relativity for which no

solution can be suggested. Section 6 contains conclusions.
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2. The Assumption of Onticity of the Wave-Function Has
Problems with the Special Relativity

Consider an entanglement of two particles 1 and 2 entangled by the paths on

which they travel
[v)=(|a)[b)+[c}ld))/¥2. M

On the four paths a, b, cand d, are placed non-absorbing detectors.

Consider a trial of the experiment in which at the time t, by the clock of the
lab—the frame S—the particle 1 is tested and found on the path a. Therefore,
for any t >t the particle 2 should travel on the path 5. Indeed, at a time t, >t
at which the particle 2 is detected it is found on the path b. The w-f of the pair of
particles between the two events of detection should be reduced to |a)|b).

Let now S' be a frame of coordinates in movement with respect to the lab and
a clock C' which moves together with the frame S'. The movement of this frame
is such that the detection of the particle 2 occurs first, at a time t', according to
C'. The detection of the particle 1 occurs at t';, with t', >t',.

Let’s notice that according to S' no detection is performed before t',, there-
fore the w-f of the pair of particles before the detection of the particle 2 must be
(1). But returning to the frame S, after the detection of particle 1 and before the
detection of particle 2, the w-fis |a)| b).

The conclusion is that the w-f is ambiguously defined; therefore it cannot be

ontic, ie. a real wave traveling through our apparatus.

3. The Wave-Function Is Not Self-Interacting

Eliminating the possibility that the w-f is a physical reality, it remains that the
entity traveling in our apparatus is a particle. It was proved in [38] that if the w-f
of an electrically charged particle consists in several wave-packets (w-ps), the
charge has to be present in each one of the w-ps. Then, the w-ps should repel
one another. But no experiment proved such an effect of repulsion. For explain-
ing the absence of such an effect, S. Gao proposed the idea that the particle
jumps from w-p to w-p, [37].

However, there is no need to invent jumps for explaining the lack of self-in-
teraction of the w-f. The quantum world behaves differently than the classical
rules dictate. Let the w-f of an electron consist in two w-ps |¢), and [4)..
According to the second quantization one can write it as

[9)= (¢ 0 [0)g + 4]0 19 ) /¥2. @

The quantum formalism distinguishes, as well as the classical physics, between
two modes of association of events:
e Logical AND between two events A and B. That means that they occur to-
gether. In the w-f (2), the w-p |l> , does not have an effect together with the
w-p |1),, but together with the w-p |0),_ . If the w-p ¢, is populated with

the charge, the electric force of the charge cannot repel the w-p ¢, because

g 1is empty,

O>B, Analogously if ¢ is occupied. Therefore, ¢, and
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g cannot interact.

e Logical OR means that the events A and B are alternative: either A have an
effect, or B. In the w-f (2) the presence of the electron in the w-ps |1> , and
|1),» are alternative situations. Either |1), has an effect, or |1)_, but they do
not have effects together.

These rules are the same as in the classical physics with one great difference:

in the classical physics ¢, |1> A and ¢y |1>B do not produce interference.

4. The RDM Interpretation of QM vs. Delayed Tests and vs.
the Special Relativity

In his work [35] Gao discusses a couple of difficulties of the RDM interpretation.

These difficulties and additional ones are discussed in this section. For some
of the difficulties a solution is proposed.

In the Section 7.2.3 of [35] Gao considered two particles, 1 and 2, entangled by
position such that when the particle 1 occupies the position 1, =(x,Y;,z ), the
particle 2 occupies the position 1, =(X,,Y,,2,), and when the particle 1 occupies
the position 1, = (X, Y, 23) , the particle 2 occupies the position r, =(X,,Y,,Z,).
Gao assumes that at some time the particle 1 is at r;, and particle 2 at r,, and
when particle 1 jumps from r, to r;, exactly at the same time the particle 2 jumps
fromr, tor,

However, the experimental practice shows that an entanglement remains true
also when the two particles are tested at different times. Let particle 1 be tested at
t,, exactly after it jumped from r, to r;. Therefore it would be found at r,. Ac-
cording to Gao’s conjecture, the particle 2 jumps at this time fromr, tor,. At a
later time ¢ the particle 2 is tested, when it jumps back to r,. If the particle 1
were not detected already and found at r;, it would have jumped back to r,. But
that does not happen anymore.

Bottom line, according to Gao’s conjecture, if the particles are detected at dif-
ferent times, the entanglement is violated.

For solving this problem a mechanism should be proposed by which the de-
tection of one particle induces freezing of the other particle in the situation re-
quired by the entanglement. Though, from the point of a moving observer for
which the particle 2 is tested first, the freezing mechanism must act backwards in
time.

Another problem, described by Gao in the Section 9.1.1 of [35], is the duplica-
tion of the particle. Consider a w-f consisting of two w-ps ¢, and ¢ distant
from one another. Let the particle be at a time £ at the point x; of ¢, according
to a frame of coordinates S, and consider that it jumps at a time t, >t to the
point x, of ¢, . According to another frame of coordinates, S', moving with re-
spect to S with the velocity v; the times and space coordinates are modified as

follows

W= YNV =N )
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Xl':(xl—HV)/m’ Xz':(xz_tzv)/m, (4)
Setting #,"=1," one gets
(t,-t)c?
B

If the jump is nonlocal, ie. the distance between the two w-ps and therefore be-

V=

©)

tween x, and x,, is greater than (t, —t,)c, there results v<c. Therefore there
exists a frame S' by which the particle is simultaneously in the two w-ps.

This situation cannot be detected experimentally. If an absorbing detector is
placed on the way of the w-p ¢, containing the position x,, it absorbs the par-
ticle at £, so the particle cannot jump anymore to the w-p ¢/ .

If the detector is not absorbing, that means that the particle is entangled with
another particle, let’s name it “ancilla”, which has two states, a state |§1> for the
main particle being at x;, and a state |&,) for the main particle being at x,. If
the detector absorbs the ancilla in the state |§l> at the time ¢, the ancilla cannot
be re-detected by another detector at the time £ in a state |§2> .

The complementary problem is described by Gao in Section 9.1.3 of his work
[35]. Consider the w-f |¢> = (|¢A>+|¢B>)/\/§ Let S be the lab frame of coordi-
nates, according to which the two w-ps are tested simultaneously at the time #.
Consider a trial of the experiment in which the w-f collapses on |¢A> , therefore
|¢B> vanishes at the same time. Let S' be a frame according to which |z/)A>
meets a detector at the time t', and |¢B> meets a detector at the time t',,
with t' >t',. That means, in the interval of time t'—t', the detector on |¢;)
remained silent, and the detector on |¢A> wasn’t met yet. What remained from
the w-f |z/)> is the part |;/)A>/\/§, which means that the particle is in |z/)A>
with the probability 1/2, while with another probability 1/2 it jumps backward in
time, Ze. before t',, to |¢B>. In short, the particle is present in |¢A> only part
of the interval t'—t',, and during the other part the particle is absent from the
space.

This problem too is not observable, what is observable is only what the detec-
tors report. Besides that, the work of the team of S. Savasta, [40], showed that the
energy/number-of-particles should be conserved in the states that are detectable,
but not in intermediate states (see also [41]).

In the Section 9.1.2 if [35] Gao turns to entanglements and describes a more
complex problem. Let the entanglement of the particles A and B be prepared as
(|y/u>|(/)u>+|l//d>|¢d >)/\/§ where |l//u>, |l//d> are states of the particle A, and
|@,)> |@4) are states of the particle B. The four w-ps are supposed to travel in
regions distanced from one another two by two. Let t,, be the time at which
the particle A jumps from |y,) and let t,, be the time at which the jump is
completed and particle A lands in the w-p |1//d> , Let t 5 be the time at which
the particle B leaves the w-p |¢,) and let t,; be the time at which it lands in
the w-p |¢)d>. The times t,,, t 5, t,, and t,; are readings of the clock in
the lab frame of coordinates, S, with t,, >t ,, t,5 >t 5. Let also t,5 >t ,.
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Then one can find a frame of coordinates S' in movement with respect to S with

the velocity
(tZ,B - ti,A ) ¢’

&B_&A

V=

(6)

In this frame t',, =t' ,, with
. X gt a — 1 X
tZ,B _ 2.84.A ~ LB 1,,;\ . )
(Xz,B _Xl,A)\/l_V /C

The equality t',; =t', , means that by the time the particle B lands in the w-p

|god ) , the particle A is in |1//u> and is leaving this w-p.

This is a violation of the entanglement.

However, neither this effect could be observed experimentally if Gao would
conjecture the existence of a frame S by which once one particle is detected, the
other particle stops jumping. If particle A is tested first by this frame and found
in |y,) (|wy)) the particle B is frozen inside |¢,) (|, )) until is detected.
Then, there are no t,; and x,; and the Equation (6) has no meaning. By any
other frame, no matter what is the order of detection of the particles, the results
of the detections will be the same as in S.

A more severe problem, that yes is experimentally observed, is separately pre-

sented in the next section.
5. A Variant of Hardy’s Paradox

Let’s consider a pair of particles, p* and p~, entangled by the path of flight—
Figure 1. The w-fis

|9y =(e]u) V) viiu)) VB 8)

This experiment was proposed and analyzed for the first time by L. Hardy [43],

v+

V_>+l

and is known in the literature under the name “Hardy’s paradox”—see also [44].
Here it is presented in a modified form which allows testing the QM predictions
by direct measurements.

At the beam-splitters BS* occur the transformations

u*> - (|ci>+z di>)/«/§, vi> — (z|c*>+
Introducing them in (8) one gets

|#)=(=3[c")[c7)+efe)|d)+o|d) e )~[a")]d)) N2z (10)

The relevant term in this w-fis |d")|d”) implying that if the detectors were

moved to the paths ¢", d*, ¢, d, the detectors D* and D~ would click si-
multaneously. The probability of obtaining this joint detection would be 1/12.

d*))/ﬁ. (9)

Returning to the Figure 1 with the detectors on the paths u® and Vv*, by the
RDM interpretation, prior to meeting the beam-splitters BS™ the two particles
were on the paths d* and d~ respectively, with the probability 1/12.

The transformations at the beam-splitters BS™ and taking also in considera-

tion the phase-shifts, are
"This w-f was prepared experimentally by Lundeen et al. [42].
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N\ & u’ oM M/ u

BS* BS™

M\ L /M

+ +

Figure 1. An experiment with a two-particle entanglement. u*, v, ¢, d*, u“, v"-, are directions of flight of the particles.
BS* and BS™ are beam-splitters. M are mirrors. U* and V* are detectors. The region p'p~ is the preparation region of the

entanglement.  symbolize phase-shifters by m.

)= (|u) = v)) V2, ~(efu)=[v))/V2- a
Introducing them in (10) one gets back the initial w-f (8):

)= oo oo )6 )

Let’s now imagine that the setup in the Figure 1 is sufficiently wide so that

)+ v v

one can find a frame of coordinates S' flying in the direction from BS'"” to BS",
on whose time axis, by the time the detector U™ clicks, the w-ps of p~ didn’t
reach yet BS". Introducing in (10) the transformations (11) only for the particle

+>=(21|v‘*> ¢ )+|u) >)/\/6 (13)

One can see that by the time, on the time axis of S', that while the particle p~ tra-

p’, one gets

c’>+z|u‘*> d

vels along the path d°, p* must click the detector U".

But one can also find a frame of coordinates S" flying in the direction from
BS'" to BS™, on whose time axis, by the time the detector U™ clicks, the w-ps of p*
didn’t reach yet BS™. Introducing in (10) the transformations (11) only for the
particle p~, one gets

j97)=(2]e ) V) +[e) u))/Ve- (14)

That implies that by the time, according to S", that while the particle p* travels

v"> +

u“>+z

along the path d*, p~ must click the detector U™.

Returning now to the frame of coordinates of the lab with respect to which the
source, the beam-splitters and the mirrors are at rest, the w-f of the two particles
is (12). And it can’t allow both detectors U and U~ click together because it
-—> ]

According to the RDM interpretation the two particles should travel simulta-

contains no combination |u'*>

neously on the paths d* and d-, but if the requirements of the special relativity

are taken in consideration, one comes to a contradiction.
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6. Conclusion

The most widespread interpretations of the QM were examined here and it was
shown that they present inconsistencies. Along with this, it was shown that the
idea that the w-f is a real wave, has problems with the special relativity. One
would then turn to the option that the w-f is just a tool for calculating probabili-
ties of results of measurements, and what is real in the QOs are particles. Since it
was proved that the particles can’t follow continuous trajectories, they should
jump at random from place to place. Thus, one is led to Gao’s RDM interpreta-
tion of the QM. It was though proved here that neither this interpretation can
overcome the difficulties with the special relativity. Thus, it appears that none of

the most wide-spread interpretations of the QM is free of problems.
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