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.Abstracf

Recent advances in the quantum theory of light may
provide the resolution of the fundamental problem that had
blocked the development of a quantum theory of Process. The
problem was that, although the world of macroscopic
appearances conformed to the precepts of classical physics,
no corresponding exact. classical description emerged
naturally from the quantum formalism. The resolution of
this problem leads naturally to a theory of relativistic
quantum process. The .theory does not depend upon human
observers, but describes an objective process of becoming.
In nonquantum relativity physics, according to Einstein,
"becoming in three-dimensional space is somehow converted
into being in the world of four dimensions."  Relativistic
Quantum Process converts this to becoming in the world of
four dimensions.

Presented at Conference: "Physics and the Ultimate
Significant of Time," March 16, 1983, Center For Process
Studies, Claremont, CA 91711.

This work was supported by the Director of Energy Research, Office
of High Energy and Nuclear Physics, Division of High Energy Physics
of the U.S. Department of Energy under Contract DE-AC03-76SF00098.

To comprehend the significance of time in modern
physics one must distinguish two very different kinds of
time. The first I call Process Time, the second Einstein
Time. .Process Time is the time associated with a cumulative
process whereby things gradually become fixed and settled.
Einstein Time is the time part of the spacetime continuum of
contemporary physics.

.-Contemporary physical theory establishes no
connection at all between these two kinds of time. For it
says nothing about-Process. It deals rather with the
content:of observations. Each observation has a content
that includes, in -principle, a clock rand ruler reading:
These readings assign to the observation a place in the
spacetime continuum. . But whether the data represented in
one observation become fixed and settled before or after ‘the
data represented in some other observation is not determined
by contemporary physics: one can equally well imagine
either that everythin§ becomes fixed and.settled all at
once, in some single act of creation, and hénée that neither
Process nor Process Time exisfs,‘or, alternatively, that
things become fixed and settled in some definite order.
These two possibilities are not empirically
distinguishable. Indeed, Einstein's analysis of the meaning
of time in physics made it clear that time enters physics
only through the content of observations that say nothing at
all about the order in which things become fixed and _
settled. - His analysis effectively banished the concept of

Process from the physical theory of his era.
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O0f course, in the deterministic framework within
which Einstein himself worked Process could be no real
issue. The deterministic laws ensure that everything is
fixed and settled by the initial act of creation. - Thus
phere could be no Process. Hence the rea] impact of
Einstein's analysis of ﬁime‘came only later, when qu;ntum
theory introduced indeterminism. In this latter context the
idea of Process arises naturally, at least at the conceptual
level, But the founders of quantum theory, following
Einstein's lead, circumvented the problems associated with
Process by asserting that the quantum-mechanical formalism
"merely offers rules of calculation for the deduction of
'eXpectations about observations obtained under well-defined
experimental conditions specified by c]éssica] bhysica]
Eoncepts."1 - ‘ . ‘

. Quanfum,theory has, ﬁevertheless, one feature that
suggests that it should bevforWU1ated as a theory of
Process, The Qave function of the qﬁantum theory is most
naturally {ntefpreted as reﬁresenfing "tendencies” or
"potentiﬁ" for actual evénts. This intuitfve idea of the
meaning of the wave function was first made explicit by
David Bohm in his 1951 textbook, Quantum Theory.2 The idea
was endorsed by Heisgnberg,3 and propa51y agrees with the
intuitive ideas 5f most quantum physicists. However, in
spite of this natural occurrence within quantum theory of
this basic Process-notion of "tendency" the theory was not
originally formulated as a theory of process. Severe

technical difficulties blocked the way.
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0f the many difficulties blocking the development
of a quantum'theory of process I shall mention only two.

The first is that the world at the observed macroscopic

level conforms generally to the concepts of classical

phySfcs, whereas the world at the atomic level is
repfeéented by a very different kind of mathematical
structure. In particular, at any instant of time a system
of n particles is represented in quantum mechanics by a
function in a épace of 3n dimensions, whereas the world of
classical physics resides in a space of 3 dimensions. There
appeared to be no mathematically and physically acceptable
way to relate- in any exact way the quantum structure in 3n
dimensions to classical physics in 3 dimension, without
referriﬁg explicitly to “our observations," and exploiting
the empirical fact that we describe the content of our
observations by using classical concepts. This procedure
was considered unsatisfactory by some scientists and
philosophers because it injects human observers into the

structure of basic physical theory. Their obje&tfbn was met

by insisting that science should deal directly with what man

-can know, or expect. This second point of view has:

prevailed, partly, at least, because no natural Process
formulation of quantum theory has appeared.

A second difficulty was that the identification of
the "actual events" appeared to require the notion of
irreversible processes, and this notion seemed ill-defined

on a fundamental level.



Recent technical advances appear to have opened the
way to the development of a natural quantum theory of
Process. . The two key ingredients are the S matrix, and some
_recent developments in the quantum theory ofilight.

The S matrix was'introduced into quantum theory by
Wheeler, and was used by Heisenberg to get around a.serioos
technical probiem.‘ ihis problem had its conceptuai side.
Relativistic quantum theory had taken over from non-
relativistic quantum theory the notion.of the state of a
system existing over all of space at a single 1nstant of
time. This concept does not conform to the re]ativ15t1c
precept of the meaningiessness of Simuitaneity. On the
other hand, on the:practicai side, the introduction of the

requirements of the theory of relativity had engendered

certain divergences, catled "ultraviolet" divergences, that

caused the state of the system at an instant of time to.
become mathematicaily i11-defined.

Heisenberg observed that both problems couldhbe
resolved, withoutriosing any of the empirical content’of
relativistic quantum theory, by abandoning the concept of
the state of the system at an.instant of time, and adopting,
instead, the idea that the basic quantity in relativistic
quantum theory was the S-matrix. o ; .

The S-matrix viewpoint would appear at first to
eliminate complete]y any p0551b111ty of deve]oping a quantum
theory of process. For the S matrix describes, by
definition, only the quantum transitions from states in the

infinite past to the states in the infinite future. It

omits all description of what is going on in between.
Moreover, space is also eliminated. For the basic variables
of the S-matrix are not the variables that represent
position, but‘rather variables that represent states‘of
inertia -- states that if ]eft-undisturbed wou]d\endure
unchanging for all eternity. v
The S-matrix vieprint appeared beset also by a

serious.technical difficulty: the S-matrix seemed to be
mathematicaily we]]ldefined only in an approximation where
1ight was ignored ihis was the famous infrared | -
catastrophe. Yet light certainly cannot be ignored in any
adquate description of the world in which we 11ve.v'For
1ight (i.e., the electromagnetic interaction) is responsible
for the hinding that holds together both theaobjects of
everyday experience'and our bodies themselves. Light is the
1ight by.which we see, and is responsibie for the sound by
which we hear, etc. o

A completely satisfactory‘resoiution of this
infrared catastrophe has only recentiy been found 4 This
resolution is. based on the discovery that the light emitted
by matter has a weli defined classical part. This classical
part is a function defined over the four-dimensional
spacetime‘continuum. Thus the incorporation of light into
the S matrix -- and light is the very ingredient most
responsible for the form of the worid in which we live --
automatica]iy brings into the S matrix formulation of

relativistic quantum mechanics an exact classical level of



description coordinated to the ordinary four-dimensional
spacetime continuum of the theory of relatfvity.

This technical deve]opmenf provides the foundation
for a natural formulation of a quantum theory of Process.
Process is considered to consist of a well-ordered sequénce
of actual events. Just prior (in Process Time) to event
number n there are several possibilities for what might
become actualized. Let £hesé possibilities be labelled by
the set E, of indices en: One of these events‘wi11 become
actualized. Let it be calledtan. ‘

For‘eachbn theré fs é corresponding Spacetjme
region R,, determined by Process. For each possible event
e, there is a projection operator P(e,) that restricts the
classical field inside region R, to some subset of the set
of all cénceivab]e classical fields in R,.

Let S(én) Fepresent'the S matrix subjected to the
condition that the classical fields be limited to.those
allowed by the proddct of projection operators P(eh)P(an_l)
P{ap.p)... Let dj, be the initial density matrix, and let

d(e,) be S(Qn)dins+(en)' _Then the probabiiity for event
inumbeﬁ n to be én is Trd(en)/Sum'Trd(eﬁ) where the sum
appearing in the denominator is over all ep in E,.

The set E, of possible events e, is restricted by

the following bifurcation condition, which will be discussed.

later: the various operators d(e,) for e, in £, have
disjdint supports in the multiparticle momentum space upon

which they are defined.

This Process formulation of quantum theory contains
no explicit dependence‘on human observers: it allows
quahtum theory to be regarded as a theory describing the
actual unfolding or development of the universe itself,
rather than merely a tool by which scientists can, under
specié1'conditions, form expectations about their
observations. |

This Quantum‘theory of Process is in géneral accord
with the ideas of the physicist, logician, and Process

philosopher Alfred North Whitthead.® In particular, the

-actual is represented not by an advancing, infinitely thin

slice through the spacetime continuum, but rather by a
sequence of actual becomings, each of which refers‘tb a
bbundéd spa?etime'region: evenf numbervn is represented,
within physical theory, by a restriction on ihe §et of
classical fields a]lowéd in the'bouﬁded spacetime region

R We have, therefore,'neither becoming in three-

ne
dimensional space nor being in the four-dimensional world,5
but'rather_becoming in the four-dimensional world.

Event number h is represented in physical theory by

a restriction upon the classical fields allowed in the

"bounded spacetime region R,. This restriction induces,

thrOughithe quantum fbrmaTism, changes in the tendencies for
the next event., These changes in tendéncies are‘mﬁnifested
over -all of spacetime -- i.,e., even if the Eegion Rn+1 is
spéce1ike situated relative to R, Tﬁis change in

tendencies is the nonlocal change that is associated with

S



the collapse of the wave function in some formalisms, and,
more generally, with Bell's theorem.7

The tendencies are calcuiated in the quantum
formalism by using Feynman's sum over all spacetime paths.
In the S matrix formulation, these paths extend in timé, in
general, from minus infinity to plus infinity: they do not
terminate in the:.region Rﬁ. Thus as regards tendencies the
entire spacetime continuum of the theory of relativity
theory is inyq]ved in each step of the process of
becoming. But as regards actualities each actual gvent is
assdciated with a bounded .region in spacetime.

» The;qonception of Process described above differs
froﬁ Whitehead's because it has no p]acejfor his
"contemporary events."  However, because Whitehead stressed
so often that these awkward contemporary events were forced
upon him by the physics of his time, rather than by his
general principles, it is, 1 think, safe to infer that had
he known about the.npnloca] connections entailed by Bell's
theorem he .never would have mutilated his theory by the
introduction of these contemporary events.

A brief ﬁemark about gravitation is needed. . The
gravitational field is a gauge field that can be expecfed to
have a classical part similar to the one associated with
light. But the details have not yet been worked out. So I
have simulated here the expanding universe in which live by
a klat space and an initial state.in which all constituents
are rushing toward the spacetime region of the big bang.

This allows S-matrix ideas to be used. The final state can

be conceived to be a state where the various momenta are all
quite accurately defined. The partially neglected

gravitational interaction will then turn the outgoing

"particles into the incoming particles for the next big bang,

etc. I have neglected, therefore, both the very long-range
part of the gravitational interaction, and also any short-
range parts that cannot be adequately approximated by
gravitational interactions in a flat space.

1 turn now to the questions of irreversibility and
the connection of the present work to the one presented to
this conference by Prigogine. The traditional problem, as
regards the identification of actual quantum events, is thap
one does not know, with certainty, whether the event is
irreversible until one knows exactly what conditions the
resultants of the event will eventually encounter: the
conditions might conceivabiy be exactly right to effect a
coherent recombination of these resultants. This problem is
resolved here by using the overall spacetime viewpoint of
the theory of relativity and of S-matrix theory, and
calculating all probabilities from the asymptotic state
corresponding to time = +00 , The intuitive idea of -
physicists is that once the differences between the several
possible results have evolved to a 1eye1 where the different
possibilities correspond to different motions of macroscopic
objects, or to different macroscopic e1ectromagnetic fields,

then the subsequent time evolution will not be able to bring

all of the 1023 momenta corresponding to the two

alternative possible results back into coincidence. For the
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interaction required to bring-the various parts back
together will transfer momentum to other objecfs,>etc. This
normal intuitive idea of the condition that defines an
actual event is formulated here as the bifurcation
condition, which demands disjunction at time = +&® of the
momenta associated with the alternative possibilities.
Although this bifurcation condition corresponds to
normal intuitive ideas about the conditions needed to define
an actual quantum evént, the question érises to what extent
this condition can be analyzed with mathematical
precision. Here it appears that the mathematical methods
employed by Prigogine might prove useful. For in both cases
the concern is:with the behavior of trajectories when
extrapolation is made into the distant future. Prigogine's
methods, though dealing in the first instancé with classical
systems, nevertheless involve probability functions, which
in our case follow directly from our use of quantum
theory. Conversely, the general framework described here
might provide a satisfactory conceptual underpinning for
Prfgogine's work., His methbd involves the introductibn of a
transformation constructed to achieve the desired.result of
breaking the symmetry between the two directions_bf time.
But the physical origin of this transformation is unclear.
In the present framework the symmetry is broken by ﬁrocés§
itself., Thus the present work, and that of Prigogine and
associates, may be two mathematical aspects of a si;g1e
solution to the probiem of understanding Process.within

contemporary physics.

10.
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Scientific application of .this theory of quantum
process may come first in connection with the problem of
molecular structure.8 Indeed, evidence already exists that
the assumption needed for the application of Copenhagen
interpretation, namely that the quantum system can be
considered essentially isolated from its environment, fails
at the molecular level, and that, moreover, the interaction
with environmental infrared photons is responsible for the

emergence of classical properties at the molecular level.?
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