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Would Bohr be born if Bohm were born before Born?

Hrvoje Nikoli¢®

Theoretical Physics Division, Rudjer Boskovi¢ Institute, P. O. B. 180, HR-10002 Zagreb, Croatia

(Received 24 May 2007; accepted 13 October 2007)

I discuss a hypothetical historical context in which a Bohm-like deterministic interpretation of the
Schrodinger equation is proposed before the Born probabilistic interpretation and argue that in such
a context the Copenhagen (Bohr) interpretation would probably have not achieved great popularity
among physicists. © 2008 American Association of Physics Teachers.
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I. INTRODUCTION

Is this the real life

Is this just fantasy

Caught in a landslide

No escape from reality

(Freddie Mercury, “Boh(e)mian Rhapsody”)

The Copenhagen interpretation of quantum mechanics was
the first interpretation of quantum mechanics that achieved
significant recognition among physicists. It was proposed
very early by the developers of quantum mechanics, espe-
cially Bohr and Helsenberg Later, many other interpreta-
tions of quantum mechanics were proposed, such as the sta-
tistical ensemble interpretation,2 the Bohm (pilot wave)
1nterpretat10n > the Nelson (stochastic dynamics)
interpretation, * the Gh1rard1 Rimini-Weber (spontaneous col-
lapse) 1nterpretat10n the quantum logic 1nterpretat10n the
information theoretic interpretation,” the consistent histories
interpretation,  the  many-world (relative state)
interpretation,9 and the relational interpretation O All of
these interpretations are consistent with experiment, as well
as with the pragmatic and minimal “shut-up-and-calculate
interpretation.”

Apart from the latter interpretation, the Copenhagen inter-
pretation still is the dominate one. Is this dominance because
this interpretation is the simplest, the most viable, and the
most natural? Or is it because of the inertia of physicists who
do not want to waste much time on irrelevant interpretational
issues, so that it is easier for them to (uncritically) accept the
interpretation to which they were first exposed? I believe that
the second answer is closer to reality. To support this answer
I argue in the following that if some historical circumstances
had been slightly different, it would have been very likely
that the Bohm deterministic interpretation would have been
proposed and accepted first. Consequently, this interpretation
would be dominant today.”

For the sake of easier reading, in the next section I will not
use the conditional, but present an alternative hypothetlcal
history of quantum mechanics as if it really happened 2 Al-
though a prior knowledge of the Bohm deterministic inter-
pretation is not required, I suggest that readers unfamiliar
with this 1nterpretat10n read the or1g1nal paper3 or a recent
pedagogical review."® For a comparison with other formula-
tions of quantum mechanics, I recommend also Ref. 14.

II. AN ALTERNATIVE HISTORY OF QUANTUM
MECHANICS

When Schrodinger discovered his wave equation, the task
was to find an interpretation of it. The most obvious
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interpretation—that electrons are simply waves—was not
consistent because it was known that electrons behave as
pointlike particles in many experiments. It also was known
that electrons obey some wavelike properties. What was the
most natural interpretation of such a dualistic behavior of
electrons? The notion of naturalness is highly subjective and
strongly depends on personal knowledge, prejudices, and
current paradigms. At that time, classical deterministic phys-
ics was well understood and accepted, so it was the most
natural to first propose an interpretation that maximally re-
sembles the known principles of classical mechanics. In par-
ticular, classical mechanics contains only real quantities, so it
was strange that the Schrédinger equation describes a com-
plex wave. Consequently, it was natural to rewrite the
Schrodinger equation in terms of real quantities only. The
simplest way to do so was to write the complex wave func-
tion ¢ in the polar form ¢=Re'® and then to write the com-
plex Schrodinger equation as a set of two (coupled) real
equations for R(x,) and ¢(x,t). Such a simple mathematical
manipulation did not immediately reveal the physical inter-
pretation of R and ¢. Fortunately, a physical interpretation
was revealed after an additional mathematical transformation

X
P(x,1) = ¥ (1)
where S is a new function. The Schrodinger equation for ¢
rewritten in terms of R and S turns out to look remarkably
similar to some equations very familiar from classical me-
chanics. One equation is similar to the classical Hamilton-
Jacobi equation for the function S(x, ), differing from it only

by a transformation

V(x,1) = V(x,1) + Q(x,1), (2)
where V is the potential and
o=-LYR (3)
- 2m R

The other equation looks exactly like the continuity equation
Ip
—+V(pv)=0 4
4 V(pv) )

for the density p=R?, with the Hamilton-Jacobi velocity

L (5)
m

Thus the most natural interpretation of the phase of the wave
function seemed to be a quantum version of the Hamilton-
Jacobi function that determines the velocity of a pointlike
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particle. But what was p? Because one of the equations looks
just like the continuity equation, it was first proposed that p
was the density of the particles. This interpretation meant
that the Schrodinger equation describes a fluid consisting of
a large number of particles. The forces on these particles
depend not only on the potential V, but also on the density p
through the quantum potential (3) in which R=vp."

Although this interpretation seemed appealing, it was very
soon realized that it was not consistent with experiment. It
could not explain why only one localized particle at a single
position was often observed. Thus, p could not be the density
of a fluid. It seemed that p (or R) must be an independent
continuous field, qualitatively similar to an electromagnetic
or a gravitational field, which influences the motion of a
particle. But why does p satisfy the continuity equation?
Physicists could not answer this question, but they were able
to identify a physical consequence of the continuity equation.
To understand this consequence, consider a statistical en-
semble of particles with the probability distribution of par-
ticle positions equal to some function p(x,f). Assume also
that, for some reason, the initial distribution at =0 coincides
with the function p at t=0. Then the continuity equation
implies that

p(x,1) = p(x,1) (6)

at any ¢. But why should these two functions coincide ini-
tially? Although nobody was able to present a very convinc-
ing explanation, some heuristic arguments were found based
on statistical arguments.16 These arguments suggested that,
in typical experiments, p could be equal to the measured
probability density of the particle positions. Such a predic-
tion agrees with experiment. Because this prediction was de-
rived from the assumption that each particle has a velocity
determined by Eq. (5), it was concluded that Eq. (5) is con-
firmed by experiment. Thus, this interpretation became
widely accepted and received the status of the “orthodox”
interpretation.

Not everybody was satisfied with this interpretation. In
particular, Born objected that there was no direct experimen-
tal evidence for the particle velocities as given by Eq. (5), so
this assumption was questioned by him. As an alternative, he
proposed a different interpretation. In his interpretation, the
equality (6) was a fundamental postulate. Thus, he avoided a
need for the particle velocities to be given by Eq. (5). How-
ever, his interpretation has not been widely accepted. The
arguments against the Born interpretation were the follow-
ing: This ad hoc postulate could not explain why the prob-
ability density was given by p. Also, a theory in which the
probabilistic interpretation was one of the fundamental pos-
tulates was completely against all current knowledge about
the fundamental laws of physics. The classical deterministic
laws were well established, so it was more natural to accept
a deterministic interpretation of quantum mechanics that dif-
fers from classical mechanics less radically. And it was ob-
served that if Born’s arguments suggest that quantum me-
chanics is to be interpreted probabilistically, then we could
use analogous arguments to conclude that even classical me-
chanics should be interpreted probabilistically,]8 which
seemed absurd.

Although Born’s purely probabilistic interpretation was
not considered very appealing, mainly due to the overwhelm-
ing mechanistic view of physics of that time, it was appreci-
ated by some positivists that such an interpretation should
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not be excluded. The Born interpretation was quite radical,
but still acceptable as a possible alternative. His interpreta-
tion seemed to match well with a more abstract formulation
of quantum mechanics (which started with the Heisenberg
matrix formulation of quantum mechanics proposed before
the Schrodinger equation, and was further developed by
Dirac, who formulated the transformation theory of quantum
states and operators, and by von Neumann, who developed
the Hilbert-space formulation), in which Eq. (5) did not seem
very natural.

One version of the Born interpretation was much more
radical—too radical to be taken seriously. This new interpre-
tation was suggested by Bohr, who was already known for
proposing the Bohr model of the hydrogen atom in which
electrons move circularly at discrete distances from the
nucleus. A much better model of the hydrogen atom [based
on the Schrodinger equation and particle trajectories that Eq.
(5) predicts] was known, so the Bohr model was no longer
considered that important, although it still enjoyed a certain
respect. Because the model by which Bohr achieved respect
among physicists was based on particle trajectories, it was a
surprise when Bohr proposed that particle trajectories did not
exist at all. But this proposal was not the most radical part of
his interpretation. The most radical part was that it did not
make sense to talk about particle properties unless these
properties were measured. An immediate argument against
such a proposal was classical mechanics, in which particle
properties existed even without measurements. Bohr argued
that there was a separation between the microscopic quantum
world and the macroscopic classical world, so that the
measurement-independent properties made sense only in the
latter. Bohr never explained how and where this separation
took place. He introduced no new equation, and his argu-
ments were considered pure philosophy, not physics. Al-
though his arguments were partially inspired by the widely
accepted Heisenberg uncertainty relations, the orthodox in-
terpretation of the uncertainty relations (expressing practical
limitations on experiments, rather than the properties of na-
ture itself) seemed more viable. Thus, it is not a surprise that
his interpretation has never been taken seriously and was
soon forgotten. (Much later it was found that the mechanism
of decoherence through the interaction with the environment
provides a sort of dynamical separation between “classical”
and “quantum” worlds, but this separation is not exactly
what Bohr suggested.'?)

Another prominent physicist who criticized the orthodox
interpretation of quantum mechanics was Einstein. He liked
the determinism of orthodox quantum mechanics (despite the
fact that he made contributions to the probabilistic descrip-
tions of quantum processes such as spontaneous emission
and photoelectric effect), but there was something else that
bothered him. To see what, consider a system containing N
particles with positions Xy, ...,Xy described by a wave func-
tion ¢(x;,...,Xy,?). The N-particle analog of Eq. (3) is a
nonlocal function of the form Q(x;,...,Xy,?). In general it is
a nonlocal function, that is, not of the form Q(x;,f)+-"
+Qn(xy,1), provided that the system exhibits entanglement,
that is, that the wave function is not of the form
i (x,,0) - y(Xy,1). Such a nonlocal Q is interpreted as a
nonlocal potential that determines the forces on particles
which depend on the instantaneous positions of all the other
particles. This interpretation implies that entangled spatially
separated particles must communicate instantaneously. Ein-
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stein argued that such instantaneous communication contra-
dicts the theory of relativity, because no signal can exceed
the velocity of light. Orthodox quantum physicists admitted
that this contradiction with the theory of relativity is a prob-
lem, but they soon found a solution. They observed that the
geometric formulation of relativity does not really exclude
superluminal velocities, unless some additional properties of
matter are assumed. Thus, they introduced the notion of
tachyons,20 hypothetical particles that can move faster than
light and still obey the geometrical principles of relativity.
Einstein admitted that tachyons are consistent with relativity,
but he objected that this consistency is not sufficient to solve
the problem of instantaneous communication. If the commu-
nication is instantaneous, then it can be so only in one refer-
ence frame. Consequently, there must be a preferred refer-
ence frame with respect to which the communication is
instantaneous, which again contradicts the principle of rela-
tivity according to which all reference frames enjoy the same
rights. At that time orthodox quantum physicists understood
relativity sufficiently well to appreciate that Einstein was
right. On the other hand, the theory of relativity was suffi-
ciently young, so that it did not seem too heretical to modify
or reinterpret the theory of relativity. It was observed that
with a preferred foliation of spacetime specified by a fixed
timelike vector n* we can still write all quantum equations in
a relativistic covariant form. It was also observed that, in
analogy to nonrelativistic fluids, relativity might correspond
only to a low-energy approximation of a theory with a fun-
damental preferred time.”! Thus, it was clear that the pre-
ferred foliation of spacetime does not necessarily contradict
the theory of relativity (both special and general), provided
that the theory of relativity is viewed as an effective theory.
At first Einstein was not very happy with the idea that the
theory of relativity might not be as fundamental as he
thought. Nevertheless, he finally accepted that quantum me-
chanics is irreducibly nonlocal when he was confronted with
the rigorous proof that, in quantum mechanics, the assump-
tion of reality existing without measurements is not compat-
ible with locality.?

A new crisis for orthodox quantum mechanics arose with
the development of quantum field theory. Classical fields are
objects very different from particles. Because quantum field
theory seemed to be more fundamental than particle quantum
mechanics, it seemed natural to replace the quantum particle
trajectories by quantum time-dependent field configurations.
There were two problems with such a replacement. First,
from the time-dependent fields, it is not possible to repro-
duce the trajectories of the particles. Also the idea of time-
dependent fields does not seem to work for fermionic (anti-
commuting) fields. Still, the agreement with experiment was
not ruined, because all measurable predictions of quantum
field theory were predictions for the properties of particles.
Therefore, it seemed natural to interpret quantum field theory
not as a theory of new, more fundamental objects (the fields),
but as a more accurate effective theory of particles in which
fields play only an auxiliary role. The divergences typical of
quantum field theory reinforced the view that quantum field
theory cannot be the final theory, but only an effective one.

As quantum physics made further progress, it became
clear that many theories that were considered fundamental
turned out to be merely effective theories. Such an effective
view of various quantum theories reinforced the dominant
paradigm according to which relativity is also an effective,
approximate theory. Some relativists still believed that the

145 Am. J. Phys., Vol. 76, No. 2, February 2008

principle of relativity is a fundamental principle. Conse-
quently, they were not satisfied with the orthodox interpreta-
tion of quantum mechanics, which requires a preferred folia-
tion of spacetime. Instead they tried to interpret quantum
mechanics in a completely local and relativistic manner. To
do so, they were forced to introduce some rather radical
views of nature. In one way or another, they were forced to
assume that a single objective reality did not exist.” Such
radical interpretations were not appreciated by mainstream
physicists. It did not seem reasonable to overthrow one of the
cornerstones not only of physics but of the whole of science
(the existence of objective reality) just to save one relatively
new theoretical principle (the principle of locality and rela-
tivity) for which there existed good evidence that it could be
only an approximate principle. * Therefore, the deterministic
interpretation of quantum mechanics survived as the domi-
nating paradigm, while the probabilistic rules of quantum
mechanics, used widely in practical phenomenological cal-
culations, were considered emergent, not fundamental. In
fact, it has been found that in some cases, the probabilistic
rules cannot be derived in a simple way, so that we are
forced to use the fundamental fully deterministic theory
explicitly.25

III. CONCLUSION

I have argued that in the context of scientific paradigms
that were widely accepted when the Schrodinger equation
was discovered, it was much more natural to propose and
accept the Bohmian deterministic interpretation than the
Copenhagen interpretation. If the Bohmian interpretation re-
ally had dominated, then it (or a minor modification) would
still be dominant. In other words, the answer to the allegoric
tongue-twisting question posed in the title of this paper is
probably no! This answer does not prove that the Bohmian
interpretation is more likely to be correct than another inter-
pretation. The point is that it is surprising that the history of
quantum mechanics chose a path in which the Copenhagen
interpretation became much more accepted than the Bohmian
one. I leave it to the sociologists and historians of science to
explain why the history of quantum mechanics chose the
path that it did.
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