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Bell's theorem and delayed determinism
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The most recent experiment by Aspect, Dalibard, and Roger does not appear to rule out a class of
theories in which the outcome of an event is not determined until some time after its occurrence.
This class of theories includes not only the quantum theory but various local, realistic theories as
well.

In his classic paper, Bell' showed that there are measur-
able differences between the quantum theory and. any lo-
cal theory. His proof was based upon an assumed locality
condition, according to which the results obtained from
one measurement device must be independent of the set-
ting of a distant measurement device. There has always
been a question, however, as to the experimental arrange-
ments required in order to satisfy Bell's locality condition.
For example, what separation is required between two
photon detectors in order for them to be considered "dis-
tant"? Bell suggested' that the ideal experiment would be
one in which the settings of the detectors could be
changed during the flight of the particles, so as to rule out
any interaction or exchange of information at velocities
less than or equal to the speed of light.

Such an experiment has recently been completed by As-
pect, Dalibard, and Roger. High-speed optical switches
were used to direct each photon toward one of two polar-
izers with different orientations, so tliat the settings of the
measurement devices were effectively selected within a
very short time interval. Although there has been some
concern over the efficiency of the switches and other fac-
tors, the experiment has been widely accepted as provid-
ing conclusive evidence against all local, realistic
theories.

In this paper, it will be argued that the experiment by
Aspect, Dalibard, and Roger does not rule out a certain
class of theories in which the outcome of an event is not
determined until some time after the event has already oc-
curred. This class of theories includes not only the quan-
tum theory but various local theories as well. From a
classical point of view, the optical switches and measure-
ment devices must determine whether or not a photon has
been absorbed in a given detector at the same instant such
an event would have occurred. But if the outcomes of
such events are not actually determined until some later
time, then information regarding the orientations of the
polarizers could conceivably be exchanged at velocities
less than that of light and used during the subsequent
determination process. Although such theories may seem
counterintuitive, this should not preclude their considera-
tion, particularly when the quantum theory itself is based
upon similar principles. %'ith an appropriate reinterpreta-
tion, some of these theories may include hidden variables
and are then local, realistic theories, as will be discussed in
more detail near the end of the paper.

For the purposes of this discussion, an euent will be de-
fined as any process which is known to be completed in
soine finite time, such as the emission of a photon by an
excited atom. An event will be referred to as having oc-
curred once sufficient time has elapsed for the process in
question to have been completed. The various outcomes
of an event will refer to the possible values of the parame-
ters describing the system which can be measured after
the occurrence of the event. The outcome of an event will
be referred to as being deterinined at any given time if a
definite value can be associated with each of the measur-
able parameters describing the system. The concept that
the outcome of an event may not be determined until
some time after its occurrence is not contradictory if it is
assumed, as in the quantum theory, that the properties of
a system are fundamentally dependent upon their mea-
surement or observation. An alternative interpretation
can be made in the case of hidden-variable theories, but a
discussion of that possibility will be more appropriate at a
later point.

Before considering the experiment by Aspect, Dalibard,
and Roger, it may be useful to discuss a simple example
taken from the quantum theory. Consider a particle in-
cident upon two slits and producing the well-known dif-
fraction pattern. Suppose that the particle was emitted
within a reasonably short time or is localized into a wave
packet of limited spatial extent by some other means. The
time at which the particle must pass through the slits can
thus be known to within some relatively small uncertain-
ty, and it is possible to consider the state of the system at
some later time. In the quantum theory, there is a
nonzero probability amplitude P; that the particle passed
through slit i, and interference between these amplitudes
produces the interference pattern. The question of which
slit the particle passed through is evidently not deter-
mined until after that event has already occurred, if at
all. 7 Both amplitudes f; exist simultaneously and have
measurable effects which would not have been the same if
only one had existed after the occurrence of the event.

The example discussed above is, of course, well known.
The situation becomes more interesting, however, if
theories more general than the quantum theory are con-
sidered. The general time development of probability am-
plitudes P; for the possible outcomes of an event will be of
particular interest. For lack of a better term, a theory in
which the outcome of an event is not determined until
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some time after its occurrence, and in which there are
measurable effects due to this indeterminacy, will be re-
ferred to as a delayed determinism theory.

In the quantum theory, the subsequent time develop-
ment of the g; is relatively simple but abrupt. If an ap-
propriate measurement is made at some later time, then
one of the P; is set to unity and all of the other g; instan-
taneously become zero. This reduction of the wave packet
can produce instantaneous changes in the wave function
or field describing a particle at locations which are distant
from the measurement device, and is the source of the
nonlocality inherent in the quantum theory.

Various attempts ' have been made to develop theories
incorporating an alternative measurement process which
takes place over a nonzero time interval and whose effects
propagate at the speed of light, thus maintaining locality.
States describing the measurement device might also be
included as part of the system as a whole. For example,
one could consider a theory which retains the probability
amplitudes of the quantum theory, but in which their
time development after the occurrence of the event is
given by

df;
FJQJ+g;(t) .

Here g;(t) is a random driving function (noise) and the
coefficients F~ may be functions of the'P~ themselves. If
the g; also include probability amplitudes for the various
possible final states of the measurement device, then it
may be possible to develop nonlinear equations in which
the amplitude for one final state eventually approaches
unity while all the others approach zero, depending upon
the values of the g;(t) encountered. Such a theory would
produce a definite outcome for each measurement, while
avoiding nonlocal changes in the fields.

The actual development of local theories incorporating
such a measurement process would be an interesting sub-
ject in itself, but is not necessary in order to make the
main point of this paper. Returning to the experiment by
Aspect, Dalibard and Roger, the events of interest are not
single-particle events, but consist of the simultaneous
detection of two photons which have passed through two
polarizers. One can then consider probability amplitudes
for the pair of photons to have been detected in the vari-
ous detectors at various times. The effect of the optical
switches is to ensure that these events occur within some
relatively well-defined time interval, just as the passage of
a particle through two slits in the earlier example can be
made to occur at some well-defined time. The possibility
being suggested here is that the probability amplitudes
f;(t) for such events may all continue to be nonzero for
some time after the event has occurred, and that their
time development may be governed by some equation
similar to that of Eq. (1). If a sufficiently large amount of
time elapses during this process, information regarding
the orientation of the polarizers could be effectively ex-
changed at velocities less than that of light and the final
outcome could perhaps give a coincidence rate as predict-
ed by the quantum theory.

In a local theory of this kind, the question of whether

or not a coincidence count had been recorded in a particu-
lar counter would not be determined until after that event
would have already occurred. Although this may seem
counterintuitive, it is no more so than the quantum-
mechanical assertion that the passage of a particle
through one or the other of two slits is not determined
until after the particle has already passed through them.
Perhaps the primary difference between the standard
quantum-mechanical description of double-slit diffraction
and what is being proposed here is that the probability
amplitudes would now have to describe the states of the
measurement device (i.e., the coincidence circuit) and not
just the photons or other particles. Thus a superposition
of states describing a macroscopic system over a micro-
scopic time interval would be required if a local theory
were to be made to agree with the results of the experi-
ment by Aspect, Dalibard, and Roger in this way. There
would appear to be no fundamental difference, however,
between superpositions of states describing single parti-
cles, pairs of photons, or macroscopic measurement de-
vices. ' If locality were hypothetically assumed to be a
valid law of nature, then the experiment of Aspect, Dali-
bard, and Roger could be viewed as an experimental
demonstration" of the superposition of macroscopic
states over microscopic time intervals.

The time interval over which the probability amplitudes
discussed above may simultarieously exist and interact in
the experiment by Aspect, Dalibard, and Roger could con-
ceivably be comparable to the 89-nsec lifetime' of the ex-
cited atomic state which produces the pair of photons. If
the photon emission time remains indeterminate for that
length of time, then it is plausible that the final outcome
of the event may remain indeterminate for a comparable
amount of time. Alternatively, if the process under con-
sideration is taken to include the excitation of the atom as
well as the emission of the photons, then the indetermina-
cy could conceivably persist for time intervals comparable
to the coherence time of the lasers used to excite the
source. There is, of course, no evidence (other than,
perhaps, this experiment) that such probability amplitudes
exist simultaneously over these time intervals; on the oth-
er hand, there appears to be no logical reason why they
could not.

It may be worth noting that the interpretation of
theories of this kind need not be probabilistic. The P;
could be interpreted as deterministic in nature if the driv-
ing terms g;(t) were considered to be determined but un-
known, and if Eq. (1) or some similar mechanism were to
cause all but one of the g; to become zero after a macro-
scopic time had elapsed. The results of a measurement
would then be physically determined in advance, although
an experimenter could not determine the results for him-
self until some later time. The intermediate situation,
with many nonzero P s, would then describe the dynam-
ics of the system, which may not be directly observable
during the microscopic time interval over which the mea-
surement process occurs. From this point of view, the
fact that a photomultiplier tube produces a very brief
pulse may only reflect the observable properties of the
detector; the actual measurement process, including the
absorption of a photon, may not be directly observable
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and may take place over a much longer period of time.
Hidden-variable theories of this kind are local, realistic'
theories.

In hidden-variable theories of this kind, the outcome of
an event would have been completely determined by vari-
ous factors, but those factors would have continued to in-
fluence that outcome during a time interval following the
apparent time of occurrence of the event. One way to in-
terpret such a situation would be to continue to define cer-
tain events as essentially instantaneous occurrences, since
that is what is often observed, and to assume that the sys-
tem has no definite properties until the measurement pro-
cess has been completed, as in the quantum theory. But
an alternative interpretation would be to abandon the idea
of there being discrete events, and to view the entire situa-
tion, including the measurement apparatus, as a continu-
ous process. Both interpretations would require a depar-
ture from our ordinary view of reality, since the operation
of the measurement apparatus could no longer be
described as a sequence of classical events.

It might be asked whether or not there are any experi-
mental situations in which Bell's locality condition would
be satisfied, despite the possibilities discussed above. An
argument based on time-reversal invariance' suggests

that this would be the case if the actual separation of the
photon counters were sufficiently large, and if the light
source were of sufficiently low intensity. The preliminary
results from a single-photon interferometer experiment'
satisfying these conditions are in apparent agreement with
the requirements of all local theories.

In summary, it is not evident that the experiment of
Aspect, Dalibard, and Roger rules out all local theories in
which the outcome of an event is not determined until
after its apparent time of occurrence. The usual interpre-
tation of the results of the experiment are based on a clas-
sical' view of the limitations imposed by the operation of
the optical switches and measurement devices. On an in-
tuitive basis, theories of this kind may not seem to merit
serious consideration. Nevertheless, local theories incor-
porating delayed determinism are a logical possibility that
should be considered.
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