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Preface

Over the last twenty years or so David Bohm and I have spent many hours
discussing the main theme of this book, namely, whether it is possible to provide
an ontological interpretation of quantum mechanics, an issue that has been
fiercely debated since its inception. It was quite clear from the outset that it was
not going to be possible to return to the concepts of classical physics and we found
it necessary to make some radical new proposals concerning the nature of reality
in order to provide a coherent ontology. The results of our deliberations form the
content of this book.

Just as the final touches were being put to the manuscript, David died suddenly.
The week before his death we had a series of meetings in which a few outstanding
questions were resolved. Indeed in our last meeting David expressed general
satisfaction with the final draft and was anxious to proceed quickly with
publication. I have included the results of those discussions, but have resisted the
temptation to make any significant alterations while preparing the final
manuscript.

I hope this book will be a fitting testimony to this very radical and original
thinker who rejected the view of conventional quantum mechanics, not for
ideological reasons, but because it did not provide a coherent overall view of
nature, a feature that David felt an essential ingredient of any physical theory. It
was like Escher’s “The Waterfall”, a fascinating picture in which region by region
appeared to be carefully constructed and consistent, but when one stepped back
to perceive the whole, a contradiction was there for all to see. Indeed the most
radical view to emerge from our deliberations was the concept of wholeness, a
notion in which a system formed a totality whose overall behaviour was richer
than could be obtained from the sum of its parts. In the ontological theory that
we present here, this wholeness is made manifest through the notion of
nonlocality, a notion that is seemingly denied by relativity. Yet there is no
observational disagreement with experiment. Nevertheless nonlocality does not
fit comfortably within a space-time structure that is talien as a priori given and
described by a differential manifold. Thus in the final chapter we present some
radically new ideas which talie us beyond the present paradigm. It was these ideas
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that David and I were anxious to develop further. Unfortunately his deep
perceptions of these new possibilities will be sadly missed.

Finally I should like to warmly thank all our colleagues for helpful discussions,
particularly Chris Dewdney, Henry Folse, Sheldon Goldstein, Dipankar Home,
Pan Kalolerou, Abner Shimony and Henry Stapp. I should also like to thank Nora
Leonard for her exceptional patience and skilful preparation of the manuscript.

B. J. Hiley
January 1993



Chapter 1
Introduction

1.1 Why an ontological interpretation is called for

The formalism of the quantum theory leads to results that agree with ex-
periment with great accuracy and covers an extremely wide range of phe-
nomena. As yet there are no experimental indications of any domain in
which it might break down. Nevertheless, there still remain a number of
basic questions concerning its fundamental significance which are obscure
and confused. Thus for example one of the leading physicists of our time,
M. Gell-Mann [1], has said “Quantum mechanics, that mysterious, confus-
ing discipline, which none of us really understands but which we know how
to use”.

Just what the points are that are not clear will be specified in detail
throughout this book, especially in chapters 6, 7, 8 and 14. We can however
outline a few of them here in a preliminary way.

1. Though the quantum theory treats statistical ensembles in a satis-
factory way, we are unable to describe individual quantum processes
without bringing in unsatisfactory assumptions, such as the collapse
of the wave function.

2. There is by now the well-known nonlocality that has been brought
out by Bell [2] in connection with the EPR experiment.

3. There is the mysterious ‘wave-particle duality’ in the properties of
matter that is demonstrated in a quantum interference experiment.

4. Above all, there is the inability to give a clear notion of what the
reality of a quantum system could be.

All that is clear about the quantum theory is that it contains an a!go-
rithm for computing the probabilites of experimental results. But it gives



no physical account of individual quantum processes. Indeed, without the
measuring instruments in which the predicted results appear, the equations
of the quantum theory would be just pure mathematics that would have no
physical meaning at all. And thus quantum theory merely gives us (gener-
ally statistical) knowledge of how our instruments will function. And from
this we can make inferences that contribute to our knowledge, for example,
of how to carry out various technical processes. That is to say, it seems,
as indeed Bohr [3] and Heisenberg [4] have implied, that quantum theory
is concerned only with our knowledge of reality and especially of how to
predict and control the behaviour of this reality, at least as far as this may
be possible. Or to put it in more philosophical terms, it may be said that
quantum theory is primarily directed towards epistemology which is the
study that focuses on the question of how we obtain our knowledge (and
possibly on what we can do with it).

It follows from this that quantum mechanics can say little or nothing
about reality itself. In philosophical terminology, it does not give what
can be called an ontology for a quantum system. Ontology is concerned
primarily with that which is and only secondarily with how we obtain our
knowledge about this (in the sense, for example, that the process of obser-
vation would be treated as an interaction between the observed system and
the observing apparatus regarded as existing together in a way that does
not depend significantly on whether these are known or not).

We have chosen as the subtitle of our book “An Ontological Interpreta-
tion of Quantum Theory” because it gives the clearest and most accurate
description of what the book is about. The original papers in which the
ideas were first proposed were entitled “An Interpretation in Terms of Hid-
den Variables” [5] and later they were referred to as a “Causal Interpreta-
tion” [6]. However, we now feel that these terms are too restrictive. First
of all, our variables are not actually hidden. For example, we introduce
the concept that the electron is a particle with well-defined position and
momentum that is, however, profoundly affected by a wave that always
accompanies it (see chapter 3). Far from being hidden, this particle is gen-
erally what is most directly manifested in an observation. The only point
is that its properties cannot be observed with complete precision (within
the limits set by the uncertainty principle). Nor is this sort of theory nec-
essarily causal. For, as shown in chapter 9, we can also have a stochastic
version of our ontological interpretation. The question of determinism is
therefore a secondary one, while the primary question is whether we can
have an adequate conception of the reality of a quantum system, be this
causal or be it stochastic or be it of any other nature.

In chapter 14 section 14.2 we explain our general attitude to determin-
ism in more detail, but the main point that is relevant here is that we regard
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all theories as approximations with limited domains of validity. Some the-
ories may be more nearly determinate, while others are less so. The way is
open for the constant discovery of new theories, but ultimately these must
be related coherently. However, there is no reason to suppose that physical
theory is steadily approaching some final truth. It is always open (as has
indeed generally been the case) that new theories will have a qualitatively
different content within which the older theories may be seen to fit together,
perhaps in some approximate way. Since there is no final theory, it cannot
be said that the universe is either ultimately deterministic or ultimately in-
deterministic. Therefore we cannot from physical theories alone draw any
conclusions, for example, about the ultimate limits of human freedom.

It will be shown throughout this book that our interpretation gives a
coherent treatment of the entire domain covered by the quantum theory.
This means that it is able to lead to the same statistical results as do other
generally accepted interpretations. In particular these include the Bohr
interpretation and variations on this which we shall discuss in chapter 2
(e.g. the interpretations of von Neumann and Wigner). For the sake of
convenience we shall put these altogether and call them the conventional
interpretation.

Although our main objective in this book is to show that we can give an
ontological explanation of the same domain that is covered by the conven-
tional interpretation, we do show in the last two chapters how it is possible
in our approach to extend the theory in new ways implying new experimen-
tal consequences that go beyond the current quantum theory. Such new
theories could be tested only if we could find some domain in which the
quantum theory actually breaks down. In the last two chapters we sketch
some new theories of this kind and indicate some areas in which one may
expect the quantum theory to break down in a way that will allow for a
test.

Partly because it has not generally been realised that our interpretation
has such new possibilities, the objection has been raised that it has no real
content of its own and that it merely recasts the content of the conventional
interpretation in a different language. Critics therefore ask: “If this is the
case, why should we consider this interpretation at all?”

We can answer this objection on several levels. Firstly we make the gen-
eral point that the above argument could be turned the other way round.
Thus de Broglie proposed very early what is, in essence, the germ of our
approach. But this met intense opposition from leading physicists of the
day. This was especially manifest at the Solvay Congress of 1927 [7]. This
opposition was continued later when in 1952 one of us [5] proposed an exten-
sion of the theory which answered all the objections and indeed encouraged
de Broglie to take up his ideas again. (For a discussion of the history of
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this development and the sociological factors behind it, see Cushing [8] and
also Pinch [9].)

Let us suppose however that the Solvay Congress had gone the other
way and that de Broglie’s ideas had eventually been adopted and developed.
What then would have happened, if 25 years later some physicists had come
along and had proposed the current interpretation (which is at present
the conventional one)? Clearly by then there would be a large number of
physicists trained in the de Broglie interpretation and these would have
found it difficult to change. They would naturally have asked: “What do
we concretely gain if we do change, if after all the results are the same?”
The proponents of the suggested ‘new’ approach would then probably have
argued that there were nevertheless some subtle gains that it is difficult
to weigh concretely. This is the kind of answer that we are giving now to
this particular criticism of our own interpretation. To fail to consider such
an answer seriously is equivalent to the evidently specious argument that
the interpretation that “gets in there first” is the one that should always
prevail.

Let us then consider what we regard as the main advantages of our
interpretation. Firstly, as we shall explain in more detail throughout the
book but especially in chapters 13, 14 and 15, it provides an intuitive grasp
of the whole process. This makes the theory much more intelligible than
one that is restricted to mathematical equations and statistical rules for
using these equations to determine the probable outcomes of experiments.
Even though many physicists feel that making such calculations is basically
what physics is all about, it is our view that the intuitive and imaginative
side which makes the whole theory intelligible is as important in the long
run as is the side of mathematical calculation.

Secondly, as we shall see in chapter 8, our interpretation can be shown
to contain a classical limit within it which follows in a natural way from the
theory itself without the need for any special assumptions. On the other
hand, in the conventional interpretation, it is necessary to presuppose a
classical level before the quantum theory can have any meaning (see Bohm
[10]). The correspondence principle then demonstrates the consistency of
the quantum theory with this presupposition. But this does not change the
fact that without presupposing a classical level there is no way even to talk
about the measuring instruments that are essential in this interpretation to
give the quantum theory a meaning.

Because of the need to presuppose the classical level (and perhaps even-
tually an observer), there is no way in the conventional interpretation to
give a consistent account of quantum cosmology. For, as this interpretation
now stands, it is always necessary to assume an observer (or his proxy in
the form of an instrument) which is not contained in the theory itself. If
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this theory is intended to apply cosmologically, it is evidently necessary
that we should not, from the very outset, assume essential elements that
are not capable of being included in the theory. Our interpretation does
not suffer from this difficulty because the classical level flows out of the
theory itself and does not have to be presupposed from outside.

Finally as we have already pointed out our approach has the potentiality
for extension to new theories with new experimental consequences that go
beyond the quantum theory.

However, because our interpretation and the many others that have been
proposed lead, at least for the present, to the same predictions for the ex-
perimental results, there is no way experimentally to decide between them.
Arguments may be made in favour or against any of them on various bases,
which include not only those that we have given here, but also questions
of beauty, elegance, simplicity and economy of hypotheses. However, these
latter are somewhat subjective and depend not only on the particular tastes
of the individual, but also on socially adopted conventions, consensual opin-
ions and many other such factors which are ultimately imponderable and
which can be argued many ways (as we shall indeed point out in more detail
especially in chapters 14 and 15).

There does not seem to be any valid reason at this point to decide finally
what would be the accepted interpretation. But is there a valid reason why
we need to make such a decision at all? Would it not be better to keep
all options open and to consider the meaning of each of the interpretations
on its own merits, as well as in comparison with others? This implies that
there should be a kind of dialogue between different interpretations rather
than a struggle to establish the primacy of any one of them. (This point is
discussed more fully in Bohm and Peat [11].)

1.2 Brief summary of contents of the book

We complete this chapter by giving a brief summary of the contents of this
book.

The book may be divided roughly into four parts. The first part is con-
cerned with the basic formulation of our interpretation in terms of particles.
We begin in chapter 2 by discussing something of the historical background
of the conventional interpretation, going into the problems and paradoxes
that it has raised. In chapter 3 we go on to propose our ontological inter-
pretation for the one-body system which however is restricted to a purely
causal form at this stage (see Bohm and Hiley [12]). We are led to a num-
ber of new concepts, especially that of active information, which help to
make the whole approach more intelligible, and we illustrate the approach
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in terms of a number of key examples.

In chapter 4 we extend this interpretation to the many-body system
and we find that this leads to further new concepts. The most important
of these are nonlocality and objective wholeness. That is to say, particles
may be strongly connected even when they are far apart, and this arises
in a way which implies that the whole cannot be reduced to an analysis in
terms of its constituent parts.

In chapter 5 we apply these ideas to study the process of transition.
Firstly in terms of the penetration of a barrier and secondly in terms of
‘jumps’ of an atom from one quantum state to another. In both cases
we see that these transstions can be treated objectively without reference
to observation or measurement. Moreover the process of transition can tn
principle be followed in detail, at least conceptually, in a way that makes the
process intelligible (whereas in the conventional interpretation, as shown in
chapter 2, no such account is possible). This sort of insight into the process
enables us to understand, for example, how quantum transstions can take
place in a time that is very much shorter than the mean life time of the
quantum state.

In the next part of the book we discuss some of the more general sm-
plications of our approach. Thus in chapter 6 we go into the theory of
measurement. We treat this as an objective process tn which the measur-
ing instrument and what is observed interact in a well-defined way. We
show that after the interaction is over, the system enters into one of a set
of ‘channels’, each of which corresponds to the possible results of the mea-
surement. The other channels are shown to become inoperative. There is
never a ‘collapse’ of the wave function. And yet everything behaves as if
the wave function had collapsed to one of the channels.

The probability of a particular result of the interaction between the
instrument and the observed object is shown to be exactly the same as
that assumed in the conventional interpretation. But the key new feature
here is that of the undivided wholeness of the measuring instrument and
the observed object, which is a special case of the wholeness to which we
have alluded in connection with quantum processes in general. Because of
this, it is no longer appropriate, in measurements to a quantum level of
accuracy, to say that we are simply ‘measuring’ an intrinsic property of
the observed system. Rather what actually happens is that the process of
tnteraction reveals a property involving the whole context in an inseparable
way. Indeed it may be said that the measuring apparatus and that which is
observed participate irreducibly in each other, so that the ordinary classical
and common sense idea of measurement is no longer relevant.

The many paradoxes that have arisen out of the attempt to formulate
a measurement theory in the conventional interpretation are shown not
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to arise in our ‘interpretation. These include the treatment of negative
measurer:me.nts (i.e. results following from the non-firing of the detector),
the Schrodinger cat paradox [13], the delayed choice experiments [14] and
the watchdog effect (Zeno’s paradox)[15).

In chapter 7 we work out the implications of nonlocality in the frame-
work of our interpretation. We include a discussion of the Bell inequality
(2] and the EPR experiment [16]. We then go on to discuss how nonlocality
disappears in the classical limit, except in the special case of the symmetry
and antisymmetry of the wave function for which there is a superselection
rule, implying that EPR correlations can be maintained indefinitely even
at the large scale. This explains how the Pauli exclusion principle can be
understood in our interpretation. Finally we discuss and answer objections
to the concept of nonlocality.

In chapter 8 we discuss how the classical limit of the quantum theory
emerges in the large scale level, without any break in the whole process
either mathematically or conceptually. Thus, as we have already explained
earlier, we do not need to presuppose the classical level as required in the
conventional interpretation.

In the next part of the book we extend our approach in several ways.
Firstly in chapter 9, we discuss the role of statistics in our interpretation.
We show that in typical situations the particles behave chaotically in a
many-body system. From this we can infer that our originally assumed
probability density, P = |i|?, will arise naturally from an arbitrary initial
probability distribution. We then go on to treat quantum statistical me-
chanics in our framework and show how the density matrix can be derived
as a simplified form that expresses what is essential about the statistical
distribution of wave functions.

Finally we discuss an alternative approach to this question which has
been explored in the literature [17], i.e. a stochastic explanation in which
one assumes that the particle has a random component to its velocity over
and above that which it has in the causal interpretation. We show that
in this theory, an arbitrary probability distribution again approaches |2,
but now this will happen even for single particle systems that would not,
in the causal interpretation, give rise to chaotic motion.

In chapter 10 we develop an ontological interpretation of the Pauli equa-
tion. We begin with a discussion of the history of this interpretation, show-
ing that the simple model of a spinning extended body will not work if we
wish to generalise our theory to a relativistic context. Instead, we are led
to begin with an ontological interpretation of the Dirac equation and to
consider its non-relativistic limit. We show that in addition to its usual or-
bital motion, the particle then has an additional circulatory motion which
accounts for its magnetic moment and its spin. We extend our treatment to
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the many-body system and illustrate this in terms of the EPR experiment
for two particles of spin one-half.

In chapter 11 we go on to consider the ontological interpretation of boson
fields. We first give reasons showing the necessity for starting with quantum
field theories rather than particle theories in extending our interpretation to
bosonic systems. We then develop our ontological interpretation in detail,
but from a non-relativistic point of view. The key new concept here is
that the field variables play the role which the particle variables had in the
particle theory, while there is a superwave function of these field variables,
that replaces the wave function of the particle variables.

We illustrate this approach with several relevant examples. We then
go on to explain why the basically continuous field variables nevertheless
deliver quantised amounts of energy to material systems such as atoms. We
do this without the introduction of the concept of a photon as a ‘bullet-
like’ particle. Finally we show how our interpretation works in interference
experiments of various kinds.

In chapter 12 we discuss the question of the relativistic invariance of our
approach. We begin by showing that the interpretation is relativistically in-
variant for the one-particle Dirac equation. However, for the many-particle
Dirac equation, only the statistical predictions are relativistically invariant.
Because of nonlocality, the treatment of the individual system requires a
particular frame of reference (e.g. the one in which nonlocal connections
would be propagated instantaneously). The same is shown to hold in our
interpretation for bosonic fields [18].

We finally show, however, that it is possible to obtain a consistent ap-
proach by assuming a sub-relativistic level of stochastic movement of parti-
cles which contains the ordinary statistical results of the quantum theory as
well as the behaviour of the world of large scale experience which is Lorentz
covariant. Therefore we are able to explain the covariance of all the experi-
mental observations thus far available (at least for all practical purposes).
We point out several situations in which this sort of theory could be tested
experimentally and give different results from those of the current theory
in any domain in which relativity (and possibly quantum theory) were to
break down.

We then come to the final part of the book which is concerned with
various other ontological interpretations that have been proposed and with
modifications of the quantum theory that are possible in terms of these
interpretations. The first of these is the many-worlds interpretation which
has recently aroused the interest of people working in cosmology. We begin
by pointing out that there is as yet no generally agreed version of this inter-
pretation and that there are two different bodies of opinion about it. One of
these starts from Everett’s approach [19] and the other from DeWitt’s [20].
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Though these are frequently regarded as the same, we show that there are
important differences of principle between them. We discuss these differ-
ences in some detail and also the as yet not entirely successful efforts of
other workers in the field to deal with the unresolved problems in these two
approaches. Finally we make a comparison between our interpretation and
the many-worlds point of view.

The many-worlds interpretation was not explicitly aimed at going be-
yond the limits of the current quantum theory. In chapter 14 we discuss
theories that introduce concepts that do go beyond the current quantum
theory, at least in principle. The first of these is the theory of Ghirardi,
Rimini and Weber {21] who propose nonlinear, nonlocal modifications of
Schrodinger’s equation that would cause the wave function actually to col-
lapse. The modifications are so arranged that the collapse process is sig-
nificant only for large scale systems containing many particles, while for
systems containing only a few particles, the results are the same, for all prac-
tical purposes, as those of the current linear and local form of Schrodinger’s
equation.

Even more striking changes are proposed by Stapp [22] and by Gell-
Mann and Hartle [23], the latter of whom develop their ideas in considerable
detail. They deal with the whole question cosmologically from the very
outset by introducing mathematical concepts that enable them to describe
actual histories of processes taking place in the cosmos, from the beginning
of the universe to the end.

We give a careful analysis of these approaches. Both of them aim to
do what the many-worlds interpretation has not yet succeeded in doing
adequately, i.e. to show that the quantum theory contains a ‘classical world’
within it. While they have gone some way towards this goal, it becomes
clear that there are still unresolved problems standing in the way of its
achievement.

We also give a critical comparison between their approach and ours,
pointing out that their histories actually involve a mathematical assump-
tion analogous to that involved in the notion of particles in our interpreta-
tion. Therefore it is not basically a question of the number of assumptions.
Rather, we suggest that the main advantage claimed over ours, at least im-
plicitly, is that it expresses all concepts in terms of Hilbert space, whereas
we introduce a notion of particles that goes outside this framework.

Finally we discuss some proposals of our own going beyond the quantum
theory. Basically these are an extension of what we suggested in chapter 12.
The idea is that there will be a stochastic sub-quantum and sub-relativistic
level in which the current laws of physics will fail. This will probably first
be encountered near the Planck length of 10733 cm. However, over longer
distances our stochastic interpretation of relativistic quantum theory will



be recovered as a limiting case, but as we have suggested earlier, experi-
ments involving shorter times could reveal significant differences from the
predictions of the current relativistic quantum theory.

Up to this point we have, in a certain sense, been discussing in the
traditional Cartesian framework even though many new concepts have been
introduced within this framework. In chapter 15, the final chapter of the
book, we introduce a radically new overall framework which we call the
implicate or enfolded order. In this chapter we shall give a sketch of these
ideas which are in any case only in early stages of development.

We begin by showing that the failure of quantum theory and relativity
to cohere conceptually already begins to point to the need for such a new
order for physics as a whole. We then introduce the implicate order and
explain it in terms of a number of examples which illustrate the enfoldment
of a whole structure into each region of space, e.g. as happens in a hologram.
We show that the notion of order based on such an enfoldment gives an
accurate and intuitive grasp of the meaning of the propagator function
of quantum mechanics and, more generally, of Hilbert space itself. We
indicate how this notion is contained mathematically in an algebra which
is essentially the algebra of quantum mechanics itself.

These ideas are connected with our ontological interpretation by means
of a model of a particle as a sequence of incoming and outgoing waves,
with successive waves very close to each other. For longer times, this ap-
proximates our stochastic trajectories, while for shorter times it leads to a
very new concept. What is to be emphasised here is that in this way our
trajectory model can be incorporated into the framework of Hilbert space.
When this is done, we see that it is part of a larger set of possible theories
which include those of Stapp and Gell-Mann and Hartle.

One of the main new ideas implied by this approach is that the geom-
etry and the dynamics have to be in the same framework, i.e. that of the
implicate order. In this way we come to a deep unity between quantum
theory and geometry in which each is seen to be inherently conformable
to the other. We therefore do not begin with traditional Cartesian notions
of order and then try to impose the dynamics of quantum theory on this
order by using the algorithm of ‘quantisation’. Rather quantum theory and
geometry are united from the very outset and are seen to emerge together
from what may be called pre-space.

Finally we discuss certain analogies between the implicate order and
consciousness and suggest an approach in which the physical and the mental
sides would be two aspects of a greater order in which they are inherently
related.
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Chapter 2
Ontological versus epistemological
interpretations of the quantum theory

2.1 Classical ontology

In classical physics there was never a serious problem either about the ontol-
ogy, or about the epistemology. With regard to the ontology, one assumed
the existence of particles and fields which were taken to be essentially in-
dependent of the human observer. The epistemology was then almost self-
evident because the observing apparatus was supposed to obey the same
objective laws as the observed system, so that the measurement process
could be understood as a special case of the general laws applying to the
entire universe.

2.2 Quantum epistemology

As we have already brought out in chapter 1, in quantum mechanics this
simple approach to ontology and epistemology was found to be no ionger
applicable. In the present chapter we shall go into this question in more
detail especially in connection with the way this subject is treated in the
conventional interpretation.

Let us begin with the fact that quantum mechanics was introduced as
an essentially statistical theory. Of course statistical theories in general
are capable of being given a straightforward ontological interpretation, for
example, in terms of an objective stochastic process. The epistemology
could then be worked out along the same lines as for a deterministic the-
ory such as classical mechanics. But Bohr and Heisenberg raised further
questions about the validity of such an approach in the quantum theory.
Their argument was based on two postulates: (a) the indivisibility of the
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Figure 2.1: Sketch of Heisenberg microscope

quantum of action and (b) the unpredictability and uncontrollability of its
consequences in each individual case.

It follows from the above assumptions, as we shall show in more detail
presently, that in the measurement of p and z, for example, there is a
maximum possible accuracy given by the uncertainty principle ApAz >
h. This is clearly a limitation on the possible accuracy and relevance of
our knowledge of the observed system. However, this has been taken not
as a purely epistemological limitation on our knowledge, but also as an
ontological limitation on the possibility of defining the state of being of the
observed system itself.

To bring out what is meant here let us briefly review the Heisenberg
microscope argument. A particle at some point P (see figure 2.1) scatters
a quantum of energy hv which follows the path POQ to arrive at the focal
point Q of the lens. From a knowledge of this point Q there is an ambiguity
in our ability to attribute the location of the point P to within the resolving
power of the lens Az = A/sina where ) is the wave length and o is the
aperture angle of the lens. This follows from the wave nature of the quan-
tum that links P to Q. But because the light has a particle nature as well,
the quantum has a momentum hv/c and it produces a change of momen-
tum in the particle Ap = hvsin8/c where 0 is the angle through which the
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quantum has been scattered by the particle. The indivisibility of the quan-
tum guarantees that its momentum cannot be reduced below this value,
while the assumned unpredictability and uncontrollability of the scattering
process within § < a guarantees that we cannot make an unambiguous
attribution of momentum to the particle within the range Ap = hvsina/c.
And it is well known that from this we obtain Heisenberg’s uncertainty
relation ApAz > h.

Relationships of this kind implied, for Heisenberg and Bohr, that the
basic properties of the particle, i.e. its position and momentum, are not
merely uncertain to us, but rather that there is no way to give them a
meaning beyond the limit set by Heisenberg’s principle. They inferred from
this that there is, as we have already pointed out, an inherent ambiguity
in the state of being of the particle. And this in turn implied that, at
the quantum level of accuracy, there is no way to say what the electron is
and what it does, such concepts being applicable approximately only in the
classical (correspondence) limit.

This evidently represented a totally new situation in physics and Bohr
felt that what was called for was a correspondingly new way of describing
an experiment in which the entire phenomenon was regarded as a single and
unanalysable whole [1]. In order to bring out the full meaning of Bohr's
very subtle thoughts on this point, let us contrast his view of the quantum
phenomenon with the ordinary approach to the classical phenomenon. To
do this we may take the classical counterpart to the Heisenberg microscope
as an example. The relevant phenomena can be described by first of all
giving the overall experimental arrangement (the lens, the photographic
plate, the scattering block and the incident light). Secondly one has to
specify the experimental result (the spot on the photographic plate). But
of course this result by itself would be of very little interest. The main point
of the phenomenon is to give the meaning of the result. (In this case the
location of the particle that scattered the light.) Evidently this is possible
only if we know the behaviour of the light that links the experimental result
to this meaning. Classically this behaviour is well defined since it follows
from the wave nature of light. Since the light can be made arbitrarily weak
and of arbitrarily short wave length, there is clearly no limit to the poss-
ible accuracy of the link between the experimental result and its meaning.
That is to say the disturbance of the ‘particle’ and the ambiguity of its
properties can be made negligible. This implies that the particle can then
be considered to be essentially independent of the rest of the phenomenon
in which its properties were determined. Therefore it is quite coherent to
use the customary language which says that we have established a state of
being of this independent particle as having been observed, and so that the
measurement could then be left entirely out of the account in discussing



the behaviour of the particle from this point on.

In the corresponding quantum phenomenon there is an entirely differ-
ent state of affairs. For, as we have already pointed out, the quantum link
connecting the experimental result with its meaning is indivisible, unpre-
dictable and uncontrollable. The meaning of such a result can, therefore,
no longer be coherently described as referring unambiguously to the prop-
erties of a particle that exists independently of the rest of the phenomenon.
Instead this meaning has to be regarded as an inseparable feature of the
entire phenomenon itself. Or, to put it more succinctly, the form of the
experimental conditions and the content (meaning) of the experimental re-
sults are a whole, not further analysable. It is this whole that, according
to Bohr, constitutes the quantum phenomenon.

It follows from this that given a different experimental arrangement
(e.g. one needed to measure a complementary variable more accurately)
we would have a different total phenomenon. The two phenomena are
mutually exclusive in the sense that the conditions needed to determine
one are incompatible with those needed to determine the other (whereas
classically the two sets of conditions are, in principle, compatible).

Bohr emphasises that incompatible phenomena of this kind actually
complement each other in the sense that together they provide a complete
though ambiguous description of the ‘atomic object’. These complementary
descriptions “cannot be combined into a single picture by means of ordi-
nary concepts, they represent equally essential aspects of any knowledge of
the object in question that can be obtained in this domain” [2]. Classically
two such concepts can always be combined in a single unambiguous pic-
ture. This enables us to form a well-defined concept of an actual process
independent of the means of observation (in which, for example, a parti-
cle actually moves from one state to another). But at the quantum level
where the indivisibility of the quantum of action implies an ambiguity in
the distinction between the observed object and observing apparatus, there
is no way to talk consistently about such a process. It follows from Bohr’s
approach that very little can be said about quantum ontology.*

One has at most an unambiguous classical ontology and the quantum
theory is reflected in this ontology by requiring basic concepts such as p
and z to be ambiguous. One might perhaps suppose that there could be
some unambiguous deeper quantum concepts of a new kind. But Bohr
would say there is no way to relate these definitely to what we ordinarily
regard as objective reality, i.e. the domain in which classical physics is a

*Folse [3] has made it clear that Bohr is not simply a positivist, but that the notion of
some kind of independent physical reality underlies all his thinking.
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good approximation.

We can summarise Bohr’s position as saying that all physical concepts
must correspond to phenomenon, i.e. appearances. Each phenomenon is an
abstraction. This is also true classically. But because the correspondence
between the phenomenon and the independent reality which underlies it
may, in principle, be unambiguous, and because all the phenomena are mu-
tually compatible, we may say that the independent reality can be reflected
completely in the whole set of phenomena. This means in effect that we can
know the independent reality itself. But quantum mechanically we cannot
apply all relevant abstractions together in an unambiguous way and there-
fore whatever we say about independent reality is only implicit in this way
of using concepts.

What then is the meaning of the mathematics of the quantum theory
(which is very well defined indeed)? Bohr describes this as the quantum
algorithm which gives the probabilities of the possible results for each kind
of experimental arrangement [4]. Clearly this means that the mathematics
must not be regarded as reflecting an independent quantum reality that is
well defined, but rather that it constitutes in essence only knowledge about
the statistics of the quantum phenomena.

All this, as we have already pointed out, is a consequence of the indivis-
ibility of the quantum of action which is very well verified experimentally.
Bohr therefore does not regard his notion of complementary as based on
philosophical assumptions. Rather it has for him an ontological significance
in the sense that it says something about reality, i.e. that it is ambiguously
related to the phenomena. He would probably say that attempts to define
the ontology in more detail would be contradictory.

2.3 The quantum state

Bohr’s view seems to have had a very widespread influence, but his ideas
do not appear to have been well understood by the majority of physicists.
Rather the latter generally thought in terms of a different approach along
lines initiated by Dirac, and von Neumann, in which the concept of a quan-
tum state played a key role (whereas with Bohr this concept was hardly
even mentioned and was certainly not a fundamental part of his ideas).
To understand what is meant by a quantum state we can begin with
Dirac’s notion that each physical quantity is represented by an Hermitean
operator which is called an observable [5]. When this is measured by a
suitable apparatus the system is left with a wave function corresponding
to an eigenfunction of this observable. In general such a measurement will,
in agreement with Heisenberg’s principle, alter this wave function in an
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uncontrollable and unpredictable way. But the probability of a certain
result n is |Cn|? where C, is the coefficient of the n*® eigenfunction in the
expansion of the total wave function.

Once we obtain such an eigenfunction we can measure the same observ-
able again and again, in principle, in a time so short that the wave function
does not change significantly (except for a phase factor which is not rele-
vant). Each measurement will then reproduce the same result. In terms
of the ‘naive’ ontology that pervades ordinary experience, this leads one to
suppose that, between measurements of the same observable, the system
continues to exist with the same wave function v,, (again, except for a phase
factor). Therefore one could say that during this time the system is in a
certain state of being, i.e. it stands independently of its being observed. Of
course, this state might change in longer times of its own accord and, in
addition, it would also change if a different observable were measured.

In contrast, Bohr would never allow the type of language that admitted
the independent existence of any kind of quantum object which could be
said to be in a certain state. That is to say, he would not regard it as
meaningful to talk about, for example, a particle existing between quantum
measurements even if the same results were obtained for a given observable
in a sequence of such measurements. Rather, as we have seen, he considered
the experimental arrangement and the content (meaning) of the result to
be a single unanalysable whole. To talk of a state in abstraction from such
an experimental arrangement would, for Bohr, make no sense.

This general point can be clarified by considering what is in essence an
intermediate approach adopted by Heisenberg.! He suggested that the wave
function represented, not an actual reality, but rather a set of potentialities
that could be realised according to the experimental conditions. A helpful
analogy may be obtained by considering a seed, which is evidently not
an actual plant, but which determines potentialities for realising various
possible forms of the plant according to conditions of soil, rain, sunlight,
wind, etc. Thus when the measurement of a given observable was repeated,
this would correspond to a plant producing a seed, which growing under
the same conditions, produced the same form of plant again (so that there
was no continuously existent plant). Measurement of another observable
would correspond to changing the experimental conditions, and this could
produce a statistical range of possible plants of different forms. Returning
to the quantum theory, it is clear that in this approach the apparatus is
regarded as actually helping to ‘create’ the observed results.

It must be emphasised, however, that Bohr specifically rejected this

tThis point of view was indeed proposed earlier by Bohm [6].
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suggestion which he probably felt gave too much independent reality to
whatever is supposed to be represented by the wave function. (As we recall
he regarded this as only part of a calculus for predicting the statistics of
experimental results.) Thus he states “I warned especially against phrases,
often found in the physical literature, such as ‘disturbing of phenomena
by observation’ or ‘creating physical attributes to atomic objects by mea-
surement’. Such phrases are ...apt to cause confusion, ...” [7]. Bohr is
evidently saying here essentially what we have said before, i.e. that for him
it has no meaning to talk of a quantum object with its attributes apart
from the unanalysable whole phenomenon in which it is actually observed.
It is thus clear, as we have indeed already pointed out earlier, that
Bohr’s objection to the potentiality approach, as well as to taking the con-
cept of quantum state too literally, does not represent for him a purely
philosophical question. Indeed in his discussion of the Einstein, Podolsky
and Rosen experiment [EPR], it was just this point that was crucial in his
answer to the challenge presented by EPR. As we shall show in more detail
in chapter 7, Bohr would say that the EPR paradox was based on an inad-
missible attribution of properties to a second particle solely on the basis of
measurements that could be carried out on the first particle.

2.4 von Neumann’s approach to quantum theory

It is clear then that there is an important distinction between Bohr’s ap-
proach and that of Heisenberg with his notion of potentiality, and perhaps
an even greater difference from that of most physicists, who give a basic
significance to the concept of quantum state. The notion of quantum state
has indeed been most systematically and extensively developed by von Neu-
mann, who not only gave it a precise mathematical formulation, but who
also attempted, in his own way, to come to grips with the philosophical
issues to which this approach gave rise.

It was a key part of this development to give a proof claiming to show
that quantum mechanics had an intrinsic logical closure (in the sense, that
no further concepts, e.g. involving ‘hidden variables’, could be introduced
that would make possible a more detailed description of the state of the
system than is afforded by the wave function). On this basis he concluded
that the wave function yielded the most complete possible description of
what we have been calling quantum reality, which is thus totally contained
in the concept of a quantum state.

In order to clarify the physical meaning of these notions he developed
a more detailed theory of measurements. This theory still gave a basic
significance to epistemology because the only meaning attributed to the
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wave function was that it gave probabilities for the results of possible mea-
surements (i.e. it did not begin with the assumption of an independently
existing universe that would have meaning apart from the process in which
its properties were measured). Nevertheless this theory gave more signifi-
cance to ontology than Bohr did because it assumed the quantum system
existed in a certain quantum state.

This state could only be manifested in phenomena at a large scale (clas-
sical) level. Thus he was led to make a distinction between the quantum
and the classical levels. Between them, he said there was a ‘cut’ [8]. This
is, of course, purely abstract because von Neumann admitted, along with
physicists in general, that the quantum and classical levels had to exist in
what was basically one world. However, for the sake of analysis one could
talk about these two different levels and treat them as being in interaction.
The effect of this interaction was to produce at the classical level a certain
observable experimental result. The probability of the n'* result was, of
course, |C, |2, where the original wave function was ¢ = 3" C, ¢, and ¥,
is an eigenfunction of the operator being measured. But reciprocally, this
interaction produced an effect on the quantum level; that is, the wave func-
tion changed from its original form ¥ to ¥,, where n is the actual result
of the measurement obtained at the classical level. This change has been
described as a ‘collapse’ of the wave function. Such a collapse would violate
Schrodinger’s equation, which must hold for any quantum system. How-
ever, this does not seem to have disturbed von Neumann unduly, probably
because one could think that in its interaction with the classical level such
a system need not satisfy the laws that apply when it is isolated.

One difficulty with this theory is that the location of the cut between
quantum and classical level is to a large extent arbitrary. For example,
one may include the apparatus and the observed object as part of a single
combined system, which is to be treated quantum mechanically. We then
observe this combined system with the aid of yet another apparatus which
is, however, treated as being in the classical level. The ‘cut’ has then been
moved to some point between the first apparatus and the second.

Von Neumann has given a mathematical treatment of this experiment
which we shall sketch here. Let O be the operator that is to be measured.
Let Oy, be its eigenvalues and 1, (x) the corresponding eigenfunctions in the
z-representation. The initial wave function is, as we have already stated,

¥ =Y Cothn(z).

The apparatus may have a large number of coordinates, but it will be
sufficient to consider one of these, y, representing, for example, a pointer
from whose points one can read the result of the measurement. Initially
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the apparatus is in a fairly well-defined state represented by a wave packet
#0(y). The initial wave function of the combined system is then

¥o = do(y) Y Cntn(2). (2.1)

We then assume an interaction between the observed system and the
apparatus which lasts only for a time At. For the purpose of explaining
the principles involved, it will be sufficient to consider what is called an
impulsive measurement, i.e. one in which the interaction is so strong that
throughout the period in which it works, the changes in the observed sys-
tem and the observing apparatus that would occur independently of the
interaction may be neglected.

The interaction Hamiltonian may be chosen as

7]
H; = M\Oih— .
I 1 oy (2.2)
where ) is a suitable constant. Since this is the same as the total Hamilto-
nian during this period, we can easily solve Schrodinger’s equation,

LO0¥ 0¥
lﬁﬁ = zhAO% (2.3)

to obtain for the wave function after an interval At,

¥ = Cothn(z)do(y — AOnAl). (2.4)

If the interaction is chosen so that
AALAO, > 1 (2.5)

where AO,, is the change of O, for successive values of n, then it follows
that the wave packets multiplying different ¥, (z) will not overlap. To each
do(y — A0, At) there will correspond a wave function Cntn(z).

If we now observe this system with the aid of a second piece of apparatus,
then in accordance with the postulates that have been described earlier, the
latter will register the value of y. But it will now have to be in one of the
packets, while ,(z) will then represent the corresponding state of the
original quantum system. In effect the total wave function has ‘collapsed’



22 The undivided universe

from the original linear combination of products to a particular product
¥n(2)do(y — A0, At). The probability that this happens can be shown to
be |Cn|? exactly as it was when we had only one measuring apparatus.

In a ‘naive’ view of this process, one could readily say that this collapse
represented merely an improvement of our knowledge of the state of the
system which resulted from its being measured by the second apparatus.
Indeed in the application of classical probability in physics such ‘collapses’
are quite common. Thus before one has observed a specified ensemble, the
probability of a certain result n may be P,. When one observes the result
s, the probability suddenly collapses from P, to é,,.

But this interpretation is not valid here because in the classical situ-
ation we have a linear combination of probabilities of each of the results,
whereas quantum mechanically we have a linear combination of wave func-
tions, while the probability depends quadratically on these wave functions.
Before the second measuring apparatus has functioned, we therefore can-
not say that the system is definitely in one of the n states with probability
|Cn|?. For, a whole range of subtle physical properties exist which depend
on the linear combination of wave functions. Thus although the wave pack-
ets corresponding to different values of n do not overlap, they could, in
principle, be made to do so once again by means of further interactions.
For example, one could introduce a suitable term in the Hamiltonian that
brought such an overlap about. Moreover one could have subtle observ-
ables corresponding to operators that couple the combined states of both
systems and the mean values of these would depend on the existence of
linear combinations of the kind we have discussed above. (This point is
discussed in some detail in Bohm [9].) All of this means that such linear
combinations have an ontological significance and do not merely describe
our knowledge of the probabilities of possible values of n which could be
the result of this measurement.

Actually a similar problem was present even when we had only one
piece of apparatus. But this is not generally felt to be disturbing because
of the tacit assumption that the quantum of action that connects the ob-
served system and the observing apparatus could readily introduce signifi-
cant physical changes in a microsystem such as an atom (along the general
lines described in connection with the Heisenberg microscope experiment).
However, we are now led to the conclusion that observation could also in-
troduce significant changes of this kind in a macrosystem which includes
the first piece of apparatus. Or, to put it differently, we may readily ac-
cept the notion that in an observation, the quantum state of a microsys-
tem undergoes a real change when the wave function ‘collapses’ from a
linear combination ¥ = 3" C,¢n(x) down to one of the eigenfunctions
¥,(2). It is not clear however what it means to say that there is a sim-
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ilar real change in a macrosystem when the wave function collapses from
¥ =3 Cavn(z)do(y — A0, At) to a single state v, (z)¢o(y — A0, At).

This difficulty arises in essence because von Neumann introduced the
basically ontological notion that the wave function represents a quantum
state that somehow ‘stands on its own’ (although, of course, in interaction
with the classical level). Bohr avoids this problem by never speaking of a
quantum object that could stand on its own, but rather by speaking only of
a phenomenon which is an unanalysable whole. The question of interaction
between a quantum level and a classical level thus cannot arise. Therefore,
in this sense, he is more consistent than von Neumann.

At first sight one might be inclined to regard these questions as not very
important. For after all the cut is only an abstraction and one can see that
the statistical results do not depend on where it is placed. However, in so
far as von Neumann effectively gave the quantum state a certain ontological
significance, the net result was to produce a confused and unsatisfactory
ontology. This ontology is such as to imply that the collapse of the wave
function must also have an ontological significance (whereas for Bohr it
merely represents a feature of the quantum algorithm which arises in the
treatment of a new experiment). To show the extent of this difficulty,
one could, for example, introduce a third apparatus that would measure
a system that consisted of the observed object and the first two pieces of
apparatus. For this situation the collapse would take place between the
second and third piece of apparatus. One could go on with this sort of
sequence indefinitely to include, for example, a computer recording of the
results on a disc. In this case the collapse would take place when the disc
was read, perhaps even a year or so later. (In which case the whole system
would be in a certain quantum state represented by a linear combination
of wave functions over this whole period of time.) And, as von Neumann
himself pointed out, one could even include parts of the human brain within
the total quantum system, so that the collapse could be brought about as
a function of the brain.

It is evident that this whole situation is unsatisfactory because the onto-
logical process of collapse is itself highly ambiguous. Perhaps Bohr’s rather
more limited ambiguity may seem preferable to von Neumann’s indefinitely
proliferating ambiguity.

Wigner has carried this argument further and has suggested that the
above ambiguity of the collapse can be removed by assuming that this pro-
cess is definitely a consequence of the interaction of matter and mind [10].
Thus he is, in effect, placing the cut between these two and implying that
mind is not limited by quantum theory. (Pauli has also felt for different
reasons that mind plays a key role in this context [11].)

We can see several difficulties in the attempt to bring in the direct ac-
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tion of the mind to give an ontological interpretation of the current physical
laws of the quantum theory. Thus in a laboratory, it is hard to believe that
the human mind is actually significantly affecting the results of the func-
tioning of the instruments (which may, as we have already pointed out, be
recorded on a computer that is not even examined for a long time). More-
over quantum theory is currently applied to cosmology, and it is difficult to
believe that the evolution of the universe before the appearance of human
beings depended fundamentally on the human mind (e.g. to make its wave
function ‘collapse’ in an appropriate way). Of course one could avoid this
difficulty by assuming a universal mind. But if we know little about the
human mind, we know a great deal less about the universal mind. Such an
assumption replaces one mystery by an even greater one.

One may ask why physicists have felt the need to bring in mind in their
attempts to make sense of the quantum theory. Such a need is, indeed,
implied in the work of those following along the lines of von Neumann.
These want to say that the wave function has an ontological significance, i.e.
as representing the quantum state, and at the same time to assume that it is
a complete description of reality. However, as we have already pointed out,
Bohr has claimed (apparently with greater consistency) that any ontology
whatsoever is ruled out by the very nature of reality as revealed throughout
the quantum theory. This would suggest that it would be better to adopt
Bohr’s point of view.

2.5 Are Bohr’s conclusions inevitable?

But does the fact that the quantum theory has been applied so success-
fully lead inevitably to Bohr’s conclusion concerning the nature of reality?
Clearly it does not. For as we have already explained, it involves certain
assumptions about real physical processes. In order to examine these as-
sumptions properly, let us repeat them. Firstly the quantum of action is
taken to be indivisible and secondly it is assumed to be unpredictable and
uncontrollable. From this, Bohr draws the conclusion that the state of
being is inherently ambiguous at the quantum level of accuracy.

It is essential to look more carefully at this conclusion which is based, in
part, on a tacit identification of determinism with predictability and con-
trollability. This identification is clearly characteristic of positivist philo-
sophy. In this philosophy, science is not regarded as dealing with what is, so
that concepts cannot be regarded as reflecting reality. Rather they have to
be defined empirically, i.e. in relation to their manifestation in observation
and experience. In such a philosophy it follows that determinism can have
no meaning beyond predictability and controllability.
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S?n.ce the quantum theory was first formulated, the relationship of de-
terminism to predictability and controllability has been clarified by the
discovery that a very general class of deterministic systems (i.e. those hav-
ing unstable and chaotic motions) are neither predictable nor controllable,
as has been discussed in some detail by Penrose [12]. Thus the identification
of determinism with predictability and controllability has been invalidated.
It follows that the mere uncontrollability and unpredictability of quantum
phenomena does not necessarily imply that there can be no quantum world,
which could in itself be determinate.

What about the indivisibility and unanalysability of the quantum of
action? It is true that in some sense, at least, the quantum of action is
neither divisible nor analysable at the level of the phenomena. Consider,
for example, an atom emitting a quantum of light. We have two distinct
states. (a) The atom in an excited state and no quantum present. And (b)
the atom in its ground state and a quantum present.

The process of going from (a) to (b) is said to be a ‘quantum jump’
in the sense that there are no phenomena which correspond to any state
in between. Of course, we may try to find such phenomena by observing
the system in its process of transition. But as implied in Bohr’s views, this
would constitute an entirely different experimental arrangement that would
be incompatible with the process of transition that we are considering.

From this however it does not follow that there is no more complete
description perhaps at a deeper more complex level in which this process
can be treated as continuous and analysable. One can indeed easily conceive
of such a process in general terms. For example, the same kind of non-
linear equations that give rise to unstable and chaotic motions can also
lead to what are called stable limit cycles in which the system stays near
a certain state of motion. But more generally this stability may be limited
so that the system can ‘jump’ from one such limit cycle to another, in a
movement so fast and unstable that it could neither be predicted, controlled
nor followed. Thus it would not appear in the phenomena. Indeed as we
shall see in chapter 5, our interpretation of the quantum theory implies just
such Jumps’ between what are in essence stable limit cycles. In this way one
may explain processes that in the quantum theory are called “unpredictable,
uncontrollable and indivisible quantum transitions between discrete orbits” .

But as we recall, Bohr’s entire position depended crucially on his as-
sumptions of the nature of the quantum of action. Therefore from what we
have said above it follows that there is no inherent necessity to adopt Bohr's
position, and that there is nothing in Bohr’s analysis that could rule out a
quantum ontology. But of course, this latter would require the introduction
of new concepts beyond that of the wave function and the quantum state.
We would have to begin by simply assuming the new concepts and defining



them through their participation in the laws of physics.

In doing this we have to differ from Bohr who at least tacitly required
that all basic physical concepts be defined by referring them to specific
phenomena in which they are measured. In contrast we derive the possible
phenomena as forms on the overall structure of concepts and their rela-
tionships. An example of this is given by Einstein’s derivation of particles
obeying the usual laws of motion, either as singularities, or as very strong
static pulses in a continuous non-linear field. The test of the theory is then
to see whether the derived phenomena, not only explain the general form
of the observed phenomena, but also their detailed relationships. In such
an approach, the epistemology follows naturally from the ontology (just as
it does in classical physics).

At this point, however, we have to return to von Neumann who, as
we have already pointed out, believed that the wave function contained
the most complete possible description of reality, thus implying that there
was no way to do what we have suggested above. Von Neumann based
this belief on his theorem to which we have alluded earlier, that claimed
to show that a more detailed description would not be compatible with
the laws of the quantum theory [13]. This proof was however questioned
by Bohm [14] in 1952 and later by Bell [15]. A number of those who
followed along von Neumann’s lines, refined his arguments in several ways,
but these refinements were also shown by Bell to make tacit assumptions
about ontological theories that are too limited. (All of this will be discussed
in more detail in chapter 7.)

We conclude that there are no sound reasons against seeking an onto-
logical interpretation of the quantum theory. This book presents in essence
the first complete ontological interpretation that has been proposed. As
indicated in the introduction, there have been several other ontological in-
terpretations since then. In chapter 14 we shall discuss these and compare
and contrast them with the interpretation given in this book.
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Chapter 3
Causal interpretation of the one-body system

In this chapter we develop the basic principles of our ontological interpre-
tation of the quantum theory in the context of a one-body system (while
the many-body system will be treated in the next chapter).

3.1 The main points of the causal interpretation

Let us begin by considering the standard WKB approximation for the clas-
sical limit in quantum mechanics. To do this we write the wave function
in polar form ¥ = Rexp(iS/h). We insert this form into Schrédinger’s
equation

R
thor = 'va v+ Vy (3.1)
where V is the classical potential. This gives rise to two equations
s  (VS)? K’ VIR
‘5{"' 2m +V_2_m—R =0 3.2)
and
OR? VS
W‘-"V'(R ?>—0. (3.3)

In order to obtain the WKB approximation, we note that in the classical
limit in which there is a wave packet of width much greater than the wave
length, ), the term —h?V2R/2mR will be very small compared with the
term (V.S)2/2m. We therefore neglect it and obtain

2
05,  (VS.)

5+ TV =0 (3.4)
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In the above we have written S = S. to indicate that we are dealing with the
classical Hamilton-Jacobi equation representing a particle with momentum

p=VS, (35)

which moves normal to the wave front S. = const. It follows then that
equation (3.2) can be regarded as a conservation equation for the probability
in an ensemble of such particles, all moving normal to the same wave front
with a probability density P = R2.

All of this may seem familiar but nevertheless there is something very
noteworthy here. For though we have started with the quantum theory
with all its ambiguities about the nature of a quantum system, we have
somehow ‘slipped over’ into what is in essence the ordinary classical ontol-
ogy. It seems natural at this point to ask whether this kind of ontology
could not be extended to the quantum domain. Thus we note the quantum
equation (3.2) differs from the classical equation (3.4) only by the term
—h2?/2m(V2R/R) which evidently can be regarded as playing the role of
an additional potential in what we may call the quantum Hamilton-Jacobi
equation. To bring this out we shall define what we call the quantum
potential:

h? V2R
Q= “sm R (3.6)
The quantum Hamilton-Jacobi equation then becomes
S (VS)? _
—3T+ 2m +V+Q=0. 3.7

The equation (3.3) still expresses the conservation of probability, but for
an ensemble of particles which satisfies (3.7) rather than (3.4).

Let us now discuss this ontology in a more systematic way. Its key
points are:

1. The electron actually is a particle with a well-defined position z(t)
which varies continuously and is causally determined.

2. This particle is never separate from a new type of quantum field that
fundamentally affects it. This field is given by R and S or alterna-
tively by ¥ = Rexp(iS/h). ¢ then satisfies Schrodinger’s equation
(rather than, for example, Maxwell’s equation), so that it too changes
continuously and is causally determined.

3. The particle has an equation of motion

m%'ti - —V(V) - Y(Q). (3.8)
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This means that the forces acting on it are not only the classical force,
—VV, but also the quantum force, —VQ.

4. The particle momentum is restricted to p = VS. Since the quantum
field ¢ is single valued it follows (as can easily be shown) that

~fpd:: =nh. (3.9)

This resembles the old Bohr-Sommerfeld condition, but differs from
the latter in which p = VS, where S, is the solution of the classical
Hamilton-Jacobi equation (3.4) rather than the quantum Hamilton-
Jacobi equation (3.7).

5. In a statistical ensemble of particles, selected so that all have the
same quantum field v, the probability density is P = R2. We shall
discuss the significance of this in more detail in a later section, but
we can now note that if P = R? holds initially, then the conservation
equation (3.3) guarantees that it will hold for all time.

Given that the particle is always accompanied by its quantum field v,
we may say that the combined system of particle plus field is causally
determined. (The statistics merely apply to an ensemble of causally deter-
mined trajectories.) For this reason the above proposals have been called
the ‘causal interpretation’ in some of the earlier papers (though it must
be emphasised that the basic ontological point of view given here can be
extended, as we shall indeed do in chapter 9, to a more general stochastic
context).

Finally it should be pointed out that unlike what happens with Max-
well’s equations for example, the Schrédinger equation for the quantum field
does not have sources, nor does it have any other way by which the field
could be directly affected by the conditions of the particles. This of course
constitutes an important difference between quantum fields and other fields
that have thus far been used. As we shall see, however, the quantum theory
can be understood completely in terms of the assumption that the quantum
field has no sources or other forms of dependence on the particles. We
shall in chapter 14, section 14.6, go into what it would mean to have such
dependence and we shall see that this would imply that the quantum theory
is an approximation with a limited domain of validity. In this way, as well
as in other ways, we will see that our ontological interpretation permits a
generalisation of the laws of physics going beyond the quantum theory, yet
approaching the quantum theory as a suitable limit within which physics
has thus far been contained.
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3.2 New concepts implied by the ontological interpretation

At first sight it may seem that to consider the electron, for example, as
some kind of particle that is affected by the quantum field ¥ is just a
return to older classical ideas. Such a notion is however generally felt to
have long since been proved to be inadequate in understanding quantum
theory which possesses so many features that are very different from those
of classical mechanics. However, closer inspection shows that we are not
actually reducing quantum mechanics in this way to an explanation in terms
of classical ideas. For the quantum potential has a number of strikingly new
features which do not cohere with what is generally accepted as the essential
structure of classical physics.

In this connection it is important to note that the form of Newton’s
laws alone is not enough to determine that the general structure of clas-
sical physics shall hold. For example, a great deal of work has been done
showing that to obtain determinism (which is surely an essential feature
of classical physics) we require further assumptions on the nature of the
forces [1]. For example, if infinite particle velocities or signal velocities are
allowed, it has been demonstrated that determinism may fail. But no one
has claimed to have given an exhaustive treatment of all the requirements
even for determinism alone. Moreover it seems reasonable to suppose that
other features of classical physics may also depend on further (largely tacit)
assumptions about the nature of the forces. Indeed as we shall see, the new
qualitative features of the quantum potential that we have mentioned above
are just such as to imply the new properties of matter that are revealed by
the quantum theory.

The first of these new properties can be seen by noting that the quan-
tum potential is not changed when we multiply the field ¥ by an arbitrary
constant. (This is because i appears both in the numerator and the de-
nominator of Q.) This means that the effect of the quantum potential is
independent of the strength (i.e. the intensity) of the quantum field but
depends only on its form. By contrast, classical waves, which act me-
chanically (i.e. to transfer energy and momentum, for example, to push a
floating object), always produce effects that are more or less proportional
to the strength of the wave. For example one may consider a water wave
which causes a cork to bob. The further the cork is from the centre of the
wave the less it will move. But with the quantum field, it is as if the cork
could bob with full strength even far from the source of the wave.

Such behaviour would seem strange from the point of view of classical
physics. Yet it is fairly common at the level of ordinary experience. For
example we may consider a ship on automatic pilot being guided by radio
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waves. Here, too, the effect of the radio waves is independent of their
intensity and depends only on their form. The essential point is that the
ship is moving with its own energy, and that the form of the radio waves is
taken up to direct the much greater energy of the ship. We may therefore
propose that an electron too moves under its own energy, and that the form
of the quantum wave directs the energy of the electron.

This introduces several new features into the movement. First of all, it
means that particles moving in empty space under the action of no classical
forces need not travel uniformly in straight lines. This is a radical departure
from classical Newtonian theory. Moreover, since the effect of the wave
does not necessarily fall off with the distance, even remote features of the
environment can profoundly affect the movement.

As an example, let us consider the interference experiment. This in-
volves a system of two slits. A particle is incident on this system, along
with its quantum wave. While the particle can only go through one slit or
the other, the wave goes through both. On the outgoing side of the slit
system, the waves interfere to produce a complex quantum potential which
does not in general fall off with the distance from the slits [2]. This poten-
tial is shown in figure 3.1. Note the deep ‘valleys’ and broad ‘plateaux’. In
the regions where the quantum potential changes rapidly there is a strong
force on the particle. The particle is thus deflected, even though no classical
force is acting.

We now consider a statistical ensemble of particles which may be ob-
tained, for example, by having electrons ‘boiled out’ of a hot filament in
a random way. Each electron has its own quantum field, but with the
aid of suitable collimators and velocity selectors, we choose only those elec-
trons with quantum fields corresponding approximately to waves with given
direction and wave number that are incident on the slits in the manner de-
scribed above. While all the electrons now have essentially the same form
of the quantum field and therefore of the quantum potential, they will all
approach the slit system from different starting points. As will be shown in
section 3.4 as well as in chapter 9, for this case we may expect an essentially
random distribution of such incident electrons. The resulting trajectories
which are shown in figure 3.2 are then bunched into a series of dense and
rare regions. These evidently constitute what are commonly called inter-
ference fringes.

If, however, just one slit had been open, the quantum field, v, would
only pass through this slit, so that beyond the slit system there would have
been a different quantum field and therefore a different potential. This
would produce a more nearly uniform distribution of particles arriving at
the screen, rather than a set of fringe-like regions. In this way we explain
why the opening of a second slit can prevent particles from arriving at
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Figure 3.1: Trajectories for two Gaussian slit systems
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Figure 3.2: Quantum potential for two Gaussian slits
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points to which they would not have come if only one slit had been open.

In this explanation of the quantum properties of the electron, the fact
that the quantum potential depends only on the form and not on the am-
plitude of the quantum field is evidently of crucial significance. As we have
already suggested, although at first sight such behaviour seems to be to-
tally outside of our common experience, a little reflection shows that this
is not so. Effects of this kind are indeed frequently encountered in ordi-
nary experience wherever we are dealing with information. Thus in the
example of the ship guided by radio waves, one may say that these waves
carry information about what is in the environment of the ship and that
this information enters into the movements of the ship through its being
taken up in the mechanism of the automatic pilot. Similarly we explain
the interference properties by saying that the quantum field contains infor-
mation, for example about the slits, and that this information is taken up
in the movements of the particle. In effect we have in this way introduced
a concept that is new in the context of physics—a concept that we shall
call active information. The basic idea of active information is that a form
having very little energy enters into and directs a much greater energy. The
activity of the latter is in this way given a form similar to that of the smaller
energy.

It is important to distinguish our concept of active information from
the more technical definition of information commonly adopted in physics
in terms of, for example, Shannon’s ideas (3] implying that there is a quan-
titative measure of information that represents the way in which the state
of a system is uncertain {o us (e.g. that we can only specify probabilities
of various states). It is true that such concepts have been used to calculate
objective properties of systems in thermodynamics and even black holes
etc. [4], but we wish to propose here a quite different notion of information
that is not essentially related to our own knowledge or lack of it. Rather in
the case that we are discussing, for example, it will be information that is
relevant to determining the movement of the electron itself. We emphasise
again that it is our thesis that this sort of usage of the word information
is actually encountered in a wide range of areas of experience. What is
crucial here is that we are calling attention to the literal meaning of the
word, i.e. to in-form, which is actively to put form into something or to
imbue something with form.

As a simple example of what we mean, consider a radio wave whose
form carries a signal. The sound energy we hear in the radio does not
come directly from the radio wave itself which is too weak to be detected
by our senses. It comes from the power plug or batteries which provide
an essentially unformed energy that can be given form (i.e. in-formed) by
the pattern carried by the radio wave. This process is evidently entirely
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objective and has nothing to do with our knowing the details of how this
happens. The information in the radio wave is potentially active every-
where, but it is actually active, only where and when it can give form to
the electrical energy which, in this case, is in the radio.

A more developed example of such a situation is given by considering
the computer. The information content in a silicon chip can determine
a whole range of potential activities which may be actualised by giving
form to the electrical energy coming from a power source. Which of these
possibilities will be actualised in a given case depends on a wider context
and the responses of a computer operator.

Although the above examples do indicate what we mean by the objective
significance of active information, nevertheless they still depend on struc-
tures (like the radio set and the computer) which were originally designed
and put together by human beings and so may be felt to retain a trace of
subjectivity. An example that does not involve structures set up by human
beings is the function of the DNA molecule. The DNA is said to constitute
a code, that is to say, a language. The form of the DNA molecule is consid-
ered as information content for this code, while the ‘meaning’ is expressed
in terms of various processes; e.g. those involving RNA molecules, which
‘read’ the DNA code, and carry out the protein-making activities that are
implied by particular sections of the DNA molecule. The comparison to
our notion of objective and active information is very close. Thus, in the
process of cell growth it is only the form of the DNA molecule that counts,
while the energy is supplied by the rest of the cell (and indeed ultimately
by the environment as a whole). Moreover, at any moment, only a part of
the DNA molecule is being ‘read’ and giving rise to activity. The rest is
potentially active and may become actually active according to the total
situation in which the cell finds itself.

While we are bringing out above the objective aspects of information,
we do not intend to deny its importance in subjective human experience.
However, we wish to point out that even in this domain, the notion of active
information still applies. A simple example is to be found in reading a map.
In this activity we apprehend the information content of this map through
our own mental energy. And by a whole set of virtual or potential activities
in the imagination, we can see the possible significance of this map. Thus
the information is immediately active in arousing the imagination, but this
activity is still evidently inward within the brain and nervous system. If
we are actually travelling in the territory itself then, at any moment, some
particular aspect may be further actualised through our physical energies,
acting in that territory (according to a broader context, including what the
human being knows and what he is perceiving at that moment).

We therefore emphasise once again that even the information held by
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human .beings is., in general, active rather than passive, not merely reflecting
som?t.hmg. ou?sxde itself but actually, or at least potentially, capable of
participating in the thing to which it refers. Passive information may in
fact be regarded as a limiting case in which we abstract from the activity
of information. This is essentially the kind of information that is currently
used in information theory, e.g. as used by Shannon. The puzzle in this
approach is that of how information that is merely passive within us is
able to determine actual objective processes outside of us. We suggest
that passive information is rather like a map reflecting something of these
processes which can guide us to organise them conveniently for our use, e.g.
by means of algorithms that enable us to calculate entropy and other such
properties.

If the notion of active information applies both objectively and subjec-
tively, it may well be that all information is at least potentially active and
that complete passivity is never more than an abstraction valid in certain
limited circumstances. In this context our proposals to use the concept of
active information at the quantum level does not seem to be unnatural.

To show how these ideas work out in more detail, we can go once again
into the example that we gave earlier of the electron in an interference
experiment. We could say that this particle has the ability to do work.
This ability is released by active information in the quantum field, which is
measured by the quantum potential. As the particle reaches certain points
in front of the slits, it is ‘in-formed’ to accelerate or decelerate accordingly,
sometimes quite violently.

Although equation (3.8) may look like a classical law implying pushing
or pulling by the quantum potential, this would not be understandable
because a very weak field can produce the full effect which depends only
on the form of the wave. We therefore emphasise that the quantum field is
not pushing or pulling the particle mechanically, any more than the radio
wave is pushing or pulling the ship that it guides. So the ability to do work
does not originate in the quantum field, but must have some other origin
(a suggestion which we shall discuss presently).

The fact that the particle is moving under its own energy, but being
guided by the information in the quantum field, suggests that an electron or
any other elementary particle has a complex and subtle inner structure (e.g.
perhaps even comparable to that of a radio). This notion goes against the
whole tradition of modern physics which assumes that as we analyse matter
into smaller and smaller parts its behaviour always grows more and more
elementary. But our interpretation of the quantum theory indicates that
nature is far more subtle and strange than previously thought. However,
this sort of inner complexity is perhaps not as implausible as may appear at
first sight. For example, a large crowd of people can be treated by simple



statistical laws, whereas individually, their behaviour is immensely more
subtle and complex. Similarly, large masses of matter reduce approximately
to a simple Newtonian behaviour, whereas the molecules and atoms out of
which matter is built have a more complex inner structure.

To make this suggestion yet more plausible, we note that between the
shortest distances now measurable in physics (of the order of 10~'® cm)
and the shortest distances in which current notions of space-time probably
have meaning which is of the order of 10733 cm, there is a vast range of
scale in which an immense amount of yet undiscovered structure could be
contained. Indeed, this range of scale is comparable to that which exists
between our own size and that of the elementary particle. Moreover, since
the vacuum is generally regarded as full (see Wheeler [5] and Hiley (6]
for example) with an immense energy of fluctuation, revealed for example
in the Casimir effect [7], it may be further suggested that ultimately the
energy of this particle comes from this source. (Some of it may also come
from the rest energy of the particle.)

It should be added here that (as happens with the radio wave) the
quantum information field may also have some energy. However, as has
been made clear in the many analogies given here, this must be negligible in
comparison to the energy of the particle which it guides. (Though perhaps
these might be detectable in new kinds of experiments of the sort suggested
in chapter 13, section 13.6 and chapter 14, section 14.6, which would go
beyond the domain of current quantum theory.)

A very important further implication of the notion of active information
is that in a certain sense an entire experiment has to be regarded as a single
undivided whole. This arises because the motion of the particles can be
strongly affected by distant features of the environment such as the slits. On
the other hand, in the corresponding classical experiment the slit system can
be ignored once the particle has passed through it. And as has been pointed
out, a different slit system would produce a different quantum potential
which would affect the motion of the particles in a different way. Therefore
the motion of the particles cannot properly be discussed in abstraction from
the total experimental arrangement. This is reminiscent of Bohr’s notion of
wholeness, but it differs in that the entire process is open to our ‘conceptual
gaze’ and can therefore be analysed in thought, even if it cannot be divided
in actuality without radically changing its nature.

3.3 Comparison with de Broglie’s idea of a double solution

The idea of a ‘pilot wave’ that guides the movement of the electron was first
suggested by de Broglie (8] in 1927, but only in connection with the one-
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body system. De Broglie presented this idea at the 1927 Solvay Congress
where it was strongly criticised by Pauli [9]. His most important criticism
was that, in a two-body scattering process, the model could not be applied
coherently. In consequence de Broglie abandoned his suggestion. The idea
of a pilot wave was proposed again in 1952 by Bohm [10] in which an
interpretation for the many-body system was given. This latter made it
possible to answer Pauli’s criticism and indeed opened the way to a coherent
interpretation including a theory of measurement which was applicable over
a wide range of quantum phenomena. As a result de Broglie [11] took up
his original ideas again and continued to develop them in various ways.

An important part of de Broglie's early approach was to try to explain
the assumptions underlying the pilot wave interpretation in terms of what
he called the theory of the ‘double solution’. This was based on the as-
sumption of a non-linear field equation which, in the linear approximation,
approached the ordinary Schrodinger equation. However, for large ampli-
tude, the non-linearity became important. He suggested that there would
exist solutions which would correspond to a stable singularity or pulse when
the amplitude was high and would gradually shade off into solutions of the
linear Schrodinger equation at larger distances. The pulse would evidently
correspond to a particle. He then gave arguments aimed at showing that
in order to obtain continuity of the field, the movement of this pulse would
have to be determined by the relation p = VS , where S is the phase of
the linear part of wave at the location of the pulse.

However, a closer analysts shows that this is actually only a necessary
condition and not a sufficient one. Indeed we can see that it cannot be
sufficient by considering the fact that energy and momentum conservation
are necessary consequences of the kinds of equations discussed by de Brogle.
The momentum in the singularity will be very large in comparison with that
available in the extremely weak pilot wave. Therefore it will not be possible
to obtain solutions of the field equations which would lead to the very great
accelerations that are in general implied by the guidance relation (e.g. as
seen in our discussion of the two slit interference experiment). Rather, we
have seen that to obtain a powerful effect from a very weak field we need
something like our concept of active information. For the phase, S, clearly
depends only on the form of the field and not on the amplitude. In our
approach, it is this form which ‘in-forms’ the energy of the self-movement of
the particle. Therefore the key difference of our idea from that of de Broglie
is that we do not attempt to explain the guidance relation in a simple
mechanical way as an effect of non-linear propagation of fields. Instead
we are appealing to the notion that a particle has a rich and complex
inner structure which can respond to information and direct its self-motion

accordingly.
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In addition it should be noted that the concept of the double solution
has never yet been extended to the many-body system, nor is there any
idea available as to how this is to be done. On the other hand, as will be
seen in later chapters, the notion of active information can quite naturally
be extended to the many-body system. For these reasons as well as for
those given earlier it seems that the general idea of something like active
information is strongly indicated as needed for an ontological explanation
of quantum theory.

Returning to a consideration of the guidance relationship, we emphasise
that this by itself is not enough to determine the behaviour of the particle.
It is necessary also to have some equation that determines the changes of
S. In our case this is, of course, the Schrodinger equation. And as we have
seen, it follows that the equation of motion is given by the modified form
of Newton'’s law (3.8) which contains the quantum potential.

If we start from the guidance relations, it is then implied that the quan-
tum potential, Q, will contribute to the acceleration in the way described
above. However, we emphasise once again that the significance of this po-
tential is not that it represents the mechanical effects of attraction and
repulsion of the particle by various features of its environment, e.g. the slit
system. Rather its significance is that it represents a contribution to the ac-
celeration of the particle in its self-movement. But it must also be stressed
that if the field satisfies an equation other than that of Schrodinger, then
there will be a different formula for this contribution. (For example as we
shall see in chapters 10 and 12, this actually happens in the case of the
Pauli equation and the Dirac equation.)

3.4 On the role of probability in the quantum theory

Thus far we have mainly been considering the individual particle. We shall
now discuss in more detail how the concept of probability is used in the
theory, in a suitable statistical ensemble.

Let us first note that the function P = R? has two interpretations,
one through the quantum potential and the other through the probability
density. It is our proposal that the more fundamental meaning of R (and
therefore indirectly of P) is that it determines the quantum potential. In
contradistinction to the usual interpretation its meaning as a probability is
only secondary. Its significance in this respect is that it gives the probability
for the particle to be at a certain position. Here we differ again from the
usual epistemological interpretations which suppose it is the probability
of finding a particle there in a suitable measurement. Indeed as will be
brought out in more detail in chapter 6, the measurement process itself has
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to be interpret?d as a particular application of the theory. This theory is
formulated basically in terms of what Bell [12] has called ‘beables’ rather
than of ‘observables’. These beables are assumed to have a reality that is
independent of being observed or known in any other way. The observables
therefore do not have a fundamental significance in our theory but rather
are treated as statistical functions of the beables that are involved in what
is currently called a measurement.

The above implies that |1/|? has no necessary relationship to probability.
That is to say, the two concepts are basically independent. It will be shown
in chapter 9, however, that under typical chaotic conditions that prevail
in most situations an arbitrary probability distribution, P, will approach
and remain equal to ||?, the latter being an equilibrium distribution. The
relationship between P and |¢|? is in this way seen to be contingent. We
will indeed discuss, for example, a possibility that P # ||? under certain
new kinds of conditions which could in principle ultimately be investigated,
even though P would be equal to [¢:|? in all those situations that we have
been thus far able to investigate. Moreover a stochastic model of the par-
ticle trajectories will also be given in chapter 9, which gives an additional
possible explanation of why P approaches |¢|2.

To illustrate these ideas let us consider a statistical ensemble of particles
in which the experimental situation is so arranged that all the particles have
the same wave function. In the usual interpretation, this situation is called
a pure state. (We discuss the mixed state in chapter 9.) As an example, we
may consider our previous discussion of the two slit experiment in which
electrons boil out of a hot filament and are then suitably selected to have
the same quantum field ¥ corresponding approximately to a plane wave
with a definite wave vector k incident on the slits. This is the process that
Dirac [13] calls the ‘preparation’ of the measurement (and for Bohr [14] it
is, of course, part of the experimental conditions).

Suppose then that electrons enter the system one-by-one. Each one will
have its own quantum field, but the forms of all these fields will be essen-
tially the same. However, the particles themselves will have a chaotically
varying distribution of initial positions with a probability P = [v]2. It
should be added that, as we shall show in chapter 9, there is no way to
control or predict these conditions even though the motion is determinate
in each individual case.

In the experiment under discussion, our ensemble of particles with the
same quantum field, ¥, will pass through the slit system to be detected at
the screen. Each individual result is determined by the initial conditions of
the corresponding particle. As we have already pointed out, such a particle
must pass through one slit or the other, but its motion is determined by
active information coming from quantum fields that have passed through
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both slits. Therefore particles can be kept away from certain points at
which they could have arrived if only one of the slits had been open. As
the results accumulate, one will then obtain the bunching of particles that
produces the interference pattern in the way that has been described.

To sum up then, the idea of probability that we have introduced here
is clearly not essentially different from that used in classical statistical en-
sembles. Thus in no sense is probability being regarded as a fundamental
concept. Rather the properties of the individual system are taken as pri-
mary, and probabilities are interpreted in terms of these. The main new
quantum properties of matter follow not from the use of the probability
theory, but rather from the qualitatively new features of the quantum po-
tential which, for example, imply a novel quantum wholeness such that
the behaviour of a particle may depend crucially on distant features of the
environment.

3.5 Stationary states

We shall now go on to show how our interpretation can be applied to
a number of specific examples which help to bring out the meaning of
this interpretation. We shall begin by considering stationary states. In a
stationary state the wave function oscillates harmonically with the time. It
can be written as

¥(z,t) = Yo(z) exp[—iEt/h]. (3.10)
The quantum Hamilton-Jacobi equation (3.8) becomes
E=(VS)?/2m+V +Q. (3.11)

Let us first consider an atom in an s-state. In this case the wave function
¥o(z) is real so that one can write S = 0. This implies that

p=0 and E=V+Q. (3.12)

The above result means that in an s-state the electron is at rest. This
may seem surprising, since classical physics leads us to expect a condition
of dynamical equilibrium for a state of definite energy as an explanation
of why the potential does not cause the particle to fall into the nucleus.
However, equation (3.12) shows that in terms of our interpretation, the
stability of this state arises from the fact that the quantum potential cancels
out the space variation of the classical potential leaving a constant energy
E that is independent of position.

It must be remembered, however, that we are interpreting the quantum
forces in terms of the new notion of active information that we have intro-
duced in the previous chapter. This information ‘informs’ the particle in
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its self-motion to contril?ute an acceleration —VQ/m which, in a stationary
state, balanc?s t:he classical acceleration —VV/m. The particle is therefore
able to remain in a fixed position and the reason it does not fall into the
nucleus is that this is prevented by the outward acceleration due to the
quantum potential.

There is no state more closely bound to the nucleus than the lowest
state. Indeed if we try to find one, we would discover that the repulsive
effect of the quantum potential would be much stronger than the attractive
effect of the classical potential. This explanation must be contrasted with
the one usually given which attributes the stability of the lowest state to a
kind of ‘pressure’ due to the randomn motion that is said to be implied by
the uncertainty principle [15).

More generally however, in a non-stationary state, the balance between
—VQ and —VV will not hold. Moreover if this system is coupled to one
with which it can exchange energy, then a transition is possible from one
stationary state to another. We shall discuss this process in chapter 5 where
it will be seen that the probability that the particle will arrive at the point
z is |¢(2)|?. In this way we understand how such a distribution of static
particles can arise.

Nevertheless one may ask how the stationary values of z are related to
what is implied by the usual interpretation for this case, i.e. the probability
of obtaining a certain momentum p in a measurement is |C,|> where C, is
the Fourier coefficient of the wave function. It will be shown, in fact, in
chapter 6 dealing with the theory of measurement according to our inter-
pretation, that if we measure the momentum of the particle in a stationary
state, the resulting disturbance will change the quantum field and cause the
particle to be accelerated by the quantum potential in a way that depends
on its initial location. The probability of obtaining a net momentum p in
this process will be shown to be just |Cp|2. This means that for this case we
have reproduced the results of the usual interpretation, but that we have
given a different account of the meaning of these results. In chapter 6 we
shall go into this question in more detail and show that our account of this
process is consistent.

Moreover if one is not aesthetically satisfied with this picture of a static
electron in a stationary state, one can go to the stochastic model given in
chapter 9. In this model the particle will have a random motion round an
average p = VS, and the net probability density in this random motion
comes out as P = |¢(z)|.

In principle all stationary state wave functions can be taken as real,
so that the above considerations apply. However, if the energy levels are
degenerate, it is possible to form stationary states that are complex linear

combinations of these real wave functions. As an example, let us consider
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the three p-states. In their real forms, the basic wave functions are

v = zf(r)/r
Y2 = yf(r)/r (3.13)
¢3 = z f(r)/ry

where r is the radial distance from the nucleus. From these we can form
linear combinations having a definite angular momentum in any direction
which may with sufficient generality be taken as that of z. The three
corresponding wave functions are then

vy = (z+1y) f(r)/r
Yo = z f(r)/r (3.14)
Y- = (z—1y) f(r)/r,

which represent, respectively, angular momentum projections in the z direc-
tion of +A, 0 and —A. The phases of these wave functions are respectively

S+ = ﬁ¢
S =0 (3.15)
S. = -—h¢

where ¢ is the polar angle round the z-axis. The particle momenta for these
phases are

p+ = ho/p
po =0 (3.16)
p- = —hd/p

where p is the radius in cylindrical polar coordinates around the z-axis.

Clearly the particle with z-component of angular momentum zero is at
rest. But p; and p_ correspond to motion in a circle around the :z-axis at
an arbitrary value of z, with angular momentum +A. (See figure 3.3.) The
velocity becomes infinite at p = 0, but as is well known the wave function
vanishes on this line so that there is no probability that a particie will be
there.

The energy is

E = (VS?2m+V(r)+Q
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E= -p—,_, +V(r)+ Q. (3.17)

In this case part of the energy h?/p? is kinetic, while the quantum potential
balances V(r) + h?/p? only in the directions of z and p.

We see then that by forming complex combinations of real stationary
state wave functions, we obtain situations in which some of the energy is
kinetic. In the case of a free particle, the two complex wave functions
corresponding to an energy E = h2k2/2m are exp(ik - z) and exp(—ik - z).
These correspond respectively to particle momenta p = hk and p = —hk.
This is an extreme case in which, as one can readily verify, the quantum
potential is zero and this is why all the energy is kinetic. To understand
our interpretation properly it is necessary therefore to keep in mind that
a part of what is thought of in classical intuition as kinetic energy is now
treated as an energy associated with the quantum potential.

3.6 Non-stationary states

The general wave function is built out of a linear combination of station-
ary state wave functions and represents a situation in which the quantum
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potential is changing with time. A typical case of such a situation is rep-
resented by a wave packet that moves with a certain mean velocity. Inside
this wave packet we consider an ensemble of possible positions of the par-
ticle. As an example, let us take the special case of Gaussian wave packet,
initially centred at o = 0 and with mean momentum zero.

Yo(z) /exp[—-k?(A:l:)2 + itk -z} dk. (3.18)
Each wave oscillates with frequency w = hk?/2m and so as a function of

time, we have

2 AN L hk?t
P(z,t) x /exp —k*(Az) + tkex —i—| dk. (3.19)

2m

The evaluation of this integral yields

iht 173 —22Az?
vt o [A’ M 2mAz] P { 4[Az* + K22 [4m?] }

{ (iht/2m)z?

X exp 3

4Az* + h*t2/m?
The above represents a wave packet which remains centred at the origin
but which spreads so that for large values of ¢, its width is

ht Apt
mAz m

} . (3:20)

~

This means that eventually the width of the packet corresponds to the
spread of distances covered by the particles which is in turn determined
by the spread of velocities which is equal to Av. What the usual picture
gives for this process is that there actually is an initial spread of velocities
Av = Ap/m which is implied by the uncertainty principle Ap ~ h/Az.
But in the causal interpretation, the velocity is always well defined at each
point. Its value is
v 10¢

m Oz
where ¢ is the phase of the wave function. Since

hz?t/2m

= 21
4Az4 + h°t2/m? (3-21)

we obtain

h? [ xt ]
v — | ————] .
m? |4Az4 + h*t2/m?
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It is clear then that the particles are accelerated from zero velocity, and for
large values of t the velocity is v = z/t. This acceleration is evidently a
result of the quantum potential which is

Q= _h_2V2R _ ﬁ_2 [ Az? 9Az?z?
T 2m R T m [4Az4 4 B2 m2 T (4Azt + B2 /m,),]. (3.22)

m

Evidently the quantum potential decreases as the wave packet spreads,
falling eventually to zero.

The picture is then that as the wave packet spreads, the particle gains
kinetic energy, the amount depending upon where it was initially in the
packet. This clearly denies the common idea to which we have already
alluded that the spread of velocities was there from the start and given
by the uncertainty principle. A similar situation was seen to arise in the
case of stationary states with real wave functions, where likewise we had
a zero velocity. The measurement process disturbed the system so that
the energy represented by the quantum potential was turned into kinetic
energy. However, the difference is that, in the case of the wave packet, we do
not need an external disturbance such as that produced by a measurement
process to initiate the acceleration of the particles.

3.7 Are energy and momentum conserved in non-stationary
states?

It is clear that in a non-stationary state, the amplitude of the wave function
R, and therefore the quantum potential associated with it, will be a function
of time. This evidently means that the energy of the particle, 35/9t, will
not be conserved in detail. It will however be conserved on the average as
can be seen by considering

_ 8S . [ .2[(vS)?, ., A VZR]
E-—/P(I)—a—tdx—/R [—2m—+V 2m—R dt.

Putting ¥ = Rexp(iS/h) in the above, we readily obtain
I h w72 .
E= [ |y V¥ + 9y V| dz.
2m

This is just the ordinary expression for the mean value of the Hamiltonian as
given in the usual interpretation. And, as is well known, this is conserved
as a consequence of Schrodinger’s equation. Moreover this is enough to
ensure that there will be conservation of energy in the classical limit where
we neglect Heisenberg’s uncertainty principle.



Even in the usual interpretation, energy need not be conserved in detail
when there is a wave packet. Rather the correct statement would be that
energy is conserved only within the range defined by Heisenberg’s principle,
i.e. only within the mean width, AE, of the wave packet. A similar situation
can be found in what are called virtual states in the usual interpretation.
These do not conserve the original energy, but in compensation they can
last only for a time h/AE where AE is the extent of non-conservation [16].

In our interpretation, however, the particle energy is definite but con-
stantly changing. Thus in the simple case of the Gaussian packet, we saw
that the energy of the particle changes monotonically. More generally, how-
ever, the motion will be more complex and the particle may be expected to
“jiggle’ in an irregular way. But whatever the motion, the range of variation
in the energy will generally be of the order of the mean width, AE, of the
packet. To see that this is so, let us write for the wave packet

—iEpt —1AFEt
=0 ] ZCAE’I)E-pAB(z)exP [ lh ]
AE

where Ej is the mean energy of the packet. Then

95 _ [6¢/6t
ot

W:exp[

E AECgYs4as(z)exp[—iAEL/R]
o+ Z : .
s 3" Cevesas(z)exp[-iAEL/R)
It is clear that on the average the time dependent part of 85/t will be of
the order of AE.

Our picture is then that each individual particle moves with an energy
close to the average Ey, and with changes of energy of the order of AF
(which may in general give rise to a complicated pattern of motion).

A similar treatment can be given for momentum, and one will find that
a wave packet, even for a free particle, undergoes corresponding changes
of momentum as well. However, on the whole these remain more or less
within the limits set by Heisenberg’s principle.

Where does this fluctuating energy and momentum come from? Evi-
dently it can be attributed to the quantum potential which is now a function
of time. But as we have seen earlier the quantum potential is implied by the
guidance condition, p = V.S, which, we recall, is to be interpreted as being
brought about by the activity of the information in the quantum field. The
energy and momentum then come from the self-movement of the particle
and, as we have suggested earlier, may ultimately originate in the vacuum
fluctuations. In such movement there is no intrinsic reason why energy and
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momentum should always be conserved. To be sure, this conservation holds
for an isolated system in the classical limit, but it also holds there in our
approach. Its failure to hold quantum mechanically is, as we have seen, of
exactly the order as it is in the usual interpretation. In our approach one
may however say that the electron viewed as a particle is never completely
isolated because it is always affected by the quantum field and possibly by
the vacuum fluctuations (so that the degree of isolation of any given system
is, in general, relative and limited). The energy of the particle is, in fact,
strictly conserved only in special cases, i.e. stationary states.

We must emphasise again that the one-body case is at best a simplifica-
tion and an abstraction. For example, in the case of the slits, the particle
may be strongly affected by the system through which it has gone, even
when it is far away. If we treat the slits and the electron as a single com-
bined system (as we shall show in chapter 4, section 4.2) it would then be
possible to regard the resulting many-body wave function as expressing a
direct nonlocal interaction between the electron and the slit (along lines to
be discussed in more detail in the next chapter). In this case the total mo-
mentum of the combined system would be conserved because the slit system
would take up the momentum lost by the particle. (This would evidently
also happen in the conventional interpretation (see Bohr [14]).) Since the
slit system is so heavy, its response would be negligible in comparison with
the statistical fluctuations of the momentum so that this transfer would not
show up in experiment.

Indeed whenever we abstract a system from a larger one, the wave
function will reflect the overall system from which the abstraction has been
taken. Therefore the goal of obtaining complete conservation for what we
have wrongly been calling an isolated system will prove to be unattainable.
For example, even if we take the slits and the electron as a combined system,
the incident quantum field would reflect the collimating slits and velocity
selectors which determined the beam incident on the slit system in question.
And so, because the quantum potential can be large even when the quantum
field is small, it follows that we will inevitably have non-conservation of both
energy and momentum resulting from the fact that complete isolation of
any quantum system is actually impossible.

This behaviour is reminiscent of Bohr’s argument mentioned in chap-
ter 2, namely that we cannot discuss the properties of a particular system
apart from the context of the entire experimental arrangement with the
aid of which these properties are observed. But of course, the difference is
that we have given a conceptual analysis that explains why all this hap-
pens, whereas for Bohr nothing more can be said that can go beyond the
description of the experimental phenomenon itself.
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Figure 3.4: Schematic AB effect

3.8 The Aharonov-Bohm effect

A particularly interesting application of our interpretation is to the Aharon-
ov-Bohm (AB) effect [17]. This effect demonstrates that a magnetic line
of flux can produce observable modifications of an electron interference
pattern, even though the electrons themselves never encounter a magnetic
field. This is often felt to be mysterious because it is generally assumed
that only the field B(z) is physically active and that the vector potential,
A, from which the field is derived via B = (V x A), has itself no further
physical significance beyond that of being a mathematical auxiliary in the
description of the field. If no magnetic field acts on the electrons how then
can the interference pattern be changed?

We now give a brief description of the experiment. An electron beam
from the source and collimating system, A, is incident on a beam splitter.
The two resulting beams go round a line of flux and are recombined to
meet again at a screen B, as shown in figure 3.4. When the flux is zero, a
certain interference pattern is obtained. But for a finite value of the flux,
this pattern is shifted. This shift was predicted from the quantum theory
and it has been verified experimentally [18].

The ordinary quantum mechanical treatment begins with the Schroding-
er equation for the case where there is an electromagnetic vector potential,
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A. This is 8y )

. . e ,\2

i = o (~inv - ZA) v.
The above equation has a property called gauge invariance. That is, if
we replace ¢ by ' explix(z)] and A by A’ + Vx(z) then we find that v’
satisfies the same Schrédinger equation with A replaced by A’. It is evident
that the magnetic field B = ¥V x A’ is not changed in this transformation.
Thus the vector potential is not fully defined by the fields, but may be
changed arbitrarily by a gauge transformation. It is for this reason that
the vector potential is regarded as a mathematical auxiliary rather than
a genuine physical concept. However, although A itself has no unique
physical definition, we note that

fA~dl=/VxA~da
c s

has a unique physical significance for it is not aflected by the gauge trans-
formation A = A’ + Vx because

fo-dl

vanishes. With a line of flux of strength ®, the vector potential is

é -
A= 27rr¢
where ¢ is the unit vector in the ¢-direction.

Since the magnetic field is zero outside the line of flux, it follows that A
should be derivable from a potential in this region. However, this potential
cannot be single valued or else the flux, ®, inside the circuit would have to
be zero. Let ) represent this potential. We have

fVA-dr:@.

This implies that there must be a cut somewhere in this space which we
are not allowed to cross so that in this restricted space, the potential A is
single valued. As long as we restrict ourselves in this way, we may write
Schrodinger’s equation as

A (—ihV - %V,\)2 "

If we make the gauge transformation ¥ = ¢’ explieA/c] we find that ¢’
satisfies the simple Schrddinger equation

i = 2

5 = om T Av R



We can therefore write for the actual solution

ieA(:)] .

[

Y= ¢’exp[

This means that the flux line will affect the phase of the solution by a
factor exp[ieA(z)/c]. In general A(z) will be different in the two beams and
when the two beams come together, the relative phases will therefore have
been altered by

Efv,\.dz-_-qu
C C

In this way we predict a fringe shift, which we cannot explain as long
as we believe that only the magnetic field can affect the electron. (The
above treatment is an approximation but an exact treatment gives the
same result [17].)

However, in our interpretation there can be additional quantum forces.
Indeed if we define the velocity as

P € 4= vs e

v=———A=——-——A

m mc m mc

we can show from Schrédinger’s equation that

m%—:mj—;’+m(v~V)v= %vx(VxA)—VQ
where Q is the quantum potential defined in the usual way as —(h%/2m)-
V2R/R. Evidently R is not altered by the gauge transformation which
affects only the phase and so Q is gauge invariant.

We see then that in general, in addition to the magnetic force, there is a
quantum force which is present even when the magnetic field is zero. This is
basically how the AB effect is to be explained. It is clear that @ will be large
only where R is changing rapidly. There will, of course, be a small quantum
potential at the edge of the beam, but the particle deflections due to this
correspond only to what is, in the usual interpretation, called diffraction of
the beam at its edges. The main variation of R will occur where the two
beams overlap to produce interference. Here the quantum potential will be
large; indeed it is just what is responsible for the interference (as we have
seen, for example, in the two slit experiment). The phase shift will then
alter the quantum potential in a significant way and this will explain the
origin in the shift in the interference pattern.

This pattern has been calculated for a case in which the beam is split
by a pair of slits with the line of magnetic flux in the geometric shadow
between them. The trajectories are shown in figure 3.5. One can see how
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Figure 3.5: Trajectories for the AB effect
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Figure 3.6: Quantum potential for the AB effect

the orbits are shifted so as to displace the net interference pattern. The
corresponding quantum potential is shown in figure 3.6 and can be seen to
be similarly shifted (compared with, for example, figure 3.1).

The above completes the explanation of the AB effect. However, it
should be noted that this explanation has an interesting further implication;
i.e. that the vector potential actually has a physical effect at the quantum
level. The vector potential enters into Schrédinger’s equation in such a way
as to alter the wave function and this leads to the corresponding force in
the acceleration of the particle. However, in the classical limit this effect
becomes negligible and here it may be said that the vector potential is
physically not effective. The mistake in the common way of talking about
this is the tacit assumption that the classical idea about the vector potential
also holds quantum mechanically.
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Chapter 4
The many-body system

We shall now go on to consider the many-body system in which we shall see,
in several striking ways, a further development of the difference between
the classical and quantum ontologies, along with new concepts that are
required for the latter.

4.1 The ontological interpretation of the many-body system

Let us begin by considering the two-body system. The wave function
Y (r1,7r2,t) satisfies the Schrodinger equation

., OY h?
ih—r = _2_m(v§+v§)+v]w (4.1)

where ¥V, and V, refer to particles 1 and 2 respectively. Writing ¢ =
Rexp(iS/h) and defining P = R? = y*¢ we obtain

2 2
85 . (ViS) | (V:8)

= 2
B 2 o +V+Q=0 4.2)
where . (V"’ Vz) R
__FM+VyR
Q= 2m R (43)
and op
] + YV, - (PV1S/m)+ V4 - (PV,S5/m) = 0. (44)

As in the case of the one-body system, equation (4.2) can be interpreted
as the quantum Hamilton-Jacobi equation with the momenta of the two
particles being respectively

P, =V,S and p, = VaS. (45)
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The above is evidently an extension of the guidance relationship for the two-
body system. It implies that the particles are guided in a correlated way.
To see the significance of this correlation, one can consider the quantum po-
tential, @, which follows from the assumption that ¥ satisfies Schrédinger’s
equation.

As can be seen from equation (4.3), this potential contains R both in
the denominator and the numerator, so that it does not necessarily fall
off with the distance. We have already seen that for the one-body system
this means that the particle can depend strongly on distant features of the
environment. In the two-body system we can have a similar dependence
on the environment, but in addition, the two particles can also be strongly
coupled at long distances. Their interaction can therefore be described
as nonlocal. This is the first of the new concepts implied by the causal
interpretation that comes out in the many-body case.

Going on to the N-body system, we would obtain in a similar way

Q=Q(r,7z,...,7n,1)

so that the behaviour of each particle may depend nonlocally on the con-
figuration of all the others, no matter how far away they may be.

As in the one-body case, we may take P = R? as the probability den-
sity, but this now is in the configuration space of all the particles. The
Schrodinger equation will imply the conservation of this probability (see
equation (4.4)). Therefore if P = R? initially, this will hold for all time.
And as explained for the one-body case, if P # R? initially, typical chaotic
movements will bring about P = R? in the long run as an equilibrium
distribution (as we will show in detail in chapter 9).

For several centuries, there has been a strong feeling that nonlocal the-
ories are not acceptable in physics. It is well known, for example, that
Newton felt very uneasy about action-at-a-distance [1] and that Einstein
regarded it as ‘spooky’ [2]. One can understand this feeling, but if one
reflects deeply and seriously on this subject one can see nothing basically
irrational about such an idea. Rather it seems to be most reasonable to
keep an open mind on the subject and therefore allow oneself to explore
this possibility. If the price of avoiding nonlocality is to make an intuitive
explanation impossible, one has to ask whether the cost is not too great.

The only serious objection we can see to nonlocality is that, at first
sight, it does not seem to be compatible with relativity, because nonlocal
connections in general would allow a transmission of signals faster than
the speed of light. In later chapters we extend the causal interpretation
to a relativistic context and show that although nonlocality is still present,
it does not introduce any inconsistencies into the theory, e.g. it does not



58 The undivided universe

imply that we can use the quantum potential to transmit a signal faster
than light.

While nonlocality as described above is an important new feature of
the quantum theory, there is yet another new feature that implies an even
more radical departure from the classical ontology, to which little attention
has generally been paid thus far. This is that the quantum potential, @,
depends on the ‘quantum state’ of the whole system in a way that cannot
be defined simply as a pre-assigned interaction between all the particles.

To illustrate what this means, we may consider the example of the
hydrogen atom, whose wave function is a product of f(z), where z is the
centre-of-mass coordinate, and g(r) where r is the relative coordinate

¥ = f(z)g(r).

The quantum potential will contain a term representing the interaction of
electron and proton
Q=M V%)

2p g(r)

where u is the reduced mass of the electron.

In the s-state, Q is a function only of r itself, while with a linear com-
bination of s- and p-wave functions it is easily shown to depend on the
relative angles, 6 and ¢, as well. Evidently, it is impossible to find a single
pre-assigned function of r, which would simultaneously represent the inter-
action of electron and proton in both s- and p-states. And, of course, the
problem would be still more sharply expressed if we brought in all the other
states (d, f, etc.).

The relationship between parts of a system described above implies a
new quality of wholeness of the entire system going beyond anything that
can be specified solely in terms of the actual spatial relationships of all
the particles. This is indeed the feature which makes the quantum theory
go beyond mechanism of any kind. For it is the essence of mechanism
to say that basic reality consists of the parts of a system which are in
a preassigned interaction. The concept of the whole, then, has only a
secondary significance, in the sense that it is only a way of looking at
certain overall aspects of what is in reality the behaviour of the parts. In
our interpretation of the quantum theory, we see that the interaction of
parts is determined by something that cannot be described solely in terms
of these parts and their preassigned interrelationships. Rather it depends
on the many-body wave function (which, in the usual interpretation, is
said to determine the quantum state of the system). This many-body wave
function evolves according to Schrodinger’s equation. Something with this
kind of dynamical significance that refers directly to the whole system is







