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By means of the quantum-potential interpretation we show that there is no need for a break or
“‘cut” in the way we regard reality between quantum and classical levels.
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Because of the possible appearance of macroscopic
quantum tunnelling in superconducting quantum in-
terference devices, Leggett and Garg! have questioned
the commonly accepted view concerning the role of
macroscopic and microscopic realism in quantum
theory, i.e., that while quantum mechanics presup-
poses macroscopic realism, it is not compatible with
microscopic realism (or else, if there is an underlying
microscopic reality, it is, as brought out in some detail
by d’Espagnat,? assumed to be “‘veiled’” and thus not
capable of being discussed in physics). Such a view,
however, raises the further question of how the classi-
cal limit is approached. Where, for example, does the
nonrealistic or veiled realistic quantum level turn into
the evidently realistic level? If there is no such point,
then it should definitely be possible to have macro-
scopic quantum phenomena. Would these then be
realistic, nonrealistic, or veiled realistic? What is in-
volved here is, of course, not the predictions of the
theory but the question of the ontological status of the
microscopic level and the relationship of this level with
the classical level.

There is, however, another approach to these prob-
lems, i.e., the quantum-potential interpretation, in
which microreality, in the usual sense of the word, is
assumed from the outset. This interpretation has been
applied successfully in a variety of cases, including
electron interference,® single-crystal neutron inter-
ferometry,* and the delayed-choice experiment of
Wheeler.’ In this approach, individual quantum sys-
tems are taken to be real, independent of all discussion
of measuring apparatus and of preparation of the quan-
tum state. Moreover, because all levels are thus as-

sumed to be real, there is an unbroken approach to the
classical limit, which arises in a very simple and direct
way wherever this quantum potential can be neglected.
We feel that this interpretation may provide insight
into the questions that are being raised in this context
because it avoids making the distinction between real-
ism in the classical level and some kind of nonrealism
in the quantum level that produces the difficulty in the
first place.

In order to understand how the quantum-potential
interpretation makes possible universal realism we
have first to bring out some of the main features of
our point of view. These include the following:

(1) The electron is assumed to be a particle which is
always accompanied by a quantum field, y, that satis-
fies Schrodinger’s equation. Both are assumed to be
objectively real. This means that we no longer regard
the wave function as the most complete possible
description of the state of the system.

(2) By expressing the quantum field in polar form as
¢ = RS/" we obtain for Schrodinger’s equation
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The first of these equations reduces to the classical
Hamilton-Jacobi equation, if Q can be neglected. If Q
is not negligible, it constitutes, in effect, an additional
potential which we call the quantum potential. This
equation describes trajectories of a particle, with
momentum p =V .S. Such trajectories can be calculat-
ed for this case too, and this has indeed been done for
the two-slit interference experiment.®> The second
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equation then expresses conservation of probability,
with density P = R2.

(3) We propose that the quantum potential is basi-
cally what is responsible for the new features of the
quantum theory. We have indeed already illustrated
this with the aid of many examples, but ultimately
these depended for their meaning on the assumption
of a measuring apparatus. However, we can now show
that this is not necessary. To illustrate how this works,
we consider an atom containing an electron with coor-
dinate x, having an initial wave function ,;(x)
xexp(—iEgt/k), corresponding to a stationary state
with energy E,. This atom is to “‘jump’’ to a new state
with wave function ¢, (x)exp(—iE;t/k), and energy

. t .
W= yo(e” Mo (y,0) + [ alt, ) (x)e
where «a(#',t) can be calculated using time-dependent
perturbation theory.

What the above formula means is that during a
small interval of time dt’, a contribution to the wave
function will be produced which is given by the in-
tegrand. This corresponds to a y particle that during
the time interval ¢t — ¢’ moves away from the atom very
rapidly (because it has absorbed the energy difference,
E;— E,, which is very large). As a result, this part of
the wave function will have a negligible overlap with
¢o(y,t). The integral then represents the sum of a set
of contributions, each of which has moved a different
distance from the atom, and ultimately from each oth-
er.

Up to this point, the treatment is essentially the
same as in the usual approach to the quantum theory.
But now we bring in the basically new feature of our
approach; i.e., that the reality includes particles follow-
ing well-defined trajectories, as well as the wave func-
tion. From the point of view of these particles, each
of the nonoverlapping parts of the wave function
described above establishes a separate ‘‘channel.”” It
can be shown that the particle enters one of these
channels and stays in it thereafter. If the particle is in
such a channel, the quantum potential is determined
by that channel alone, and the other channels do not
contribute. Thus, the quantum potential, and there-
fore the behavior of the particle, is the same as if all
the other channels had vanished, or equivalently, as if
the wave function had ‘‘collapsed’ to this channel
under consideration (although in fact no collapse of
any kind has actually taken place).

Moreover, a closer study shows that the totality of
possible trajectories has many bifurcation points. On
one side of each point, the system enters into a partic-
ular channel, and on the other side, it does not. One
can thus see why an actual transition takes place in a
time very much shorter than the mean lifetime of a
quantum state, and in a more detailed treatment one
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Ef. In order to make this possible, we assume an addi-
tional particle with coordinates y, which will take up
the energy E(— E;, released in the transition in an
Auger-type effect. If ¢o(y,t) is the initial wave func-
tion of this additional particle, which we assume to be
a wave packet, the combined system will have an ini-
tial wave function

Yo%, y,0) = o (x)e” “ g0 (y,1). 3)
Through the interaction between the two particles, the
combined wave function ¥(x,y,t) will begin to in-
clude other stationary states. To simplify the discus-
sion, we assume that only one of these, f(x)
x exp( — iEst/), contributes significantly. The wave
function of the combined system will then be

4)

—

can show why a watched state cannot undergo transi-
tion. Neither of these questions is adequately treated
in other interpretations, but in the quantum-potential
approach this can be done because the wave function
does not exhaust the whole of reality. There is also
the particle, which enables us to give meaning to the
time of transition, and to the physical state of a sys-
tem, whether it is being observed or not.

(4) There remains the problem of the ontological
status of the part of the wave function corresponding
to the possible results of this process which do not ac-
tually take place (i.e., the channels not occupied by
particles). In a paper which will be published shortly®
we develop an objective ontological basis of quantum
mechanics in a detailed and systematic way and in do-
ing so we propose a solution to the problem described
above, along lines which we shall only briefly indicate
here. The wave function, which is in a multidimen-
sional configuration space, cannot be interpreted as a
field producing a force or pressure that would transfer
energy to the particles. Rather, our suggestion is that
the particles move under their own energies but that
the form of this motion is fundamentally affected by a
multidimensionally ordered kind of information that is
represented by the wave function. Because of the ulti-
mate irreversibility of the various processes under dis-
cussion, the information represented by the wave
packets corresponding to channels that are not occu-
pied by particles is ‘‘lost’’ through dissipative activity,
e.g., as in diffusion. Therefore, this information will
cease to act, as for example would happen analogously
to information printed on a page that was shredded
and then dispersed (though, of course, the actual pro-
cess that we have in mind® is much more subtle and
dynamic than is this analogy).

(5) Since we have provided a completely objective
ontology it follows that the quantum level is treated in
a realistic way even if it should turn out that macro-
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scopic states of low quantum number are possible,
e.g., as in superconducting quantum interference de-
vices. The distinction between the quantum and clas-
sical levels has thus nothing to do with the question of
realism or nonrealism.

It has commonly been assumed that the classical
level arises when #— 0 or else in the limit of high
quantum numbers. But evidently, since # is fixed, it
cannot go to zero. Moreover, though high quantum
numbers generally imply classical behavior, they do
not always do so. For example, a particular case where
they do not is that of motion of a particle in a box with
perfectly reflecting walls. Even when the quantum
number is high, the wave function has a distribution of
nodes, where there is zero probability of finding the
particle. Classically such nodes are impossible, as the
particle would have to move back and forth uniformly,
and would therefore be able to be present everywhere
with finite probability. To be sure, if the probe that
measures position were ‘‘blunt’ within a few de Bro-
glie wavelengths, this effect would not show up. But
in principle technical refinements would always be pos-
sible that would reveal the predicted nodes.

In this connection there is a common and very na-
tural tendency to form the notion of some kind of fur-
ther averaging process that would wipe out these
nodes. This would, in fact, be appropriate for most
large scale systems. For example, there might be
averaging over random thermal disturbances due to
the environment or, in a simpler case of the isolated
system, one can take a linear combination of solution
with a small range of energies to form a local wave
packet. In this latter situation the amplitude of the
wave function would change slowly so that the quan-
tum potential would be negligible and the classical lim-
it would therefore be approached for high quantum
numbers.

However, if the system is isolated and its energy is
well defined so that only one quantum state is present,
then the nodes predicted inescapably by the quantum
mechanics will have to be present. And because the
amplitude of the wave function changes very rapidly so
that the quantum potential will be very large, the
dynamics will differ radically from what would be the
case of the classical limit. Of course, such a state of
well-defined energy requires a very special kind of ex-
perimental situation to bring it about and maintain it
because it is (as a more detailed treatment shows)
highly unstable to small perturbations.

Einstein’ used the above example of the particle in a
box to object to the quantum-potential interpretation,
which, because the wave function for this case is real,
implies that the momentum p =V .S =0. Einstein felt
that this violated physical intuition, which, for him, re-
quired that the particle move back and forth.
Nevertheless, if there is a particle in the system at all,

p=0 is clearly a possibility that is consistent with
nodes. Certainly, equiprobability of opposing veloci-
ties is not.

What was behind Einstein’s feeling, however, was
the assumption that high quantum numbers must al-
ways imply classical behavior. But if we reflect on this
point further, we can see that Einstein’s objection im-
plied that quantum mechanics itself must be incorrect
for this example, in the sense that its production of
nodes in states of high quantum number for the proba-
bility density would have to be wrong if the particle
moved in both directions with equal probabilities, as is
required classically. However, if we replaced the im-
penetrable walls with high but penetrable barriers, this
experiment would shade into an interference experi-
ment. Indeed, it would be just the equivalent for elec-
trons or neutrons of the Fabry-Perot interferometer.
In fact, with neutron mirrors, it is actually possible? to
set up such a quantum state experimentally. These
states can be studied by observing the resonance
behavior in a transmission through samples consisting
of a sequence of three thin films, and indeed the
results confirm the quantum theory. To be sure, these
experiments were done with low quantum numbers.
Yet it seems arbitrary to suppose that for reasons not
known thus far, the quantum theory will fail beyond
certain quantum numbers. Indeed, considering fur-
ther the many kinds of macroscopic-scale quantum in-
terference experiments for electrons and neutrons,
some of them involving thousands of nodes, we can
see no reason at all to doubt that the quantum theory
is correct in this regard for indefinitely high quantum
numbers. And so the prediction of nonclassical prop-
erties for such cases seems quite acceptable and,
indeed, unavoidable. It is clear, therefore, that high
quantum numbers are not a universally valid criterion
for the classical limit. (Other authors have come to
similar conclusions but through different ap-
proaches,’ ! i.e., that a careful selection of quantum
states yields nonclassical results not only at high quan-
tum numbers but also on the large-scale level more
generally.)

It is an advantage of our interpretation that it gives a
simple and correct criterion for the classical limit; i.e.,
that the quantum potential be negligible. Our modi-
fied Hamilton-Jacobi equation (1), which includes
both classical and quantum potentials, covers all cases.
When the quantum potential is sufficiently small it is
clear that the classical behavior follows in a very sim-
ple way. We are thus treating reality on all levels in
the same way without the kind of break or ‘‘cut”
between the quantum and classical levels that seems to
be required in other interpretations. It would seem
that in any investigation of macroscopic quantum
phenomena, clarity would be enhanced if we do not
need to introduce arbitrary dichotomies such as the
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one referred to at the beginning of this article, i.e.,
between evident macroscopic (classical) realism and
microscopic (quantum) nonrealism or veiled realism.
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