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Abstract
The “mlot wave” supplementary variables version of quantum echanics is
discussed. [t is claimed that in the many-object case, a semi-classical petare of
particles “guided” in their motion by waves in dspace 1s difficult to maintain.

Other inter pretive schemes are snggested.

The Single-Object Case

At first sight, the “pilot wave” theory - historically connected with the
names of de Broglie (1927) and Bohm (1952), and undonbtedly the most
interesting “supplementary variables™ version of non-relativistic quantum
mechanics  may look quite simple when applied to the one-particle case.
Consider the following recipe: Take a classical “particle™, that is, a physical
object with mass m whose location z is well-defined as a sinooth function
of time f. In addition to z(l), also assign to the “particle”™ a complex
quantum wave function ®(r, t) = A(r, t)e”(" 9 which is assumed always
to develop according to the Scherddinger equation. Now add the Tollowing
two assumptions:

1. The probability at time ¢ of r being at some point r of 3-space is

Pr.fe(t) = r] = A(r, 1) . (1)
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2. The first time derivative (“velocity”) of z(t) is given by

de/dt = (1/m)\y S(=z, t). (2)

I'he two assumplions given here are mutually consistent, in the sense that il
Eq. (1) is posed as an initial condition for an ensemble of objects having the
same ® associated with each one of them, and whose velocities are given by
Eq. (2), then Fq. (1) remains valid for that ensemble at any later 1. Also,
if we further assume that z(¢) gives the actually observed results of posi-
tion measurements made on the object, then Eq. (1) guarantees the exact
reproduction of the usual quantum predictions for the results of such mea-
surements. Thus, it seems that we have a cheap way (perhaps “too cheap”
see Einstein 1952) of reproducing the abhserved quantum predictions, while
keeping to an almost-classical framework. This semi—classical view of the
formalism is further made plausible by the fact that Eq. (2) is consistent
(in a sense similar to that above, that 1s, as a condition whose validity is
conserved by a second-order Newtonian equation) with the usual Hamilto-
nian formulation of classical mechanics, provided that the usual “classical”
potential is supplemented by an additional “quantum potential” term:

Q(r, t) = —(}/2m)yg? A(r, 1)/(r, t) (3)

so that the passage from classical to quantum mechanics appears to involve
just the addition of some new “quanfum force field”™ into the old framework.

But the simplicity ol this appearance is somewhat misleading. Fven at this
stage, the new term Q(r, t) exhibits some strange features which are not
shared by classical potentials. For example, as Bohm points out, if the
physical lield responsible for the new quantum effects is taken to he the
wave function @ itself, then its influence on the dynamics through Q(r, 1)
depends only on the field form, and not on its intensity. In addition, if
we iry to associate in the nsval manner kinetic energy and momentum
with the “object velocity™ given in Eq. (2), then in the general case, these
are not conserved because the action of the ® field on the #— coordinate
is not counter balanced by any reaction; also, these violently fluctuating
values have no relation whatsoever to the measured values of energy and
momentum, which are given as usval by the eigenvalues of ¢ {de Broglie
1930).  Of course, one may restore energy conservation by counting the
quantum potential term as an additional energy; but this does not solve
the problem for the momentum.
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The Many Object Case

The semi-classical “quantum potential” picture presented in the previous
section becomes more difficult to maintain once we turn to consider several
interacting objects. Already Pauli (1927), in his criticism of de Broglie's
presentation of the “pilot wave” theory at the fifth Solvay conference, used
such an example (namely, a scattering of a free particle from a Fermi ro-
tator) to show that after the interaction, a single object treatment in the
“pilot wave” picture does not seem to give sensible results.

Although in his brief reply to Pauli, de Broglie did mention the difference
between his own presentation of the single—object case and Pauli’s two
object example, the detailed answer to Pauli's argument was given only
many years later by Bohm (1952). As Bohm shows, the difficulty painted
out by Pauli disappears once the case is treated within a generalization
of the “pilot wave” formalism to the 6-dimensional configuration space of
the two intéracting objects. In this article, Bohm refers to the two-object
wave [unclion as “a six-dimensional but objectively real field” an expression
which de Broglie himself, who always refused to attach a physical meaning
to the configuration space, could never accept (see Ben-Dov 1089).

Obviously, once we start to consider more complicated cases which include.
for example, measurement set-ups (eventually including the human ob-
server treated as a physical system), such a generalization has to be carried
on to the 3N-dimensional configuration space of all the interacting objects.
Thus, we are led to Bell’'s (1980) conclusion that “the correct application
of the theory is to the world as a whole” in which “the world” is taken to
include all the mutually interacting objects, including measuring apparatus
and even human observers.

In a way which basically follows Bell's approach (see also Ben-Dov 1957},
we shall now present the mathematical lormalism of the “pilot wave” theory
for the N-object case, of which the single-object formalism can be regarded
as a special case. Let 7, ...ry be the space coordinates of the N objects.

We make the following four assumptions: '

(MO1) With the complete system is associated a quantum wave function
®(r;...rn, t), which always develops according to the Scherodinger
equation and never “collapses™.

Here, we disregard “internal” degrees of freedom such as spin. As RBell
(1981) shows, these may be accounted for by considering a multi-component
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®, although one may also think of other possibilities, for example the
“vortex” spin model suggested by Bohm et al (1955).

(MO2) In addition, with each object is associated a well defined “sup-
plementary” space coordinate z(t), which gives (within experimental
errors)the actually observed resunlts of “position measurements”

It is convenient to introduce at this stage a single “representative point”
X(t) = [z1(t)...zn(t)] in the 3N-dimensional configuration space, which
corresponds to the values of the N supplementary coordinates z;(t)...zn(1)
in ordinary space. The probability density and the dynamically law of the
supplementary coordinates may be expressed in its terms as generalizations
of assumptions (1) and (2) of the single-object case:

(MO3) Supposing an adequate normalization, the probability distribution
for the representative point X to be located at time ¢ at any point
R of 3N-space is

Pr.[X(t) = R) = |®(R, t)|% (1)

(MO4) The i’s component (i = 1...N) of the 3N-velocity of the repre-
sentative point X (1) is given hy

dX;/dt = m‘i" ViImLog®(R, t)

where m; is the mass of the i’s object.

Given an adequate combination of initial conditions for ® and X, and
further assuming (Bell 1982, 1987) that all actual measurements are fi-
nally concerned only with observations of positions of things like apparatus
pointers and ink marks on paper, the four assumptions listed here give a
completely determined theory, in which measurement results are fully spe-
cified and guaranteed exactly to reproduce the experimental predictions of
ordinary quantum mechanics.

Interpretation

As in Lhe single—object case, it is tempting to try to interpret the single
“representative point”™ X(t) in 3N-space as the changing positions in 3-
space of N classical-like “particles” which are acted upon by a generalized
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“quantum potential” (Bohm and Hiley 1975). But now this view involves
additional complications. For example, in an entangled quantum state of
two different objects (e. g. the EPRD set-up), the quantum potential ac-
ting on one object may depend on the value (at same 1) of the 2-coordinate
of the other object (Bell 1966). Also, the mutual interdependence of the
z-coordinates of two objects may depend on the state of a larger system
which includes them bhoth (Bohm and Hiley 1975). It is as il each particle
could instantaneously be “informed” about the state of other parts of the
universe. Although practical superluminal transmission of information be-
tween observers is excluded, this could mean that at the basic nnderlying
level, Nalure is not Lorentz-invariant (Bell 1987).

Another objection to such a semi-classical view is that a formulation of the
theory in its terms looks artificial and complicated. For example, in a given
particular case it is possible to re-formulate assumption MO3 in terms of
conditional probabilities for the N separate objects. But the formulation
in configuration space terms is surely much more simple and convenient.

We might therefore ask whether the effort to interpret the mathematical
“pilot wave” formalism in semi-classical terms is at all worthwhile. After
all, this effort might be claimed to be motivated by nothing more than our
metaphysical prejudice, conditioned as it is by two and a half centuries
of Newtonian mechanics. It is surely remarkable that the “pilot wave”
formalism can be interpreted as a “classical” theory capable of reproducing
the quantum -mechanical predictions. But it is perhaps even more inte-
resting to try to interpret it as a “quantical” theory, so that it might help
in elucidating the problems posed by the nsnal “collapse” formulation of
quantum mechanics.

No-Collapse Theories

In trying to find an alternative interpretation to the many-object “pilot
wave” formalism, we should first note that as long as the assumption about
X(t) being the actually observed configuration is admitted (along with the
auxiliary assumption about practical measurements being finally concerned
with positions of things in the laboratory), then no further “interpretation”
assumptions are needed in order correctly to account for all the measure
ment results that we actually get. In this sense, the theory may be regarded
as “complete”.

Further, we may note that assumption MO1 as given here is actually iden-
tical to the basic assumption of Everett’s (1957, 1973) “relative-state”
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formulation of gquantum mechanics. As for assumptions MO2 and MO3,
these may be regarded as specific answers (not the only ones possible. but
reasonable enough) to two problems raised within Everett’s [ormulation
namely, the need to choose a “preferred basis™ for the actually observed
wave function decomposition into “branches”, and the need explicitly to
formulate the probabilistic meaning of the “branch measures™. And having
arrived so far, it also seems reasonable to try adding temporal continuity to
the development of the actually observed coufiguration X () by postulating
a continuous trajectory, for which the most obvious candidate is the one
given by assumption MO4 (Ben-Dov 1990a).

It is true that Everett’s formulation is usually identified with a model of
“many worlds™ which “split” from each other with each quantum measure-
ment (DeWitt 1970). and this model seems to bear little similarity to the
“pilot wave” theory as commouly undersiood. But this “splitting-worlds”
scheme was probably not Everett’s own view when he suggested his inter
pretation (Ben-Dov 1990b), and in a way similar to our criticism of the
interpretation of the “pilot wave” formalism in terms of classical-like “par-
ticles”, it may be claimed that the tendency to interpret Everell’s formnla-
tion in terms of many classical “worlds” instead of a single “quantical” one
again reflects remnants of Newtonian metaphysics (Lévy-Leblond 1977).

Thus, as an alternative to such a “classical” reading of the mathematical
formulations of the two “no-collapse” theories - Everell’s formulation and
the “pilot wave™ - the following scheme may be suggested. Admitting the
four assumptions MOl - MO4 and the supplementary assumption about
measurements finally being of positions, interpret the Schrodinger deve
lopment of the wave function ®(R, t) in configuration space as the flow
of a conserved 3N-dimensional “ Madelung fluid” of possible configura-
tions, with density [®(R, 1)|* and fluid velocity given by Eq. (5) (Beu-Dov
1990a). Now X(t), the single confignration which corresponds to our ac-
tual experience, may be regarded as just one typical clement carried along
by the fluid motions. Thus, we have a well- defined model in which our
actual experience consists of perceiving well-localized objects, while the ob-
served measurement results reproduce exactly the experimental predictions
of ordinary quantum mechanies.

This still leaves a large space for additional ontology. First, one may hope
that the “quantum reality”™ of possible confignrations in 3.NV-dimensional
configuration space will eventually be integrated into a more general [rame-
work, in which relativity theory will also find its natural role. Also, the term
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“observed™ in the description of X (7) is still ontologically unclarified. For
practical purposes, it is equated with our actual experience which is imme
diately given to us, so that in this sense the term is precise. But a complete
interpretation should also analyze this Lerm into its constituent ontological
elements. Now as the N-object system under discussion includes its own
observers, it is clear that any ontological interpretation of the term “ob-
served configuration” should include a reference to the mind-body question,
and thus take a position in respect to it.

For example, one may adopt an epiphenomenalist standpoint, and regard
the actual awareness of the state of affairs corresponding to the observed
configuration X (#) as antomalically arising once some set of specific phy-
sical conditions (that is, an adequate brain structure) is specified. Still,
we may demand whether there exists some quality of “actuality™, which
distinguishes the single configuration X(¢) from all the other Madelung
fluid elements, so that actual awareness arises only on X({) (a “siugle-
mind” view), of whether the possible configurations described by the wave
function ® in 3N -space all exist on the same footing, each one giving rise to
its own states of awareness (a “many-minds” view see Albert and Loewer
1988).

Another possibility is to assume the independent existence of mind, which
“chooses™ the actually observed configuration X (¢) out of all the possible
ones in the Madelung fluid. But in the framework of the theory which
includes all four assumptions MO1 - MO4, this “choice” has to be made only
once, because assumption MO4 gives a completely determined trajectory
for X(¢) once that an “initial” configuration X(0) (or for that purpose, a
“final” configuration) and the complete evolution of the wave function ®
(determined by the physical Hamiltonian) are specified. Also, this “choice "
cannot be effected at a certain time t independently by each local observer
for his own degrees of freedom, because actual observations may display
non-local correlations in 3-space (as for example in the EPRB set-up), and
the “choices” pertaining to the degrees of freedom which represent different
observers should rellect these correlations (Stapp 1980). Thus, the relevant
space for describing the choice of the actually observed configuration is the
3N -dimensional configuration space of all the relevant universe. This might
suggest, for example, the assumption of a universal Mind, which “chooses”
an initial observed configuration X(0) for the N-object system, and then
manifest itself through the separate awarenesses of the different observers
physically described by the chosen configuration as it evolves in time. Of
course, other alternatives may also be possible.
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Conclusién

As claimed in the previous section, the many-object “pilot wave” formal-
ism may ontologically be interpreted in several ways, some of which in-
volving assumptions about the observer, rather than about the existence of
classical-like “particles”. The point is that many ontological schemes may
be compatible with the same mathematical formalism, so that the choice be.
tween them is to a certain extent a matter of metaphysical taste. Thus, the
common belief that the “pilot wave” formalism necessarily implics a semi-
classical interpretation of quantum mechanics in terms of well-localized
particles “guided” by additional waves is unfounded.
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