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Three independent arguments are given for the conclusion that the distinction
between quantum fluctuations and real statistical fluctuations in the state of a
system will not be maintained in a theory that gives a correct description of
phenomena in which quantum and gravitational effects are both important. As
this distinction is absolute in terms of the orthodox interpretation of the quantum
state something in either the interpretation of the quantum state or the interpreta-
tion of the thermodynamic state will have to be altered to construct a theory
which describes both quantum and gravitational phenomena. I propose that we
pursue the simplest possibility, which is to adopt the statistical interpretation of
the wave function in which quantum fluctuations are understood to be ordinary
statistical fluctuations in an ensemble of individual physical systems.

1. INTRODUCTION

Among the interpretations of quantum mechanics which have been
proposed in the last 60 years are some which might be termed dogmatic,
and some which might be termed provisional. In the first category are those
interpretations the assertion of which requires that quantum mechanics be
the final physical theory. The chief reason for an interpretation to be in this
category is that it includes the assertion that a state vector in Hilbert space
gives the complete description of an individual physical system. Examples
of interpretations which fall in this category are Bohr’s interpretation (Bohr,
1934; von Neumann, 1955) and the many-worlds interpretation (Everett,
1957; DeWitt and Graham, 1973).

Provisional interpretations, on the other hand, are those that allow us
to compare calculations done in the quantum theory with experiment,
without requiring any assertion as to the ultimate validity of the Hilbert
space formalism as a complete description of physics. As every interpretation
includes some prescription for connecting calculation with experiment, and
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as this prescription cannot depend on metaphysical assertions, every dog-
matic interpretation has a weak form which is provisional. For example, in
the case of Bohr’s interpretation the weak form is the set of rules, deriving
from the canonical commutation relations and the uncertainty principle,
which govern what question can and cannot be asked in quantum mechanics.
(Indeed, it is this, and not the much more radical epistemology of Bohr,
which is usually taught in textbooks under the name of the standard or
Copenhagen interpretation.) Weak forms of the many-worlds interpretation
which are not dogmatic have been proposed by Geroch (1984) and the
author (Smolin, 1984a).

In addition there are interpretations which to begin with are provisional.
Among these is the statistical interpretation, which asserts that the state
function describes a statistical ensemble of similarly prepared systems
(Ballentine, 1970). As the statistical predictions of quantum mechanics can
only be checked against measurements made on such ensembles, this asser-
tion cannot be in contradiction with any experiment which is taken as a
confirmation of quantum theory. At the same time, this interpretation will
remain viable, whatever the future holds for quantum mechanics as a
fundamental theory.

What has all this got to do with quantum gravity? One might suppose
that the question of the interpretation of quantum mechanics is completely
irrelevant to the effort to unify quantum mechanics with general relativity.
Certainly, an increasing number of phenomena have been incorporated into
the quantum theory without there being the slightest effect on the problem
of the interpretation of quantum mechanics. However, there are two features
of gravitational theory which distinguish it from the theories of other
interactions, which make it possible that the effort to quantize gravity may
become entangled with the muddle concerning the interpretation of quantum
mechanics.

First, both general relativity and quantum mechanics are what Einstein
called theories of principle (Einstein, 1949). By a theory of principle, he
meant a theory which governs, not just some particular phenomena, but
the framework into which any theory of any given phenomena must fit, if
it is to be sensible. Theories of principle have the feature that they cannot
be true if they apply to certain phenomena and not to others. This is because
it can be shown that if there are some particles or fields to which they do
not apply which interact with some to which they do apply, then one can
construct contradictions of the theory’s basic principles. This is known to
be the case for both general relativity and quantum mechanics.

When we have a confrontation between two theories of principle, as
we do in the attempt to quantize gravity, one of several things may happen.
It may turn out that one or another of the two theories is found not to be
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universally applicable, so that it must suffer modification before it can be
inserted in the universal framework provided by the other. It may turn out
that neither is universally applicable, so that the unified theory that joins
them requires important modification in the principles of each. Or, finally,
it may turn out that the principles of both theory are not in conflict, so that
they can be joined essentially without modification.

It is clear that if quantum mechanics is found not to have universal
validity, the dogmatic interpretations will fail. However, even if general
relativity is brought into quantum theory in a way that does not require
modification of the axioms of quantum mechanics, the result may still be
that some of the dogmatic interpretations of quantum mechanics are no
longer applicable to the resulting theory. _

This is because of the peculiar situation that general relativity includes
in its domain cosmology. Any successful unification of general relativity
with quantum mechanics should give us quantum descriptions of those
space-times which are asserted to be models for the entire universe. However,
this comes into conflict with the separation, required by some interpretations
of quantum mechanics, between the system which is being studied, and the
observer and measuring apparatus. A successful prediction from quantum
cosmology, for example concerning the distribution or constitution of the
galaxies (Hartle and Hawking, 1983; Hawking, 1984), will put severe strain
on the dogmatic elements of Bohr’s interpretation. This is the second reason
that we might suspect that the problems of quantum gravity and the interpre-
tation of quantum mechanics to have something to do with each other.

To put the point slightly differently, there are two ways in which the
problems of the interpretation of quantum mechanics might conceivably
be resolved. The first is by progress in philosophy, so that one of the
interpretations is shown, by some sort of philosophical argument, to be
clearly superior to the others (for example by showing that it is the only
one which is sensible). The other is by progress in physics, by which I mean
the discovery that certain phenomena cannot be understood without modify-
ing the quantum theory.

Clearly this first possibility is our only option if it turns out that there
are no phenomena for which the quantum theory does not provide a
complete description. If this is indeed the case then we are left in the
situation of having to choose between the various radical modifications in
our naive ontological or epistemological views which have been offered by
the proponents of dogmatic interpretations of quantum mechanics. If none
of these are appealing, our only hope lies in the second option, which is
that developments in physics will require a modification in physical theory
which will release us from the obligation to give a final interpretation to
quantum theory.



218 Smolin

It is the purpose of this paper to argue that the second possibility may
be in the process of being realized, and that the phenomena whose explana-
tion will require a modification in the quantum theory is in fact gravitation.
I will argue that several examples which have been studied recently of
systems involving both gravitational and quantum effects point to the
breakdown of a distinction which is crucial for the dogmatic interpretations
of quantum mechanics. This is the distinction between quantum fluctuations
and ordinary statistical fluctuations. I will argue that what these examples
point to is that this distinction can only be made unambiguously in the
absence of a gravitational field, and in that case, only from the point of
view of certain preferred observers. If this is the case then to bring together
gravitation and quantum theory we need a generalized notion of a statistical
state which can encompass both the pure quantum state and the ordinary
statistical ensemble. I will then argue that the only simple way to do this
is to accept the statistical interpretation of the wave function, so that the
quantum state corresponds to a real ensemble of physical systems, just as
does the ordinary thermal ensemble, and such that the quantum fluctuations
are ordinary statistical fluctuations.

Of course, given a breakdown in the distinction between the quantum
and the thermal ensemble, this may not be the only possibility. (It is,
however, the only sensible one I know of at present.) But what is certain
is that if this is the case it will not be possible to maintain that the quantum
state gives a complete description of an individual system. That is, unless
one is willing to make a similar assertion for the thermal ensemble; however,
such an assertion would be demonstrably false. But if this can no longer
be maintained then the dogmatic interpretations of quantum mechanics
loose their appeal. For, as physicists, we are not likely to be satisfied with
a fundamental theory that we know does not give a complete description
of an individual system.

In the following sections I will discuss three arguments based on
examples involving gravity which lead to the conclusion that quantum
fluctuations must be considered to be ordinary statistical fluctuations. These
are {1) the mixing of quantum and thermal effects under general coordinate
transformations, (2) the evolution from pure to mixed states in black hole
evaporation, and (3) the impossibility of distinguishing experimentally
between quantum and statistical fluctuations of gravitational radiation.

However, before turning to these arguments I need to consider two
points to avoid some possible misreadings of my intentions in these argu-
ments. First of all, the examples that I will give are based on calculations
which have been done in quantum field theory. The reader might then ask,
how is it that calculations done within the quantum theory can be used as
the basis of an argument asserting limits to the validity of the quantum
theory? Is there not a risk of a contradiction here?
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There is not, and to understand why one must appreciate an important
fact, which is that quantum field theory, as presently formulated, is not
generally covariant. While certain features of the theory, such as the
Lagrangians which are used to specify the dynamics, are generally covariant,
the definition of the vacuum state, and the related demarcation of particle
and antiparticle states, depends on a preferred choice of a time coordinate.
{The reason for this is discussed in the next section.) It turns out that this
does not matter for special relativity, because these definitions are invariant
under transformations between inertial observers in Minkowski space-time.
But they are not invariant under any wider group of transformations in
Minkowski space-time; further, in a general space-time there are no
transformations under which these definitions are invariant.

How then can we do any computations involving both quantum effects
and general relativity? The reason is that in Minkowski space-time we use
a particular preferred set of time coordinates—those belonging to inertial
observers. As we will discuss later, that we do this is an assumption, one
which is made to get agreement with experiment. It does not follow from
any other presently known physical principles. However, this lets us compute
physical quantities both in Minkowski space-time, and in space-times which
have an asymptotic region which is asymptotically flat.

The point is that the ability to carry out calculations in these special
cases may give us the ability to describe the behavior of some special
systems, but it does not give us what we require for a complete unification
of general relativity with quantum mechanics. This would be a completely
generally covariant formulation of quantum field theory, one that does not
refer to any preferred classes of observers and which thus aliows us to
compute unambiguously the behavior of quantum systems in the absence
of preferred time coordinates.

The question we are concerned with in this paper is how quantum
mechanics may be extended in a way which satisfies both of these require-
ments. In examining this question we may use what we have learned from
calculations making use of a preferred time coordinate, as long as we have
some reason to believe that the result is physically correct. This will be the
case if there is in fact some physical reason, such as a symmetry of the
space-time geometry, which makes the preferred time coordinate special,
so that we may expect that a generally covariant formalism would give the
same results.

The second point is that I want to avoid the misimpression that I am
claiming that there are no important distinctions between quantum fluctu-
ations and ordinary statistical fluctuations. That there are is evidenced by
the striking differences which are seen in the behavior of quantum and
thermal systems. Here again we have two choices. If we assert that the
quantum state gives the complete description of an individual system then
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the distinction is being made dogmatically, and as a result the differences
between quantum and thermal systems are explained only by certain features
of the quantum mechanical formalism, for example by the linearity of the
Hilbert space representation. In this sense the differences are not explained.

On the other hand, if one regards the quantum state as a physical state
describing an ensemble of systems then the striking features of the behavior
of quantum fluctuations require explanation in physical terms. We want to
ask, what physical processes could possibly give rise to fluctuations which
display these peculiar properties?

That question is explored in two papers, the contents of which are
closely related to this one. In one of them, the features which distinguish
quantum fluctuations from more familiar statistical fluctuations are formu-
lated in a way which suggests that gravitation may be intimately involved
in whatever subquantum physics it is which is responsible for giving rise
to the peculiar features of quantum phenomena (Smolin, 1982; the present
paper is a revision of Chapter 3 of the original version of thi3 reference).
In the second, the question is explored through an examination of the
postulates which go into Nelson’s derivation of the Schrodinger equation
from the theory of Brownian motion (Smolin, 1985; this is a revision of
Chapter 3 of the original version of this reference).

2. THE MIXING OF QUANTUM AND THERMAL FLUCTUATIONS
UNDER GENERAL COORDINATE TRANSFORMATIONS

Even in the absence of gravitational fields there is no generally coordin-
ate invariant distinction between the quantum and thermal fluctuations of
field quantities (Unruh, 1976; DeWitt, 1975; Fulling, 1973; Sanchez, 1979,
1981, 19 ; Sciama, 19 ; Sciama et al., 1981; Ashtekar and Geroch, 1974;
Ashtekar and Magnon, 1975). This is perhaps best illustrated in terms of
the well-known example of an accelerating detector in the presence of the
ordinary Poincaré invariant vacuum state |[M) of a quantum field in Mink-
owski space (Unruh, 1976). One can consider this physical situation from
the point of view of any number of coordinate systems and the result will
always be the same: the detector is excited to a temperature of

T, = hg/2wc

The explanation for this effect, however, differs with the choice of
coordinates.

If we choose to decompose the field with respect to annihilation and
creation operators based on an inertial time coordinate the Minkowski
vacuum | M) is found to be a state with no particles present. However, as
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was shown in a beautiful paper by Sciama (Sciama, 19 ), the excitation
of the detector, from this point of view, can be understood in terms of the
interactions of the quantum fluctuations of the dynamical variables for the
detector with the ground state quantum fluctuations of the field variables.
When the detector is moving inertially the decomposition of the quantum
fluctuations into positive and negative frequency components with respect
to the proper time of the detector agrees with the decomposition in terms
of which the state of the field is being described. Thus, although the quantum
fluctuations of the detector interact with the quantum fluctuations of the
field, no net energy is exchanged between the detector and the field. This
is because the ground state fluctuations consist equally of positive and
negative frequency modes and both systems agree as to the distinction
between them. However, when the detector moves noninertially the two
definitions of positive and negative frequency no longer agree and the result
is that the detector is excited. The important point is that this explanation
for the excitation of the detector relies entirely on the interaction of the
detector with the virtual quantum fluctuations in the vacuum state of the
field.

But we can also describe the same physical situation in terms of a set
of coordinates which are comoving with the accelerated detector. The
simplest of these is the Rindler coordinate system, which is defined in terms
of a set of uniformly accelerating clocks, whose motion is synchronized by
demanding that they all share the same definition of simultaneity as our
accelerating detector. From the point of view of a mode decomposition of
the field made in terms of the Rindler coordinates, the Minkowski vacuum
state |M) consists of a thermal distribution of quanta in equilibrium with
a gravitational field with a temperature proportional to the local acceleration.
Thus, in terms of these coordinates, the accelerating detector is at rest in a
heat bath at temperature T, and, as a result of its interactions with the
quanta in the heat bath, it comes to equilibrium excited to a thermal spectrum
at this temperature. Note that from the point of view of the Rindler
coordinate system the excitation of the detector is described purely in
terms of its interaction with the quanta of the heat bath, that is, entirely
in terms of the effects of thermal fluctuations. Quantum fluctuations play
no role.

Of course, these are only the two extremes in a multitude of possibilities.
One might describe the situation from the point of view of a different set
of Rindler coordinates, with respect to which the accelerated detector is
not at rest. In terms of these coordinates the detector is now accelerating
through a thermal bath in a static gravitational field, and the excitation of
the detector is attributed to a combination of quantum and thermal effects.
Another class of examples that one might pick are coordinate systems that
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agree with the Rindler coordinates in the region of interest, but differ from
them in the region of the Rindler horizon, in such a way that these new
coordinates may be extended in a nonsingular fashion to cover all of
Minkowski space-time. Very general classes of such coordinate systems
have been studied by Sanchez (1979, 1981, 19 ). One finds that in the
region of the accelerated detector the Minkowski vacuum has exactly the
same interpretation as in Rindler coordinates, it is a bath of particles in
local thermodynamic equilibrium at temperature T, in a static gravitational
field, and the detector is excited as in the Rindler case. This makes it clear
that the existence of the horizon and the incompleteness of the Rindler
coordinates have nothing to do with the phenomena of the excitation of
the detector.

More generally, given a decomposition of the field modes in terms of
any coordinate system on Minkowski space-time the excitation of the
detector will be ascribed in a completely coordinate-dependent fashion to
some combination of quantum and thermal effects. But the physical result
will always be the same.

Now in a situation like this, in which the phenomenon is coordinate
independent but the explanation is coordinate dependent, we would like
to try to understand the phenomenon in terms of coordinate-independent
concepts, for any distinction between two effects that is dependent only on
the choice of coordinates must not have any fundamental significance. If
two kinds of phenomena are found to transform into each other under
coordinate transformation then the two phenomena must be only two aspects
of a single phenomenon, as in the case of electric and magnetic fields
(Einstein, 1905/1916). As such, there should exist a coordinate-independent
description of the phenomenon in question. Furthermore, if we want to
describe quantum phenomena in the presence of arbitrary gravitational
fields, there are no preferred coordinate systems, and we must learn to both
speak about the phenomenon in question and to compute in a coordinate
invariant manner.

If we are then to formulate quantum field theory in a coordinate
invariant manner, then to begin with there will have to be some coordinate
invariant extension of the concept of a state function. The behavior of fields
in these invariantly specified state functions will exhibit fluctuations, but
whether these fluctuations are virtual quantum fluctuations or statistically
thermal fluctuations will not be a question which has physical meaning
without the imposition from outside the system in question of a particular
(and arbitrary) choice of coordinates. Thus, any absolute distinction drawn
between quantum and thermal effects cannot refer to any actual distinction
in nature, but will only be a property of a particular description based on
some choice of coordinates.
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Thus, in order to do quantum mechanics in the presence of arbitrary
gravitational fields we shall need to invent a coordinate-independent concept
that transcends the distinction between virtual quantum fluctuations of a
quantum state and statistical fluctuations of a thermal state. How are we
to do this?

Given the standard interpretation of quantum mechanics (Bohr, 1934,
von Neumann, 1955; for a review of the problem of the interpretation of
gquantum mechanics, including references, see Jammer, 1974), in which the
quantum state is supposed to be the complete description of an individual
system, it is very difficult to see how this could be possible. For how could
a virtual fluctuation in the description of an individual system be transfor-
med, by a mere relabeling of coordinates, into a statistical fluctuation in a
thermodynamic ensemble of physical systems?

This conceptual barrier is overcome if one adopts instead the view that
the quantum state function, like the thermodynamic ensemble, corresponds
to an ensemble of similarly prepared systems so that the quantum fluctu-
ations are, like thermal fluctuations, real statistical fluctuations in the phy-
sical state of the system (Ballentine, 1970; Einstein, 1949; Jammer, 1974;
Einstein et al., 1935; Bohm, 1952). For if quantum and thermal fluctuations
are both real fluctuations in the physical state of the system then the
distinction between thermal and quantum fluctuations is not a distinction
between different kinds of objects, but only a question of which fluctuations,
from the point of view of a specific observer, have a dissipative effect, and
which do not. In the absence of a gravitational field and in the absence of
a real thermal bath of particles one can choose a state of motion for the
observer, from the point of which all fluctuations are nondissipative. These
are then called quantum fluctuations, the definition of which might be
fluctuations that in spite of their random character do not disorder. From
the point of view of a different observer these same fluctuations act dissipa-
tively, and thus are classified as thermal fluctuations. In the absence of a
gravitational field but in the presence of a real thermal bath of particles an
accelerated observer may see all of the fluctuations to be dissipative and
hence classify them as thermal. But an inertial observer will see some of
them as dissipative and some of them as nondissipative and will hence say
that he or she is in the presence of both a vacuum state and a real bath of
particles. Indeed this could be an operational definition of the distinction
between the vacuum state and real particle states in the absence of gravita-
tional fields. If one can choose an observer such that all of the fluctuations
are seen to act nondissipatively then one is in the presence of the vacuum
state. If there is no state of motion for the observer which eliminates the
dissipative effects of the fluctuations, then those fluctuations (in the absence
of gravitational fields) correspond to a thermal bath of real particles.
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It is very interesting to wonder if there is from this point of view the
possibility of a solution to the problem of the cosmological constant, which
may be thought of as the question of why the gravitational field does not
couple to vacuum fluctuations. Perhaps when we understand the relationship
between the gravitational field and quantum fluctuations it will turn out
that the gravitational field can only respond to fluctuations whose dissipative
effect cannot be transformed away locally. To see that this is not so crazy
consider that from this point of view what we have to understand the
relationship between quantum and gravitational phenomena is why there
is a source of universal noise in the evolution of local dynamical variables
whose dissipative effects can be transformed away locally by the choice of
a preferred class of motions, and, further, why this preferred class of motions
is always the same preferred class in which the local effects of the gravita-
tional field can be transformed away. It is perhaps not surprising that if
the defining character of quantum fluctuations is that certain of their effects
can be transformed away by going to the inertial frames, the quantum
fluctuations do not couple to the gravitational field, whose defining charac-
teristic is that certain of its effects can be transformed away by going to
those same inertial frames.

Indeed, there is a very close analogy between making the distinction
between quantum and thermal effects dependent on whether their effects
can or cannot be transformed away by going to a preferred class of observers
and the fact that the distinction between gravitational and inertial effects,
which in terms of an arbitrary observer has no definite meaning, is made
in terms of the fact that locally the gravitational effects can be transformed
away by going to a preferred class of observers, while the inertial effects
cannot. Indeed, if we now consider the case where gravitational fields are
present it is clear that only for quantum fluctuations which occur on a scale
that is small compared to the local radius of curvature will it be possible
to transform away their dissipative effects. In other words in the presence
of a real gravitational field it is precisely for those phenomena that occur
on a scale such that the effect of the gravitational field cannot be transformed
away that it will be impossible, by any choice of coordinates, to make a
distinction between quantum and thermal effects.

Here, then are a number of reasons to take the view that quantum
fluctuations are statistical fluctuations. First, it makes it possible to overcome
the conceptual barriers to the construction of a generally covariant quantum
field theory. Second, one has a new point of view towards the problem of
the relationship between quantum and gravitational phenomena that was
not available to us before. From this new point of view we can see new
ways in which old and difficult problems, like the problem of the cosmologi-
cal constant, might be solved. Third, this new point of view opens up new
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questions that may lie at the heart of the relationship between quantum
and gravitational phenomena that we would not have asked before. For if
this point of view is accepted the most interesting question concerning the
relationship between quantum and gravitational phenomena is then: What
is the connection between quantum and gravitational phenomena such that
the relevant choices of preferred frames in each of the cases are necessarily
the same?

Clearly quantum mechanics cannot answer this question because in
quantum mechanics the relationship between the definition of the vacuum
and the principle of inertia is put in by hand. There are infinitude of different
assumptions one might make, for example, any of those considered by
Sanchez (1979, 1981, 19 ). Thus, here is still another reason to prefer this
point of view: because, once it is accepted, the problem of quantum gravity
is not a technical problem of fitting two old theories together but is a
problem in which new questions challenge us to invent new ideas with
which to construct a new theory.

3. THE EVOLUTION FROM PURE TO MIXED STATES IN
BLACK HOLE EVAPORATION

The observaticn that unitary deterministic evolution of pure quantum
states might break down during the course of black hole evaporation
(Hawking, 1974, 1975) was first made by Steven Hawking in 1976 (Hawking,
1976). Since that time a great many arguments have been made, both for
and against this conclusion. While Hawking’s argument is rather compelling
it cannot be considered definitive, as it depends on certain assumptions
about processes which take place at Planck scales, during the last stages of
black hole evaporation. In the absence of a good quantum theory of gravity
we cannot be sure of what really does go on at these scales, thus the argument
concerning the loss of information during black hole evaporation is unlikely
to be definitively resolved soon.

I will assume that the reader is familiar with the original discussions
concerning this problem, by Hawking (Hawking, 1976) and others. This
section will then be devoted to a consideration of the implications for the
foundations of quantum mechanics, given the assumption that Hawking’s
original argument is correct. However, before turning to this discussion I
will mention two points in favor of Hawking’s conclusion, which are not,
to my knowledge, in the literature.

*Perhaps the best argument for loss of information in the literature is contained in a paper
by Wald (1984).
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3.1. Comments Regarding the Conjecture of Loss of Coherence in
Black Hole Evaporation

While some scenarios have been suggested in which information is not
lost in black hole evaporation, what has never been done is to show that
these scenarios are plausible, given some reasonable assumptions about the
effects of quantum gravitational effects on the evolution of black holes.
While this is not the place for a full discussion of this matter, it is perhaps
appropriate to indicate here why this may be a difficult thing to accomplish.

We may begin with the observation that it seems very likely that if a
quantum theory of gravity is to avoid the loss of information in black hole
evaporation, then, in that theory, quantum effects must eliminate the singu-
larity in the center of the black hole, replacing it with some stable structure
which can store an arbitrary amount of information, using an arbitrarily
small amount of energy, as measured asymptotically outside the black hole.
While it is not known whether there exists some quantum theory of gravity
which can accomplish this, it is known that semiclassical quantum effects
are not strong enough to eliminate singularities (Fischetti et al., 1979; Hartle
and Hu, 1979, 1980a, 1980b). These semiclassical effects are dominated, in
the limit of short distances, by dimension-four operators, as is, in fact, to
be expected of the short distance behavior of any quantum field theory
defined through a process of renormalization in four dimensions. Thus, it
may be argued that if there is a quantum theory of gravity which eliminates
singularities its high-energy behavior must be very different from that given
by the dimension-four operators. Thus, we learn that if a quantum theory
of gravity is going to eliminate singularities and thus avoid the loss of
information in black hole evaporation, it is very likely to have a short
distance behavior which is very different from that of a conventional
quantum field theory.’

A second difficulty which must be faced is that in any scenario which
saves the quantum state in black hole evaporation the relevance of the
Hawking entropy for the thermodynamic and statistical mechanical proper-
ties of a black hole becomes doubtful. Since the entropy of an object is, by

One is then tempted to consider whether a string formulation of quantum gravity might
resolve the problem of the loss of information. This problem has been considered in Bowick
et al. (1985), using some interesting facts which have been discovered concerning the statistical
mechanics of the higher string excitations Bowick and Wijewardhana (1985). The conclusion
is that the higher string states may play a role in the last stages of black hole evaporation,
but only if loss of information has occurred so that the Hawking entropy is in fact the true
entropy which governs the statistical mechanics of the situation when the black hole
approaches the Planck scale. If loss of information has not occurred the excited modes of
the string will have vanishingly small entropy compared to the true entropy of the black hole
remnant, and will not play an important role.
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statistical mechanics, supposed to be the logarithm of the number of quan-
tum states accessible to the system, given fixed values of the macroscopic
parameters, it is also a measure of the amount of information that could
be stored in the object. However, the Hawking entropy, being related to
the area of the black hole, decreases as the black hole evaporates. Thus, as
measured by the Hawking entropy, the amount of information which could
be contained in a black hole decreases as the black hole evaporates.

Let us consider, for example, a black hole, originally. of mass M »
Mplanck, Which has, by some time, ¢, evaporated to a much smaller mass m
which is perhaps 1000 Planck masses. The remaining mass of the black hole
has gone into thermal radiation, which has, at this time, an entropy of the
order of 47(M —m)*. Now, in order to restore a pure state, we need an
amount of information equal to this value. This information is known to
be contained in the phase correlations which exist between the photons
which escape to infinity to make up the Hawking radiation and the photons
which fell into the black hole. Since these photons are paired, so that the
correlations exist between the members of each pair, if the pure state is to
be restored by the specification of this phase information, it must be that
there is one photon with an undetermined phase inside the black hole for
each one in the Hawking radiation. Thus, if it is possible to restore the pure
state the entropy of the black hole must contain a term which counts this
undetermined phase information, which will be of the order of 4= (M — m)>.
However, by the time t the Hawking entropy of the black hole is much
smaller than this.

Another way to put this is that the black hole must contain an amount
of information in its external structure which is equal to its true entropy.
In order to store the amount of information which is required to specify
the missing phase information of the photons that fell in the black hole at
time ¢ must have at least exp[47(M — m)*] different possible internal states,
which are compatible with its value of mass, charge, and angular momentum.
But, if the Hawking entropy is a real statistical entropy the number of such
states is only exp[4mm?], which is enormously fewer.

Thus, if information is not lost during black hole evaporation, the
Hawking entropy is not the true entropy of a black hole. If this is the case
the true entropy of a black hole is a quantity which is not determined by
the properties of a black hole which can be measured from outside the
hole. Instead, it depends on the details of the history of the black hole. For
example, two Schwarzchild black holes of a given mass m, one of which
was just formed at that mass, the other of which was originally much larger,
but reached this mass through an evaporation process, would have equal
Hawking entropies, but very different true entropies. If we put one of these
black holes in a box with radiation, the Hawking entropy would be relevant
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only for thermodynamic processes on scales short compared to the evapor-
ation time, f, = tpjanec™°/ M piana. The nature of the thermodynamic equili-
brium which would be reached after an arbitrarily long time would be
governed by the true entropy and not the Hawking entropy.

It must be stressed that there is nothing in this possibility which is
inconsistent with what we know presently. However, what we learn from
these considerations is that one of the prices of insisting that information
is not lost in black hole evaporation must be that the true thermodynamic
properties of a black hcle, given to us at some unknown time during its
history, cannot be determined by any observations made outside of its
horizon.

3.2. Consequences of the Loss of Information During
Black Hole Evaporation

In the following, we will assume that information really is lost during
black hole evaporation, and turn to a discussion of the consequences of
this for physics.

At first sight it seems that the loss of phase information during black
hole evaporation need not entail any radical modification of quantum theory.
For example we may follow the suggestion of Hawking and replace the
notion of the deterministic evolution of the pure state by a notion of
deterministic evolution of density matrices (Hawking, 1976). On a formal
level it is perfectly possible to proceed in this direction, but let us examine
a little more closely just what this means for our understanding of physics.

First of all, before we become too entangled in formal developments,
we should remind ourselves that an individual physical system is never in
a mixed state. In this respect ““state” is rather a misnomer, for what a mixed
state corresponds to is not anything in the physical world but, rather an
ensemble of distinct physical states in which the physical system in question
might be found. In making up the mixed state these states are weighed by
probabilities which reflect nothing in the real world but rather indicate our
state of knowledge and ignorance about the world.

The reader may think that the above belabors the obvious; however,
the point is that by accepting a proposal for a dynamics of mixed states we
are renouncing, in a way that quantum mechanics does not, the two claims
that physics can give a complete specification of the state of an individual
system and that physics can give us a deterministic evolution for the states
of individual systems. Quantum mechanics, although it gives only a prob-
abilistic connection between the state of a system and the results of interac-
tions between the system and macroscopic measuring apparatuses, fulfills
these claims no less rigorously than Newtonian mechanics. Thus, we should
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not mistake Hawking’s proposal for a mere formal modification of the
quantum theory; it calls for a renunciation of the meaning of physics far
more radical than that called for by the usual (Copenhagen) interpretation
of quantum mechanics (Bohr, 1934, von Neumann, 1955).

To put it differently, no physical system can evolve from a pure state
into a mixed state. Physical systems evolve from one state to another, which
are all, by definition, pure. What we are faced with is that if quantum
mechanics can be modified so as to incorporate gravitational phenomena
it will necessarily lose the property of being able to predict which quantum
state a given individual state will evolve to.

The question is then, how are we to construct a theory which can
incorporate the loss of quantum phase information in black hole evaporation
without giving up the possibility of giving a complete description of the
state of an individual physical system?

In order to look at this more closely, let us examine in more detail the
process by which a pure state evolves to a mixed state during the course
of the evolution of an evaporating black hole. The Hawking radiation arises
initially as a quantum fluctuation of the field in which a particle-antiparticle
pair is created. One member of the pair may fall inside the horizon, in
which case it acquires negative energy with respect to observers at infinity.
This allows the second member of the pair to escape to infinity as a real
quanta carrying some positive amount of energy. Because we can only
observe those particles that remain outside the horizon a density matrix
constructed to describe the state of those particles must be a mixed state.
Further, it is also true that because of the special properties of the geometry
near the space-time horizon, the state is actually a thermal state.

Of course, there is nothing unusual about the necessity of describing
an incomplete piece of a quantum system by a mixed state, as the pure
state which describes the entire system can normally be reconstructed by
including the information about the part of the system that is not being
observed including the quantum correlations which may exist between the
two systems. But what may happen in the black hole case is that the other
part of the system ceases to exist altogether, in which case information
really has been lost and the mixed state is the most complete description
that can be given concerning the state of the system after the black hole
has evaporated away.

Now, because the original particle antiparticle pair arises as a quantum
fluctuation in the vacuum state of the field in the region of the horizon, we
may describe this situation by saying that quantum fluctuations in one
region of space-time have, as a result of the causal structure of the black
hole space-time, evolved to give rise to random statistical fluctuations in
another region of space-time. The randomness of the distribution of energy
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in the thermal radiation at late times is a direct consequence of the random-
ness in the distribution of quantum fluctuations in the vacuum. Indeed, we
might say that the unusual causal structure of the black hole is serving as
a kind of microscope for looking at the structure of the quantum field theory
vacuum in the neighborhood of the horizon. It is then perhaps not surprising
that this view of the vacuum fluctuations seen with the aid of the black hole
is exactly the view of the vacuum in the absence of gravitational fields seen
by an observer with an acceleration equal to the surface gravity of the black
hole. Perhaps, given the hypothesis above that the distinction between real
energy and vacuum energy is whether or not the dissipative effects of the
fluctuations can be transformed away by a choice of coordinates, one way
to think about what has happened is that the black hole has acted as a
source of energy to the fluctuations so that they can propagate out to infinity
where they are seen as real particles by an inertial observer.

But, this is getting a little ahead of the discussion. The question is,
how are we to make sense of a situation in which the quantum fluctuations
at one time give rise to thermal fluctuations at a later time? Similarly, how
can we understand how a pure state can evolve into a mixed state? If we
accept the notion that the quantum state gives the complete description of
an individual system it seems that we must conclude that this will not be
possible. For, on the standard interpretation quantum and thermal fluctu-
ations are completely different kinds of objects. Quantum fluctuations are
not real fluctuations in nature, but only terms in a perturbative description
of a single, well-defined state. If we consider the evolution of a quantum
system in terms of its exact Hamiltonian, then quantum fluctuations as such
never enter the picture. There is, of course, the inevitable dispersion in the
results of measurements of noncommuting operators, but in this case the
randomness is usually understood to be induced by the interaction with the
measuring instrument. In the absence of measurement the state evolves
deterministically according to the Schrédinger equation. On the other hand
thermal fluctuations are real statistical fluctuations in the physical state of
the system due to the degradation of some component of the system’s energy
into random motion. It is then very difficult to understand how, given this
conventional view, the distinction between quantum and thermal fluctu-
ations could be other than absolute, and then it is a little mysterious that
one could evolve into the other.

Similarly, on the usual interpretation of quantum mechanics, a pure
state gives the complete description of the state of an individual system. A
thermal state, on the other hand, is a statistical description of an ensemble
of individual systems. It seems then very unlikely that one could have a
well-defined sense in which pure states evolve to mixed states—they are
not even descriptions of the same kinds of systems. That is, while we can
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say that the unitary evolution of the quantum state has broken down and
become indeterminate, we cannot say that a pure state has evolved into a
mixed state, for the initial pure state described an individual system, and,
no matter what else may be wrong, an individual system cannot involve
into the ensemble of systems that is needed to give meaning to the mixed
state.

However, if we accept the notion that the quantum state itself is a
statistical description of the state of an individual system, then these difficul-
ties do not occur. Quantum fluctuations can result in statistical fluctuations
at a later time because quantum fluctuations are already real statistical
fluctuations. What has happened during the evolution of the system is only
that one source of statistical uncertainty, that associated with the quantum
state description, has become converted into uncertainty in the choice of
quantum state to represent the system after the evaporation of the black
hole. If the quantum state description is understood as referring itself to a
statistical description of an ensemble of physical systems, then it is not too
surprising if under certain situations uncertainty as to which physical state
the system is in (among an ensemble represented by a given quantum state)
can lead to uncertainty as to which quantum state the system may be in.
As far as the actual state of an individual system is concerned there is no
difficulty. It simply evolves, according to laws we do not know. What has
happened is that the procedure of considering the system to be a member
of a particular ensemble of similarly prepared systems—what we call a pure
state—is in this situation not as useful for predicting the results of certain
kinds of experiments as it is in other situations.

Furthermore, if we accept this notion that quantum states give only a
statistical description of the state of an individual system there is no reason
to believe that the loss of information during black hole evaporation has
any implication for the possibility of constructing, sometime in the future,
a complete description of the evolution of individual physical systems. Of
course we may not be interested in constructing such a description. But if
we are then the existence of a phenomenon in which the deterministic
evolution of pure quantum states breaks down implies that this description
would have to be a more detailed description of the state of the system
than that given by quantum mechanics.

4. THE IMPOSSIBILITY OF DISTINGUISHING
EXPERIMENTALLY BETWEEN PURE AND
MIXED STATES OF THE GRAVITATIONAL FIELD

So far we have seen that it is not possible to make a coordinate invariant
distinction between the effects of pure quantum and ordinary statistical
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fluctuations. We have also seen that it is very likely that in some circum-
stances involving strong gravitational fields, quantum fluctuations at one
time can lead to random thermal fluctuations at a later time. Now I would
like to mention a third way in which the distinction between quantum
fluctuations and ordinary statistical fluctuations is weakened when gravita-
tion is relevant.

The application of quantum mechanics to a given physical system is
based on the assumption that it is possible by measuring a complete set of
commuting observables, to determine experimentally which pure state a
system is in. Now, it is actually possible, in some situations, to measure
more information concerning a system than is necessary to determine a
given pure state. However, more information than is needed to determine
a pure state cannot, because of the existence of the quantum fluctuations,
be relevant to any predictions made about the future evolution of the system.
That is, if one tries to measure more than a complete set of commuting
observables one will find that no matter what state a system is prepared in,
there will always be an irreducible random dispersion in the results of the
experiments. Thus, for normal quantum systems, the boundary between the
pure and the mixed states coincides with the limit of how accurately the
evolution of the observables of the system can be predicted based on
measurements which it is physically possible to make at a given time.

However, the same is not true for the case of the gravitational field, at
least at the linearized level. Instead, it can be shown that it is impossible,
in principle, to construct a measuring apparatus which could determine
exactly which pure state the linearized gravitational field is in (Smolin,
1984, 1985). As the details of the demonstration of this statement are given
in another paper (Smolin, 1985) I will only mention here the essential points
of the argument.

The strength of the coupling of a body with the gravitational field is
proportional to the internal stresses and pressure in the medium. These are
bounded, by the positive energy condition, by the energy density of the
medium. (Even if one could imagine quantum systems that violate the
positive energy condition, it is clear that no stable material could do so,
and detectors must be consiructed out of stable material.) Thus, one can
increase the strength of the coupling of a material to gravitational radiation
by increasing the stiffness of the material until this limit is reached (at which
point the speed of sound in the material is equal to the speed of light in
vacua.) After this point is reached the coupling can only be increased by
increasing the density of the material. However, one cannot do this forever,
and it in fact turns out that the body will always undergo gravitational
collapse before the efficiency of the detector to respond to gravitational
radiation approaches one. Specifically, if L is the linear dimension of the
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body in the direction in which the gravitational wave is propagating, and
L.,(A) is the absorption length for gravitational radiation at wavelength
A, one always finds that (Smolin, 1985)

L Rschu
Labs(A>:(“—>f a)<1 )

L
where f(A) is a dimensionless function which differs for different processes,
but which, assuming the positive energy condition, is always less than 1.

Thus, most of the gravitons in a given gravitational wave will pass
through any given detector without exciting it. This means that even if one
measures a complete set of commuting observables, for example the number
operators N, for each mode, one will not be able to determine very precisely
after the measurement which state the gravitational field is in. Furthermore,
as it is impossible to predict which gravitons will be the ones to excite the
detector, the same pure state will, under repeated measurements, give
different readings. The postulate of the repeatability of measurements of
commuting operators breaks down.

In particular, it can be shown that it is, in general, impossible to
distinguish experimentally a pure state with a given spectral distribution
{Ny) with fixed phase relations from a chaotic state with the same (N,) but
with random undetermined phase relations (Smolin, 1985). This means that
under repeated measurements of any particular observable it is impossible
to distinguish between dispersion in the results caused by quantum fluctu-
ations in the pure state from statistical fluctuations caused by the impossibil-
ity of determining which siate the system is in. Thus, for the case of
gravitational radiation there can be no absolute operational distinction
between quantum fluctuations and statistical fluctuations.

Before finishing this discussion, two caveates must be introduced. The
calculations on which the forgoing discussion is based were done in the
context of linearized general relativity. This is certainly alright for the
description of gravitational radiation; however, no account was taken of
the possibility that the detector might utilize some effects involving strong
gravitational fields. In particular, it can be shown that black holes, or objects
very close to their critical radius for gravitational collapse, interact, in
general, more strongly with gravitational radiation than ordinary matter. It
seems unlikely that a black hole could be used as a detector, because all
that it can emit is thermal radiation. However, one might imagine that an
object extremely close to its gravitational radius might do.

While this point has not been settled, it is important to point out that,
in general, such objects are beset, in the presence of external perturbations,
by instabilities, which will make it impossible to achieve an efficient detector
in this manner. For example, Garfinkle and Wald (1985) have shown that
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it is possible using a charged shell with e slightly greater than M to construct
a box to contain gravitational radiation. They were also able to show that
the shell was stable under small perturbations in its radius. However, Dell
(1985) has shown that, because of the enormous blueshift suffered by
external radiation as it falls to the surface of the shell, their ““box’’ is unstable
in the presence of external radiation, and is thus not suitable for use as a
detector of external gravitational radiation. Of course, at the present time
we cannot rule out the possibility that some other clever way will be found
in which a detector incorporating strong gravitational fields in its construc-
tion could be used as an efficient detector for gravitational radiation. We
may hope that this question will be resolved, one way or the other, in the
near future.

Second, the argument given in this section in no way implies that
quantum mechanics is inapplicable to the gravitational field. It is at best
an argument that the Hilbert space formulation cannot give a complete
description of quantum gravitational effects. Even as such, one cannot go
from a statement that a particular concept or quantity in a physical theory
cannot be operationalized to the statement that it does not exist in reality
without additional assumptions. The argument, used by Heisenberg in his
advocacy of quantum mechanics as a complete physical theory, that distinc-
tions between physical systems that cannot be realized experimentally
should not appear in theory, is based on a number of philosophical precon-
ceptions that it is possible to disagree with. It is perfectly possible, in spite
of the uncertainty principle, to believe that quantum mechanics is an
incomplete theory and to believe specifically in the paths of individual
electrons.

However, to the extent that the belief in the completeness of quantum
mechanics is based on the argument that theory should not make distinctions
that cannot be operationalized, it must be acknowledged that the same
argument leads, in the present situation, to the conclusions that for the case
of the linearized gravitational field physics should not make an absolute
distinction between the effects of quantum and statistical uncertainties, or
between pure states and mixed states.

5. CONCLUSIONS

In this paper I have given three examples, based on calculations which
may be considered reliable, in which the distinction between what is a
quantum effect and what is an ordinary statistical effect seems to be breaking
down in situations in which relativistic gravitational effects are present. I
have argued that what these examples are trying to tell us is that in order
to construct a theory which correctly describes situations in which both
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gravitational and quantum effects are important we must accept that this
distinction cannot be made absolutely in a way which is independent of
the choice of a coordinate system. If we want physics to be coordinate
independent (which seems a necessary requirement as space-time is no more
likely to come equipped with coordinates drawn on it in quantum physics
than in classical physics) then we must go to an interpretation of quantum
mechanics in which quantum fluctuations are a variety of ordinary statistical
fluctuations.

What are the implications, for physics, of these conclusions. Clearly
what is at stake here is more than just which interpretation of quantum
mechanics is preferable; if the result is to be more than just a verbal exercise
these arguments must lead to new insights concerning the relationship
between quantum and gravitational phenomena, and to new predictions of
observable phenomena. The task then is twofold: (1) to investigate whether
these ideas may lead to the formulation of a theory of quantum processes
involving gravitation which is sensible and generally coordinate invariant,
and (2) given the difficulty of this problem to try to progress by looking
for effects which might indicate a breakdown of quantum theory in regimes
where the difficulties discussed in this paper are relevant.

Some work in these directions has been attempted in the last several
years. Attempts have been made to generalize the stochastic formulation
of quantum theory (Nelson, 1966) to circumstances involving weak gravita-
tional fields (Smolin, 1984c, 1985), and further work in this direction is in
progress. One characteristic of the results which have been found is that
nonlinear effects come into the evolution of the wave function exactly when
relativistic gravitational effects, and in particular the ambiguities in the
definition of time, become important,

A class of nonlocal hidden variable theories has also been constructed
(Smolin, 1985, 1983). While these do not directly involve gravity, they have
one interesting feature, which suggests that gravitational effects may be of
the same order as effects which represent deviations from the standard
quantum theory. The basic idea which leads to this conclusion is that, to
be in accord with the experimental situation regarding Bell’s theorem
(Aspect et al., 1981, 1982), the hidden variable theory must be nonlocal.
We may then set the theory up in such a way that the basic interactions are
nonlocal, but a classical theory involving only local interactions emerges
in a thermodynamic limit in which N, the number of particles, is taken to
infinity. However, suppose that in our universe N is finite, although very
large, of order 10*°. Then one would expect fluctuations around this classical
limit, in which the nonlocal effects become relevant, and, by the usual
arguments, the scale of these fluctuations should be of order 1/v/ N, about
10%. Thus if it only becomes possible to localize a quantum as a classical
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particle in the limit N - oo for finite N, localization should be possible only
to a scale which is 1/V'N of the average distance between particles in the
universe.

Now, the ratio of the electron Compton wavelength to the Hubble
distance is approximately equal to 1/v'N of the number of elecirons within
the Hubble distance. Thus, it is tempting to try to identify these 1/+/ N
fluctuations with the quantum fluctuations.

Indeed, it is exactly this scheme which was found to work in a model
of a nonlocal hidden variable theory for quantum mechanics {Smolin, 1985,
1983). What is perhaps most interesting, however, is that, as was alluded
to above, we would expect effects which deviate from quantum mechanics
to occur at the next order in an expansion in 1/v N, but this is exactly the
scale of the ratio of gravitational to electromagnetic forces for elementary
particles.

Thus, the results which have been found so far suggest that corrections
to quantum evolution, coming from whatever fundamental theory quantum
mechanics is the statistical mechanics of, will become important at the same
scale that quantum gravitational effects become nonnegligible. If this is
really the case then the difficulties, such as the ultraviolet problems, which
are encountered in attempts to directly quantize the gravitational field are
probably less relevant to the ultimate solution to the problem of quantum
gravity than are the issues of principle which we have been discussing here.

Finally, as a last remark, we may note that if, as we argued in Section
3, quantum coherence breaks down in black hole evaporation, and if, as
Hawking has argued (Hawking, 1974, 1975), virtual black holes are an
important component of the vacuum at Planck scales, the resulting loss of
coherence could have the effect of weakening the contributions from virtual
fluctuations of fields at shorter than the Planck scale, providing a natural
regulator for quantum field theory (Crane and Smolin, 1985a, b). Thus, it
may even be that the short-distance problems which arise when one tries
to construct a renormalizable theory of quantum gravity may have their
solution in a deeper understanding of the problems we have been discussing
here.
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