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Abstract

The objections raised against Bohm's interpretation of

quantum theory are reexamined, and arguments are presented in

favour of this theory. Bohm's QED is modified such as to in-

clude Dirac particles. It is pointed out that the electric

field may be chosen as the "actual" field instead of the

magnetic field. Finally, the theory is reformulated in terms

of an arbitrary actual field.



1. Introduction

There is little discussion about the deficiencies of

the standard interpretation of quantum theory. The majority

of physicists hold that Bohr gave the correct interpretation.

Bohr, in remarkable contrast to von Neumann's theory of

measurement , postulated a purely classical description of

the observational means. It is interesting that he never

formalized his views but restricted himself to present them

in nontechnical terms. Years after Bohr's death, Rosenfeld

commented on this circumstance. According to him it is clear

that one cannot formalize the part of Bohr's argument

referring to those classical concepts that are not further

analyzed but given by immediate experience. This argument

is difficult to grasp because classical mechanics itself is

formalized in terms of those classical concepts.

Von Neumann treated the measuring apparatus as a quantum

mechanical system. His theory of measurement is not compatible

with the concept of a real world which exists independent

of observation. Only a minority of physicists in content with

an interpretation of quantum theory at such a price. There
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is yet another obstacle which is hardly ever mentioned . Von

Neumann's measuring process requires object and measuring

apparatus to be uncoupled initially and after measurement

to such an extent that it is meaningful to talk about their

respective Schrodinger functions. Actual measurements do not

fit this scheme in case both object and apparatus are macro-

scopic. It is precisely this case which one has in mind when

formulating the infinite regress. Therefore it seems that

von Neumann's approach fails altogether in providing an inter-

pretation of quantum theory.

The description of the measuring process as given in
5-9text-books neither follows Bohr nor von Neumann. The final

state of the system object + apparatus, it is said, is similar



to the state of the famous "Schrodinger cat". It is a super-

position of states with different macroscopic properties.

Each of them describes a different measuring result (a differ-

ent "pointer position"). It is then pointed out that the

effects coming from the interference between these pointer

positions are exceedingly small if the apparatus is macro-

scopic. Therefore the superposition cannot be distinquished

in practice from a mixture. From this it is concluded that

in this special case the final state should be interpreted

as a mixture.

The deficiencies of this approach are severe. First

of all, it is not sufficient to interpret the final state of

a measuring process only. What is needed is an interpretation

of the state vector at every instant. Additional difficulties

arise if the final state is composed of a continuous set of

pointer positions, because closely spaced positions definitely

do interfere. There are many ways of grouping the pointer

positions into sets of states such that the states within each

set are macroscopically equivalent while interference between

neighbouring sets is negligible. That is to say the final

state is not described by one definite mixture. Worse yet,

there is not even a well-defined set of mixtures since macro-

scopic equivalence is an ill-defined concept.

In this situation it appears worthwhile to reassess

Bohm's interpretation of quantum theory . In contrast to

the three interpretations just mentioned it is at the same

time well-defined, formalized, and realistic. Severe objec-

tions were nevertheless raised against it. They will be re-

examined in the next section. In Sec. 3 an extension of Bohm's

theory is presented.



2. Bohm's theory

In this theory the Schrodinger function ij; (x. ...x t) is

supplemented by a set of "hidden" variables X.. (t).. .X (t).

The latter obey the equations of motion

x*k(t) = sk(x1...xnt)/p(x1...xnt)f (D

where p is the probability density and "s, the probability

current density fulfilling the continuity equation

P + E V, .s, = 0. (2)
k k k

There is no reduction of the wave function. The X, 's describe

the actual configuration of the system cit every instant. Bohm

showed that (1 ) corresponds to classical equations of motion

with the potential supplemented by a quantum potential

proportional to h -Consequently, classical motion is guaranteed

for sufficiently large bodies.

The principal objection against the theory is that it

cannot be distinguished experimentally from the Copenhagen

interpretation. The latter should be preferred because it is

the more economic description of reality (it has no X s). This

argument is superficial. By saying the superposition of pointer

positions is a mixture the adherers of the Copenhagen inter-

pretation mean the pointer has a definite position although

we do not know which. This is nothing but adding a hidden

variable to the theory, viz, the actual pointer position.

the only difference between the mixture assumption and Bohm's

variables concerns the fine-grained aspects of the actual state:

Every two member states of the mixture differ on a macroscopic

scale whereas two sets of x"'s need not differ macroscopically.

If the wave-function of the system were supplemented by

parameters describing the coarse-grained configuration only,

the harmony with the Copenhagen interpretation would be perfect.

But the difficulties of the Copenhagen interpretation originate

precisely in the special role ascribed to the coarse-grained



reality. The latter is an ill-defined, anthropomorphic concept

which should not be used in a basic theory.

The notion of hidden variables should now be reexamined.

If it refers to a substructure of quantum theory, hidden

variables are used tacitly in the orthodox interpretation as

well. If it refers to a structure that cannot be observed,

the X's are not hidden. The actual world as we see it is

described by the X's and not by its state vector. It is only

the microscopic part of the structure which is not visible

but this is not peculiar to quantum theory. It holds in classi-

cal statistical mechanics as well.

The second objection against Bohm's theory concerns its

lack of Lorentz invariance. Bohm himself applied his theory

to the system consisting of n nonrelativistic charged particles

and the electromagnetic field . The application is straight-

forward since the electromagnetic field is equivalent to a

system of oscillators. This treatment can, however, not be

carried over to relativistic particles because attempts to

apply Bohm's theory to the Dirac equation have not been success-
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This shortcoming of Bohm's theory may be repaired by intro-

ducing hidden variables for the four-potential only. The time

derivatives of the field coordinates are defined as in eq. (1)

with the proviso that p denotes the reduced probability density

in the configuration space of the field oscillators. The addi-

tion of an actual four-potential a to QED is sufficient be-

cause au indeed determines the macroscopic structure of the

world. Whereas rot a is the actual magnetic field, the connec-

tion with the electric field is less direct. The expression

9a4/3xi - 9ai/3x4 is not the observed electric field, just as

mkXk is not the observed particle momentum. But the difference

is of the order of the quantum of action which means that the



macroscopic field obtained by averaging 9a4/3xi - da^/dx^ is

the macroscopic electric field. From the divergence of the

latter the macroscopic charge distribution may be deduced.

An interesting alternative to Bohm's QED is obtained if

one introduces actual momenta of the field oscillators instead

of actual oscillator coordinates. In this way one introduces

an actual electric field and an actual four-divergence of the

four-potential.

The distinguished role played by the electric field indicates

that Bohm's theory defines a distinguished frame of reference.

But we cannot recognize this frame since we perceive the macro-

scopic fields only. The latter obey Maxwell's equations which

are Lorentz invariant.

According to the eguation of motion (1 ) the velocity of

a particle depends on the positions of all particles at the

same instant. Similarly, the time derivative of the actual

electric field at some (x,t) depends on the actual values of

the electric field all over the universe at the same instant.

This nonlocality of the theory is another manifestation of

its lack of Lorentz invariance.

This property makes the theory unacceptable to most

physicists. They might agree that the Bohm theory is not just

a gratuitous substructure of guantum theory, and nevertheless

dismiss it from aesthetic reasons. Is there anything to render

this objection less severe? Perhaps it is the fact that

relativistic quantum theory itself violates Einstein locality.

Especially, assume the directions of the polarisers in the

Aspect experiment are such as to produce strictly anti-

correlated countings. The anticorrelation may be explained

by assuming each particle carries an instruction for the

detector, and the members of a pair of particles always carry



opposite instructions. But this explanation of the experimental

data is excluded since the instructions would be local hidden

parameters. The latter are incompatible with the results

produced at other orientations of the polarisers, as is well

known. If, on the other hand, the particles do not carry in-

structions, the behaviour of the detectors is spontaneously

created at the level of the detectors which means an action

at a distance. Nothing is gained by pointing out that the

feature of wholeness characteristic of quantum theory is in-

compatible with a decomposition of a quantum system into

spatially separated parts. Rather, this is just another way

of saying that quantum theory is incompatible with Einstein

locality.

In conclusion, both QED and the Bohm substructure of QED

are nonlocal. At the same time the mathematical structure of

QED is Lorentz invariant, as is the h->0 limit of the sub-

structure.

There are many causal interpretations of quantum theory

none of which can be excluded empirically. There is some

freedom in the choice of the actual fields, and there is the

freedom to select the inertial frame in which the instantane-

ous action at a distance taken place. Although it seems reason-

able that the rest frame of the universe should be chosen one

cannot exclude that it is not so. Again, this does not render

this interpretation of quantum theory less plausible. It is

man's handicap that he is able to perceive only the gross

structure of the world. At the same time, it would be un-

reasonable to expect that the complete structure of the world

can be uniquely reconstructed given^its gross features only.



3. Reformulation of Bohm's theory

It was shown in the last section that there are two ways

of defining actual fields in QED. Are these the only possibili-

ties? The operator XJ{x) of the actual field must fulfil two

conditions. One is the vanishing of the equal time commutator,

[U(x), U(x')] = 0, (3)

the other is the equation of motion to be defined below. It

is advantageous to write down the two conditions in terms of

the operator distribution U [f ] defined by

u[f] = /U(x)f (x)d3x. (4)

f(x) is an indefinitely differentiable function which decreases

rapidly at infinity. The eigenvalues of U[f] are ordinary

distributions. The set of these distributions will be denoted

by D. It is the field theoretical counterpart of configuration

space: The actual state of the universe is characterized by

an element u [f J of D.

A mathematically correct version of eq. (3) is

[U[f], U[g]] = 0. (5)

A generalization of Bohm's equation of motion is

u[f] = lim <

<F is the state vector, and P(A) is a projection operator in

the space of state vectors. In the standard interpretation,

|| P( A) 4*|| is the probability of fin Sing the observable U in

the domain A. The limit in eq. (6) refers to a sequence of

A's shrinking to u [f ]. If eq. (6) is worked out with u [f] re-

placed by the four-potential a [f ] or by its canonically

conjugate field, Bohm's equation of motion is recovered.
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Both eqs. (5) and (6) restrict the choice of the actual

field. Eq. (5) excludes the energy density whose commutator

contains derivatives of a delta function. Eq. (6) determines

u(t + dt) in terms of u(t), but it does so only if u + udt is

an element of D space (which is a subspace of the space of

distributions) provided u is. This requirement is trivially

fulfilled if D coincides with the space of all distributions.

Indeed, if the four-potential or its canonically conjugate

field is taken to be the actual field, D consists of all

distributions whose fourier transform exists. If, on the other
1 4hand, the fermion particle number is chosen this is certainly

not the case. Thus it remains an open question, for the present,

whether a causal theory with the fermion number as the actual

field is feasible.



11

References

1 N. Bohr, Philosophy in the Mid-Century, R. Klibansky, ed.

(La Nuova Italia Editrice, Florence, 1958), Vol. 1, p. 308;

reprinted in N. Bohr, Essays 1958-1962 on Atomic Physics

and Human Knowledge (Interscience, London, 1963), p. 1.

2 J. von Neumann, Mathematical Foundations of Quantum

Mechanics (Princeton University Press, Princeton, 1955)

3 L. Rosenfeld, Nuclear Physics A108, 241 (1968)

4 H. D. Zeh, Foundations of Physics J_, 69 (1970)

5 D. Bohm, Quantum Theory (Prentice-Hall, Englewood Cliffs,

N. J., 1951)

6 G. Ludwig, Z. Physik JL35, 483 (1953)

7 H. S. Green, Nuovo Cim. 9^, 880 (1958)

8 A. Daneri, A. Loinger, G. M. Prosperi, Nucl. Phys. 33,

297 (1962)

9 K. Gottfried, Quantum Mechanics (Benjamin, N. Y., 1966)

10 D. Bohm, Phys. Rev. 8J5, 166 (1952)

11 D. Bohm, Phys. Rev. §5_, 180 (1952)

12 F. J. Belinfante, A survey of Hidden-Variables Theories

(Pergamon Press, Oxford, New York, 1973)

13 A. Aspect, P. Grangier, G. Roger, Phys. Rev. Lett. j!9_, 1804

(1982)

14 J. S. Bell, CERN-preprint 1984


