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ABSTRACT

A fundamental problem in understanding the nature of time is to
explain its 'directionality’. The commonplace view is that this
directionality is provided by the ‘'flow of time'. Unfortunately this
concept of ‘time flow’, which seems to make perfect sense to us
in our everyday lives, has resisted philosophical and scientific
analysis so well that today it is widely regarded as having no
place in the scientific account of the world. Instead, various
alternative physical concepts of the directionality of time have
been developed, principally the notions of the time reversibility
of physical laws or theories, and of the time asymmetry of
physical processes. It is frequently argued by philosophers of
physics that the scientific account of the directionality of time
must be framed entirely in terms of these physical notions.

The thesis of the present work is that this conclusion has been
reached far too hastily. It is argued that the concept of time
flow is a legitimate physical concept, and furthermore, that time
flow plays a real part in quantum theo;"g.

A number of conceptual investigations are necessary to

support this argument. Firstly, it is necessary to give an analysis
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of what a physical theory of time flow might be like, and how it
might be empirically established. This is given in Chapter One,
which at the same time is an overview of the results of later
chapters. It is found in Chapter One that the concept of physical
time flow has an important connection with the concept of time
reversibility, which makes it necessary to give an analysis of
this notion. A detailed discussion of reversibility and time
symmetry is given in Chapters Two to Five. Here it is
demonétr‘ated that the orthodox analysis of the reversibility of
probabilistic theories is flawed. This conclusion allows it to be
shown, in Chapter Six, that, contrary to current scientific belief,
quantum theory is profoundly irreversible.

This result, together with the argument of Chapter One, allows
a strong prima facie case for an interpretation of quantum
probabilities as involving time flow to be given. However,
because of the traditional problems with the notion of time flow,
for this interpretation to become respectable it needs to be
demonstrated that it is possible to construct a formal model of a
physical ontology in which time flow can be represented. This is
undertaken in Chapter Seven. In Chapter Eight, various points
about the role of probabilities in quar-m.tum theory are discussed.
Finally, in Chapter Nine, the implications of relativity theory for
the proposed theory of time flow are considered. It is found that
relativity theory poses a serious problem for a physical theory of
time flow, but the implications of relativity theory for the
proposed interpretation of quantum probabilities is not clear

because of deeper foundational problems with quantum theory.
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CHAPTER ONE

AN OVERVIEW

The key feature of time that most needs to be explained is its
directionality. This directionality strikes us immediately in
everyday life as its most elemental feature, and it is something
that we must get clear about before we can hope to gain much
understanding of what time is. A number of different concepts of
the directionality of time have been explored by philosophers and
physicists. They fall into two main groups, corresponding to two
distinct sources for our conception of time. | will call these the
commonplace conception, and the scientific conception of

time. Let us review these in turn.



1.1 The commonplace conception of time: [T FLOWS.

The commonplace conception is gained, or so we tend to think,
from the direct experience or sensation of ‘time passing’ that we
all feel we have. This experience gives us the idea that there is
something commonly known as the ‘passage of time’, or ‘time
flow’. This passage seems to us in our everyday lives to be the
very key to time.

This idea that ‘time flows' is surely among the most basic
ideas we have, and is fundamental to our everyday metaphysics. It
is fundamental to the understanding of such undeniable human
realities as experience and action. These central elements of
human existence are both fundamentally structured by what we
call the ‘passage of time’.

This is most obvious with experience. Experience seems to be
intrinsically dynamic. The flow or movement of experience
seems intrinsically necessary to it. We certainly all seem to be
immediately aware of such a ‘'flow’. What does this awareness
amount to?

We are aware, even if only fleetingly, that there are
experiences which we have had, which are over; that there is a
current experience which we are having, which has a special
reality for us; and that there are experiences which we will
later have, which we busy ourselves contemplating and planning
for. Thus we understand experiences as changing, or as coming
into, and going out of, existence. This is what the 'flow of

exXperience’ implies for us, in our normal lives.



be an intrinsically temporal kind of existence. The experiences
that one has in the course of a life do not all exist at once: rather,
experiences happen, moment by moment, they come into
existence, and go out of existence. There are three modes of
temporal existence: what will be, what is now, and what has been.
Or future, present, and past existence. We all distinguish in
practical life the pastness, presentness, and futurity of various
experiences with great objectivity. For instance, some half an
hour ago | had the experience of tasting a cup of coffee - but that
experience is now definitely over; presently, | have the
experience of sounding these words to myself in my mind as |
write; and | anticipate a future experience, in another hour or so,
of the taste of some baked beans which | intend eating for my
dinner.

It is implicit in this that our experiences change: that
present experiences cease, and nhew experiences become present.
It is change which links the three modes of temporal existence
together, and gives them the structure which makes them what

they are, namely modes of existence.

1.2 The commonplace conception Il: time flow in the physical world.

We also quickly generalise from the flow of subjective
experience to the idea of time flowing for the physical world. We
believe that physical events, or states of affairs, have the same
temporal modes of existence (past, present, future) as we
attribute to subjective experiences. We believe that the states of

physical objects change.
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This is forced on us by our commonsense understanding that
we are in a physical world, that our experiences provide us with
perceptions of it, and that these perceptions are accurate.
Changes in percepts must be taken to register changes in
perceived objects for any sensible understanding of perception.
Into the bargain our experience seems to tell us that we are
partly or wholly physical things or processes ourselves, and form
a part of the physical world; thus we naturally take the physical
world to be caught up in the flow of time that we are aware of in
experience. This forms a central part of our commonsense (and
scientific) metaphysics.!

Thus the commonplace view is that there is a flow or

movement of time for the whole world, physical and mental.
.3 Phenomenological directedness.

The physical world is also observed to be highly directional in
time in another way: there is an overwhelming directedness of
phenomenological processes. The processes which most catch our
attention in life only ever occur in one temporal direction. Eggs
break but never mend. Fires burn but never restore. Beans are
digested by the intestines, not reconstituted.

We no doubt develop a very strong sense of this directedness

of processes in time. This sense is easy to confirm by watching

TMaterialists (provided they are not eliminativists) must suppose that the
mental and the physical share the same ontological features, so that they can
hardly hold that there is a (real) flow of experience but no corresponding real flow
of physical time. Similarly idealists, or monists of any kind. The dualist might

possibly avoid this conclusion, but | see no reason for wanting to.



a film of any normal human activities played in reverse - the
physical directionality inherent in even simple bodily movements
is quite noticeable, let alone in such activities as spitting and
diving into swimming pools.

It may be thought that this physical directionality further
confirms the idea of time flow, but there seems no good argument
for that. It seems unlikely that the mere directedness of
phenomenological physical processes yields the metaphysical
idea of time flow. This directedness just consists in the fact
that there are types of processes which commonly occur but the
‘reversals’ of which never occur, (and cannot be made to occur).
But this kind of directedness seems to indicate nothing about the
temporal mpdes of existemce. Le. Wt hardly ~entails that
existence is structured by the three temporal modes, past
existence, present existence, and future existence.

It seems much more plausible that we gain the idea of time
flow from the more fundamental ‘sensation of flow' that we seem
to have, since this sensation seems to be exactly the sensation of
certain things (namely, experiences) coming in to, and going out
of, existence. Of course, it remains a good question whether this
sensation of the ‘flow of existence' provides good evidence for
the metaphysical thesis either: this is a question to which | will
return at the end of the chapter.

The first main concept of the directionality of time is, then,
this metaphysical idea of time flow. We have noted two
different instances of the idea: first, the idea of a flow of
experiential time, second, the idea of the flow of physical time.

Both of these involve the same metaphysical idea: that the
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existence of things, in the first case, experiences, in the second,
physical states of affairs, comes with temporal modalities,
structured by real change. The commonsense view is undoubtedly
that physical and experiential time flow go hand in hand, and that
there is a general flow of time which catches up all of what

exists in its inexorable movementZ2,

.4 Terminology.

The use of the term ‘time flow' requires some comment. It
obviously arose as a metaphor, which was, no doubt, felt to nicely
evoke the phenomenon being talked of. But some writers assume
that if we use the term, we should take it more or less literally,
as meaning that time in some literal sense flows. Thus
questions like the following commonly arise: At what rate does it
flow? Relative to what does it flow? and so forth.

But this presupposes that the metaphor, ‘time flow’, can be
interpreted as an accurate structural map of the phenomenon it
evokes. As many writers have argued, the term "'time flow’ cannot
be taken literally. We do not get a viable theory of what ‘time
flow"is by trying to plumb the literal meaning of this metaphor.

My aim is to give a completely literal account of what time
flow amounts to, but | do not take the term "'time flow' at all
literally. | will use it to refer to the phenomena that it evokes,
but | will not take it as implying that therefore the phenomena

referred to must consist in time 'flowing'.3

2 With the possible exception of God, who is often believed to transcend time.
3Broad [1938] rejects 'time flow' as implying an incoherent idea of a movement

of time, while maintaining that there is still the phenomenon of 'Absolute



1.5 Against time flow: lllusionism

Is the commonplace view correct? Does time really flow? This is
the central question | am concerned with. | will eventually
defend a controversial answer to it: YES.

The majority of scientific writers on the subject have
reached the opposite conclusion. They believe there is no real,
objective flow of time. They usually wish to discard the whole
idea of an objective flow of time as an illusion. | will call them
Illusionists.

The Illusionists feel that there is no real evidence for time
flow, merely a subjective feeling or sensation the meaning of
which we misinterpret. All we need to do, say the I1lusionists, is
to explain away the sensations that lead us to postulate time
flow. If we can explain, in a good scientific fashion, the existence
of all these sensations, without ever appealing to the existence
of time flow in our exXxplanation, then the sensations would seem
to offer no good evidence for time flow.

They are convinced that we can give such an explanation for
two reasons. The first is that they are invariably materialists,
and believe that all real phenomena including mental phenomena
are ultimately physical phenomena, and have purely physical
explanations. Thus they think that whatever counts as the
‘sensation of time flow' consists ultimately in certain kinds of

physical process.

Becoming'. But in Broad's place we would just consider that the term "time flow’
refers to the phenomenon of Absolute Becoming, but that it must not be taken

literally.
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Secondly, they believe that the world of physics admits no
such thing as time flow, that the concept of time flow plays no
part in any physical explanation, and therefore that it plays no
part in the explanation of our sensations of time flow.

If these two theses were true, then it would be possible to
explain away all the evidence for time flow without ever
appealing to time flow, and there would seem to be no further
empirical reason for believing in time flow.4

This notion that time flow plays no role in physics turns us to

the second conception of time: the scientific conception.

.6 The scientific conception of time.

As well as playing a role in our direct experience, time figures in
all our key physical theories, from Newtonian mechanics, to
relativity theory, to the latest quantum theory.

Such theories as these are often called fundamental theories
because they are attempts to offer an account of the fundamental
nature of physical existence. There is a fair bit of metaphysics
involved in the idea of a fundamental theory, but | will not try to
go into that here. The idea of fundamental physics is well enough
grasped by everyone who understands the enterprise of modern

physics, and | will assume an intuitive understanding of why

40ther kinds of explanations are also offered by the Illusionists: e.g. see
Christensen [1976], and Smart [1987a] p.86-88 for ‘linguistic’ and
‘psychological’ explanations. But these are really explanations of the
effectiveness of the 'illusion’, after it has been decided that there is only an
illusion and not real time flow. The possibility of the kind of explanation described

above is what is fundamental in deciding that the appearance of time flow /s an

illusion.



these theories are taken to have a special authority in deciding
questions about physical reality.

In the ontologies offered by fundamental theories of physics,
time always plays a key role. It is normal to objectify time as a
one-dimensional continuum of moments, mathematically identical
to a spatial dimension. In the normal interpretation of special
relativity, in particular, time and space are mixed up together in
an inseparable way to form the ‘space-time manifold’, and thus
time is objectified exactly as space is.

A few words should be said about this objectification of time
(and of space) for it is frequently objected to, on the grounds that
all we really need for science are events with temporal (or
spatio-temporal) distances between them. It is claimed that
we do not also need substantial items called ‘'moments’ (or space-
time points). This gives the relativist view of time and space
first developed by Leibniz in his famous correspondence with
Clarke.

On the relativist view, time does not exist as an object (the
continuum of moments). But time still figures in this way: events
remain set in an intrinsic temporal (or spatio-temporal) metric.
There are physically real temporal distances between events.>

The introduction of a substantial time or space-time is often,
from this point of view, reinterpreted as a convenient
mathematical apparatus for representing the metric on events -
we can say that ‘e occurs at t| and f occurs at t,’, rather than: 'f
occurs at a temporal duration t,-t; from e’. On the relativist's

view, the events themselves and their temporal distances remain

5Or ratios between pairs of events.
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perfectly real, and we may say that events remain 'set in time' in
the sense that they remain set in an intrinsic temporal metric.

The absolutist/relativist debate is interesting, but it is not
of much relevance to anything | will have to say. The arguments |
will be concerned with are not sensitive to the distinction being
made. Like all physicists in their practical work | will generally
adopt the absolutist picture of time as the most mathematically
convenient, but everything of substance that will be argued for
could be reformulated instead in relativist terms. (Or rather: if
the relativists are correct, and relativist time jis all that is
needed, then everything could be so reformulated.)

For instance, | will speak of two directions of time, 'earlier’
and ‘'later’. These will be treated as directions between
moments (which may be construed as properties of temporal
vectors, constructed from classes of moments). But they could be
introduced just as easily as directions between events.5 or
again, a certain view of existence called the bloc universe view
will be presented as the view that the whole historical universe
already exists as an unchangeable entity. But it doesn't matter
whether the bloc universe is taken to be a collection of events
placed in a substantial space-time, or as the same collection of
events with just the appropriate spatio-temporal distances
between them.

It will normally be assumed that in the scientific conception,
time 1is a linear continuum of moments. Some solutions of the

equations of general relativity give time topological properties

6Using the distance, d(e,f) between two events, e and f, as a primitive notion,
the direction from event e to event f is the direction from event f to event g just
in case: ld(e,f)I+ld(f,g)lcld(e,g)l.
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which conflict with this, but | will be concerned with very much

simpler matters.

.7 Does scientific time flow?

The main question in reconciling the scientific to the
commonplace conception of time is this: does scientific time
have any feature which corresponds to the commonplace view
that time flows?

We may note first of all that in most respects commonplace
and scientific time are the same thing. Or more accurately, they
are slightly different conceptions of a single thing, namely time.
The commonplace conception attributes the same kind of intrinsic
metric to time as the scientific view. We refer, in common
language, to temporal distances between events, and these are
real temporal distances between physical events. There is no
great gap to be bridged at all between commonplace and physical
time in respect of most of their features. The problem is time
flow.

It is a problem because most present day philosophers and
physicists who have studied the question have concluded that
there is no flow of physical time, in the metaphysical sense. Time
flow is regarded as an unscientific idea. There are varying forms
of this conclusion, and the discussion really needs to be set in the
context of our best current physical theories. Calling the group

of our best current theories F, consider:
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[1.1] F does not require any physical time flow.

[1.2] F requires that there is no physical time flow.

Or much stronger versions, which are not relative to F:

[1.3] No proper physical theory requires time flow.
[1.4] Every proper physical theory requires that there is no

time flow.

Let us begin by considering the possible reasons for holding [1.1],
which we will find to be the key to the debate.

[1.1]does not rule time flow out conclusively, it merely states
that our present theories do not require it. If one takes these
theories as giving a complete picture of physical ontology, or at
least of the general framework for physical ontology, this is still
a powerful thesis. For if F is complete, i.e. represents everything
about the physical ontology, and if time flow is extraneous to F,
then it has no place in the physical ontology, which is just to say
that time flow is not physically real.

But what are the reasons for holding [1.1]?
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1.8 Reasons for [1.1]: Inspection of the theory.

The simplest reason for [1.1]Jmight be the failure to find any
mention of time flow by simple inspection of the theories in
question. For instance, we could make a list of the primitive
concepts of the theories, and check that ‘time flow' is not among
them. The concept of time flow does not appear explicitly in
either relativity theory or quantum theory.

There are at least two kinds of problems that might be raised
against this argument. The first is that, although ‘time flow’
might not appear in the theory itself, it seems always to be
presumed in the meta-theory. Any book which you care to open
about either relativity theory or quantum theory (or any other
scientific theory) will use a meta-theoretic language to present
the theory itself. This meta-theoretical language is rather close
to commonplace language, describing experimental procedures,
and a variety of everyday activities. Implicit in the meta-
theoretical concepts is the commonplace view that time flows. It
seems quite impossible to escape from time flow in the meta-
theoretical presentation of any substantial theory, and it may be
thought that this means that science, after all, supposes or
presupposes time flow.

In fact this objection, if it was successful, would probably
establish the existence of physical time flow rather generally;
but unfortunately it misses the point. The point is that the meta-
theoretical presentation of the theory is exactly an attempt to
bridge the gap between the theoretical world, and the

commonplace or phenomenological world with which we are in
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reasonably direct contact. Thus it necessarily uses commonplace
concepts, such as that of deliberate human action, which
naturally presuppose the commonplace metaphysics of time flow.
Indeed, this is all that the observation that the meta-theoretical
presentation of the theory presupposes time flow amounts to:
that our commonplace concepts presuppose time flow. But we
already know this. What is not established is that there is time
flow in the theoretical ontology. That is the question.

This first objection will therefore be ignored. A second, very
simple, objection is more important. It is that the concept of
time flow might be implicit in the theoretical concepts, and
hence ultimately required in the ontology, even though it is not
mentioned explicitly. (In fact, this is exactly what | will
eventually argue: | will argue that the idea of time flow is
implicit in the concept of objective probability, which is
primitive to quantum mechanics.) Because of this possibility, it
seems that mere inspection of the explicit concepts of a theory is
not enough to decide [1.1]: we must also check that time flow is
not implicit in the theory, not hidden away in some dark
conceptual closet. How can we do this?

A more systematic way of checking whether time flow enters
the ontology is desired. A second method might be thought to do
better at this task. This is to leave the list of theoretical
concepts behind, and instead look directly at what the physical
ontology required by the theory is, and to check it for time flow.

This is more or less what most writers attempt to do. Some
way of representing or picturing the physical ontology required by

the theory is adopted, and it is then shown that there is no time
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flow involved in this ontology. For instance, a very common
procedure is to draw a Minkowski diagram to represent some
typical physical process, and then to observe that there is no
place for time flow in the thing pictured in this diagram7

But there is really not much logical clarity to this idea, and
indeed something rather odd about thinking that it does any better
than the first method of mere inspection. The problem is that the
‘direct inspection of the physical ontology’ is not such at all, but
really just inspection of another representation of the theory.
What people do when they try to check out the ontology for time
flow is to give a secondary representation of it, such as the
Minkowski diagram. This is taken to represent the fundamental
fedtures of the ontology, and it ie then abserved that there 15 ko
place for time flow in this representation. But the problem now is
whether the diagram is really an accurate representation. It may
be, indeed, that in the secondary representation there is no place
for time flow: but then that representation is accurate only so
long as time flow really does not figure in the physical ontology.

How have we become sure of that? By inspection?8

7 see D.Park [1970].

Bsee Appendix 1.1 for an extended criticism of the way spatial diagrams are

used to represent time.
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1.9 Reasons for [1.1]: Reversibility of F.

It seems that our first two methods of checking for time flow in
a theoretical ontology are not as conclusive as they need to be.
And since | will soon be arguing for the very controversial thesis
that quantum theory does require time flow, having a conclusive
method will be important. Fortunately there is a method which is
far more conclusive. It makes use of a second concept about the
directionality of time, which is known as physical time
symmetry, or time reversibility.

These are two slightly different concepts, but they have such
a close relationship they are almost identical.Theories are said
to be time reversible (or irreversible). It is an objective
mathematical fact, following from the formal structure of a
theory, whether a given theory is reversible or not. |f a theory is
reversible, then the time postulated by the theory is said to be
symmetric. It will be shown in detail in Chapter Three exactly
to what time symmetry amounts, but it may be taken here at face
value.

It will also be shown in Chapter Three that:

[1.5] Time flow requires an intrinsic asymmetry of time.

This is because it confers intrinsic asymmetric directional
properties on time. If there was no intrinsic asymmetry of time,
there could hardly be a flow of time. Hence, if a theory conferred
no asymmetry on time, it could hardly confer a flow of time.

Since a theory confers asymmetry on time only if it is an
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irreversible theory (shown in Chapter Three), we have the

important thesis:

[1.6] If T isreversible then T does not require time flow.

On checking our best current theory F for time reversibility (an

objective mathematical procedure) we must find either:

(i) F is reversible, or else:

(i1) F is irreversible.

In the first case we can decisively state that:

[1.1] F does not require physical time flow.

Thus at 1east one kind of decisive answer is possible for [1.1].

In the second case, where F is irreversible, we can draw no
immediate conclusion. Irreversibility is compatible with time
flow, but it in no way requires it. The kind of irreversibility that
a theory suffers from might or might not be relevant to time
flow. However once we isolate what the irreversible feature of a
theory is, we have made considerable progress, because we know
that if the theory does require time flow, then it must be closely
connected to the way the theory is irreversible. We can check the
specific irreversible feature of the theory, and it seems hopeful
that mere inspection will now be a good guide as to whether this
feature has anything to do with time flow.

This is the primary reason that | will investigate the



18

concepts of reversibility and time symmetry, which are the main
concepts concerning the directionality of physical (scientific)
time. It also turns out that these concepts are very interesting in
their own right, and are necessary for exploring further questions
and puzzles about physical time, particularly the puzzle of
phenomenological directedness. These topics will occupy
Chapters Two to SiX. The discussion of time flow will be taken
up again in Chapter Seven, after a clear theory of the physical

directionality of time has been established.

.10 Four major views on physical time flow.

Let us continue here with the 1ogical relations between time flow
and scientific theory. We have seen in some detail how the truth
of [1.1] is to be investigated. There are two possible conclusions:
(i) That F requires time flow, (ii) that F does not require time
flow.

In the first case we would have the remarkable fact that
physical time flows® - and that it is a physical fact that it
flows, delivered by the physical laws. | will call this the thesis
of objective physical time flow. If it were established, then we
could simply get on with spelling out how and why our
commonsense belief in time flow connects with the reality of
physical time flow, and we could probably expect a fairly direct
answer. At any rate, consistency would have been established
between our commonplace and our scientific conceptions of time
over the most knotty issue.

In the second case, (ii), we would be faced with a problem -

90n the assumption, of course, that F is correct, or near enough correct.
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indeed, with what is considered the most distinctive scientific
problem about time flow, for it is presently thought that (ii) is
correct. The problem is how to deal with the commonplace belief
in time flow, given that pure physics leaves it out. There are
three main choices:

(a) The main position is the /llusionist position already
noted earlier. This is the thesis that there is no time flow at all,
merely the illusion of it. (Typical advocates: Grinbaum [1973
Ch.10], Smart [1954, 1987a.])

(b) Time flow might be postulated in a kind of metaphysical
way, as a non-empirical feature of the world which empirical
science simply does not and cannot get to grips with. | will call
this the thesis of objective non-empirical time flow. (Typical
advocates: perhaps Prior [1959], and Broad [1938], and perhaps a
number of contemporary metaphysicians, who find they cannot do
without time flow, but regard it as a non-empirical postulate.)

(c) If, because of (ii), we give up the idea of any objective
flow of physical time, we might still maintain a real flow of
‘psychological time' (a real flow of experience). We would
thereby be supposing that subjective experience has a feature
which distinguishes it essentially from physical events or
processes, nhamely that experience é.xists temporally, with the
temporal modes of existence (past, present, future). In contrast,
physical events would simply exist, there would be no real
temporal categories to physical existence. This would require a
form of mind-body dualism, at least with respect to the kinds of
eXistence that mental and physical things have. | will call this

objective mental time flow. (I know of no advocates of this, but
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a dualist might adopt it. It is rather suggested, though hardly
deliberately, by Weyl's famous description of “"consciousness

crawling upward along the life-line of my body." [1949].)

A briefer 1ist may be useful:

Typical Typical
s BRs{eaT e Tl Met : Epistemol
[Nusionism No. Materialist. Empiricist.
Objective physical time flow. Yes. Materialist or Empiricist.
Dualist.
Objective non-empirical flow. Yes. Materialist or Rationalist.
Dualist, !0
Objective mental flow. No. Dualist. =

There are other consistent possibilities, for instance Idealism
with or without time flow, or dualism without time flow (a
dualist version of I1lusionism). But the four views here described
appear to be the important options.

It is worth relating this classification of views to a more

10The difference between objective physical time flow, and objective non-
empirical time flow, is that in the first case time flow is a postulate of the
physical laws, while in the second it is introduced as a ‘metaphysical’ thesis, over
and above anything in the purely physical laws. The difference between these two

theses will be discussed at greater length in later chapters.
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common one. It is common to classify views on time in terms of
belief in the existence in what is called the ‘A series’ and the 'B
series’, terms coined by McTaggart [1908]. Belief in the A-series
is simply what we are calling belief in time flow. Belief in the B
series is the belief, which we are assuming throughout, that
there is an ‘earlier-than’ relation among moments of time (or if
you are a relativist, among events). The classification offered
above is really a detailed way of stratifying views on the reality

of the A-series.

.11 Do scientific theories prohibit time flow?

We have now seen in some detail how the proposition [1.1] may be
investigated, and what kinds of views it might provoke if found to
be true or false. Let us now go on to consider the much stronger
proposition [1.2], that F requires that there is no physical time
flow. Of course establishing [1.2] would be somewhat more
useful for the Illusionist's cause than merely establishing [1.1],
and it would mean the decisive failure of the thesis that | have
already hinted | will eventually defend, namely a version of
objective physical time flow.

There have been two distinct approaches to [1.2]. The first
and best came with relativity theory. The specific idea is that
relativity theory denies any reality to what we call the 'now’, or
the ‘present state of the world’; that time flow requires a well-
defined 'now’; and therefore that relativity therefore entails the
impossibility of time flow.

The more general form of this argument is that: (i) time flow

requires some general feature, G, while (ii) our good theory, F,
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entails the failure or absence of G, thus (iii) F requires that there
is no time flow.

This is a good argument, and in fact | regard the problem
raised by relativity theory as the most formidable for any theory
of time flow to face. | devote a chapter to this problem after |
have made an attempt to establish a substantial theory of time
flow in a non-relativistic quantum theoretic setting. Until then |
will ignore this particular problem. (The apparent incompatibility
of time flow with the relativistic denial of the existence of
simultanaity relations is the only substantial argument of this
kind that | know of.)

There is a second group of arguments for [1.2] which are also
arguments for the much stronger: [1.3] No proper physical theory
requires time flow, and [1.4] Every physical theory requires that
there is no time flow.

These are a priori arguments against either the very
coherence of the idea of time flow, or against its coherence in
the setting of any physical ontology.'! Famous arguments of the
first kind are given by Parmenides in his ‘Way of Truth’, and
McTaggart [1908], while notable arguments of the second kind are
given by Grunbaum [1973], Smart [1954], Park [1970]. A1l these
arguments purport in one way or ;nother to demonstrate an
inconsistency in the notion of change, or in the notion of the
temporal structure of existence, which time flow entails.

| believe that all such a priori proofs against time flow are
ultimately circular, roughly because they must rely on some

presupposition that the only coherent concept of existence is an

'1These are the only kinds of arguments for [3] and [4].



23

a-temporal one. | will illustrate this point in some detail in the
process of presenting a substantial theory of time flow. But it
would not be practicable or useful to rebut every important
argument that has been given against time flow in detail. Instead,
| will let the coherence of the formal model of time flow that |
present in Chapter Seven speak largely for itself. | believe this
model demonstrates the consistency of the concept of time
flow.!12

It might be thought that | am overlooking another way of
establishing [1.2], namely, simply to establish the reversibility of
thie theadry F," froim Whilch it follows thet time flewy canneil bé
found in the ontology of F (by [1.6]). But it is a mistake to think
that the reversibility of a theory F entails that F requires that
there is no time flow. The reason is that F may be true, but only
be a partial theory.!3 The complete theory may be a stronger
theory, F*, which is irreversible and which adds time flow to the
static ontology of F. Since F* is compatible with F, time flow is
compatible with F, and hence the mere reversibility of F does not
mean that F requires that there is no time flow. This will be
shown more fully in Chapter Three.

Having sketched the general setting of the debate over time
flow, | will now summarize the main arguments that | will

present.

12 tact the formal consistency of the tense logics developed by Prior [1968]
and others, plus the fact that we all do understand and operate perfectly well with
the concepts of 'past’, present’, ‘future’ and ‘change’ in everyday life seems to me
enough to show the consistency of the idea.

131t would be true that:_F is reversible and F is the complete fundemental theory
entails that there is no time flow.
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1.12 A theory of objective physical time flow.

With few enough exceptions (most notably Reichenbach [1953] and
Capek [1961]) major recent commentators on physical time have
generally felt that [1.1], [1.2], [1.3] and [1.4] are all true, and that
there are pretty good arguments to show it!4. It is thought, at
any rate, that where F consists of quantum theory plus relativity,
[1.1] is entirely certain, and [1.2] is certain barring some
reinterpretation of relativity theory. [1.3] and [1.4] are perhaps
more complex and dubious, but without worrying about these, [1.1]
and [1.2] seem to put paid to the idea of physical time flow rather
decisively.

| will defend the opposite view: that physical time flow is
real. | will defend a theory which renders time flow as an
empirical fact, for which we have a lot of evidence. If this is so
then time flow ought to be reflected, somehow or other, in
fundamental physics, and indeed it is: the rest of this chapter is

an extended argument that time flow is required in quantum

theory.

Hence | will be arguing for a version of what | have called
objective physical time flow. This of course puts me at
loggerheads with the Illusionists, who represent the mainstream
opinion of the day.

The first thing | must do is to contest the truth of both [1.1]
and [1.2], since either of these would be fatal to my project. |

have already said that the main argument for [1.2] is the

14g 9. Granbaum[1969,1973], Smart[1954, 1987], Mehlberg [1980], Park
(1970], and many others.
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relativistic denial of an objective ‘now’, and | regard this as a
substantial and real problem. However | will set this aside until
Chapter 9, for this problem will be a 1ot more tractable after a
number of other details have been discussed.

If [1.2] is removed, then the way would be open for what |
have called objective non-empirical time flow. But for the kind
of theory | will argue for, i.e. objective physical time flow, [1.1]
must be removed as well.

I will contest [1.1] in the context of quantum theory. | will
first argue that quantum theory is irreversible, thus removing
any conclusive demonstration of [1.1] through a demonstration
that quantum theory is reversible. | will subsequently argue that
the kind of irreversibility the quantum theory suffers from
gyields, on the most natural interpretation, time flow in the

quantum universe.
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1.13 The irreversibility of quantum theory.

This claim that quantum theory is irreversible will probably make
any experienced quantum physicist wince. For it is thought that
(with a rather minor and still controversial exception with which
my argument has nothing to do) all the known quantum theories
are conclusively reversible. This is thought to be an indisputable
mathematical fact. Demonstrations of the reversibility of
quantum theories can be found in numerous textbooks on the
subject, and it is a result accepted by practically everyone!>.
The only possible escape from the conclusion, it will be thought,
would be through some radical reinterpretation of gquantum
theory, which would be bound to be highly controversial.

| dispute this result. | claim that a mistake has been made in
the orthodox analysis of the reversibility of quantum theory, and |
offer an essentially mathematical demonstration that quantum
theory is irreversible in a very deep and inescapable way. And |
do this without using any controversial interpretation of quantum
theory. Indeed, my argument is insensitive to almost all issues
of interpretation of quantum theory. It is certainly as insensitive
to interpretive issues as the orthodox analysis that purports to
show the reversibility of quantum theory.

The only important interpretive thesis on which my argument
does depend is that quantum theory postulates probabilities in

nature.

15pavies (1975], Elliott and Dawber [1979], Reichenbach [1956], Mehlberg
[1980], Watanabe [1955a,b,c].
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1.14 Quantum probabilism.

In every known version, quantum theory postulates probabilistic
laws, normally through some version of the ‘projection postulate’.
There is no apparent way of formulating quantum theory without
probabilistic laws. This should not be taken as the claim that
there is no possibility of a deterministic interpretation of
quantum theory.'6 It is merely the claim that probabilistic laws
are intrinsic to quantum theory, which seems so obvious that it is
hardly worth arguing for.!7 This does not mean that nature
cannot be deterministic: all it means is that if nature is
deterministic, then quantum theory is not the fundamental theory
we take it to be. Any escape from gquantum indeterminacy is
bound to be into a new theory which is hardly to be called
quantum theory.

This matter will be discussed at greater length in Chapter
Eight. However, the reader skeptical about the thesis that
quantum theory is a probabilistic theory can take my argument to
demonstrate the conditional, that i7f quantum theory is a

probabilistic theory, then quantum theory is irreversible.

16Although this is a respectable thesis in itself, for many hold that Bell's
theorem rules out that quantum theory could be modelled in a deterministic
ontology. | am not convinced of this, but this question is beside the point here.
7The ‘many worlds’ interpretation seems to be deterministic, but in fact it must
recognise probabilities of some kind if it is to be adequate. This is discussed in
Chapter Eight.
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1.15 The irreversible feature of quantum theory.

What feature of quantum theory makes it irreversible? It is a
feature which, in itself, has actually been recognised for many
gyears. The physicist Watanabe seems to have been the first to see
its real importance.'8 Very simply, it is that objective
probabilities in quantum theory are future-directed, but never
past-directed. This is demonstrable from some very general
observations, as will be shown in Chapter Six.

While this feature is well enough established, what has not
been recognised is that it represents a conclusive irreversibility
of quantum theory. In fact this is a simplification: Watanabe,
who discussed this feature a great deal, recognised it as a kind of
‘irreversibility’. Unfortunately he did not recognise the full sense
in which it makes quantum theory irreversible. He considered it a
kind of irreversibility, but without rejecting the standard sense
in which quantum theory is said to be reversible. (He was a
pioneer in establishing the orthodox reversibility of quantum
electrodynamics.)

I will demonstrate, however, there is no such thing as a ‘kind
or irreversibility’. There are not many concepts of reversibility,
but only one. There is a single objec{ive sense in which a theory
is be said to be reversible, and if it is not reversible it is
irreversible. In this sense, the temporal directedness of quantum
probabilities renders quantum theory irreversible.

This point needs stressing, as | have found through having

presented my argument in a number of seminars. A common

18watanabe [1955, 1965, 1966, 1970]
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response to my argument has been: "Well, you have shown an
interesting kind of ‘irreversibility’ of quantum theory. But it is
only of a kind. The physicists show that, in another sense,
quantum theory is perfectly reversible. Now why shouldn't we
take their sense of reversibility as the best one?”

But this is specifically what | deny. The first part of my
argument is to demonstrate that there is only one concept of
reversibility, and to formulate this concept precisely. | go on to
demonstrate that quantum theory is irreversible. It cannot be said
to be irreversiblé in ong sense, but not in enother: it is simply
irreversible.

What, therefore, is the mistake that the physicists have
made? They have demonstrated a very powerful symmetry of
quantum theory, which they have called reversibility (or time
symmetry, or invariance under time reversal); but this is a
mistake, because the symmetry in question does not represent
reversibility at all. The mistake has been made because the
criterion for the reversibility of probabilistic theories has been

incorrectly formulated.
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1.16 The criterion for the reversibility of probabilistic laws.

For the sake of analysing the reversibility of quantum theory, the
orthodox analysis divides quantum processes into two types:
deterministic processes, and probabilistic processes. The first is
the deterministic evolution of the state vector, governed by the
Schrodinger time-dependent equation. The second is represented
by some form of the ‘projection postulate’, which tells us the
probability of a system being found in a certain state given its
imitiel state.

There is a controversy about this division of processes, but |
will not discuss that here. The orthodox analysis assumes the
division, and for the moment | will merely follow its lead. (See
Chapter Eight for more comments on this.)

The treatment of reversibility falls into two corresponding
parts: the treatment of the reversibility of the deterministic
processes, and the treatment of the reversibility of the
probabilistic processes. On the orthodox analysis, both types of
process are found to be reversible (with the minor and still
controversial exception of systems involving KO mesons, which
will be of no concern here.)

With the first part of the result, the reversibility of the
deterministic evolution of the state vector, | have no quarrel. |
fully agree this process is reversible. What | claim is wrong is
the analysis of reversibility for probabilistic laws. | believe that
a systematic mistake has been made, because the wrong
criterion for the reversibility of probabilistic laws has been

adopted.
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It is obvious enough what the reversibility of deterministic
laws requires; but it is somewhat less clear what reversibility
means for probabilistic laws. The criterion that has been
adopted is sometimes called the probabilistic principle of
micro-reversibility, which | will abbreviate as [PPMR]. Very
roughly the [PPMR] states that the transition probability from a
state s; to a state s, equals the transition probability from
the time-reversal of state sy, to the time-reversal of state s;
(for all states s; and sp). It is thought that the [PPMR] is a
necessary and sufficient condition for the reversibility of

probabilistic laws, i.e. where T is a class of probabilistic laws:
[*] [PPMR] holds of T « T is a time reversible theory.

Indeed, the [PPMR] is probably taken as the very meaning of
reversibility for probabilistic theories by many physicists. [*]
seems convincing, but | argue that it is wrong. | will
demonstrate that the [PPMR] is neither a necessary nor a
sufficient condition for reversibility.

This is really a general result about the concept of the
reversibility of probabilistic theories, and not a matter specific
to quantum theory. Hence the maindbart of my argument is not
specifically about quantum theory, but about the meaning of
reversibility for probabilistic systems. |In fact, only the
slightest grasp of quantum theory is needed to follow my main
argument.

To appreciate my argument, it must first be understood that

the [PPMR] does not count as a definition of the meaning of
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reversibility for probabilistic theories. There is a perfectly good
and objective meaning of ‘reversibility’, which can be decided
upon quite independently of the [PPMR]. | begin by analysing this
meaning in an exact way. Having a precise definition of
reversibility, | then demonstrate that the [PPMR] is neither
sufficient nor mecessary for reversdibility. This result fs
illustrated with two hypothetical examples of probabilistic
theories in Chapter Five. The first is a theory which fails the
[PPMR], but is nevertheless reversible (in an obvious way, and in a
way which satisfies the formal definition of reversibility that is
developed). This demonstrates that the [PPMR] is not a necessary
condition for reversibility. The second example is a theory which
satisfies the [PPMR], but is nonetheless irreversible (again, in an
obvious way.) This demonstrates that the [PPMR] is not a

sufficient condition for reversibility.

17 The correct criterion for reversibility: [CPR].

Having rejected the [PPMR], | propose a new criterion for
reversibility. | call it the Criterion for Probabilistic
Reversibility, abbreviated to [CPR]. It is easy to show that the
[CPR] is at least a necessary condition for reversibility. It is
also shown that it is a sufficient condition for the reversibility
of a theory consisting of any class of probabilistic transition
laws.

It is important for my argument, however, only that the [CPR]
is a necessary condition for reversibility, because it can be
shown from very general facts that it fails of quantum theory.

This is already evident from the results of Watanabe [1955,
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1965,1966,1970]. Thus, quantum theory is shown irreversible,
and on very general grounds.

This is the general form of my argument that quantum theory
is irreversible. It will be useful if | try to say briefly what
feature of quantum theory is behind the irreversibility. It has, of
course, to do with probability. Very simply it is the existence of
future-directed probabilities, but the lack of symmetric past-
directed probabilities. (It is an appropriate symmetry between
future-directed and past-directed probabilities that the [CPR]
directly demands.)

It is on this feature that | will base a theory of time flow.
Even if one decides to ignore the question of whether it
represents an irreversibility of the theory, this feature can be
considered directly for its possible relevance to time flow. To
have any relevance, it must represent at least a structural
feature of the theory which provides an intrinsic temporal

asymmetry. In the next section | outline why this is so.

.18 The lack of past-directed generic probabilities.

The asymmetry involves a probabilistic link from earlier to later
states of quantum systems. There is a corresponding statistical
link from earlier to later. This link is generic in nature. But there
is no corresponding link in the other direction, from later states
to earlier ones. Probabilities directed from later to earlier
states do not exist generically in nature.

To illustrate the situation very simply, consider a very simple

theory, which recognises four states, sy,..s4, of a certain kind of
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system, with the probabilistic laws:
[L] PROB(sj(t+at),s;(t)) = 1/4, for all i,j.

[L] states that the probability of finding the system in any state
s; at a moment At later than t, given that it is in any other state
sj at t, is equal to 1/4. There is an unspoken assumption that the
system is to remain closed between t and At, for if it is open to
other influences, then there might be some way of controlling the
final state and contradicting the probabilities. (This assumption
of closure is common to all dynamic laws.)

Now if we took a large ensemble of these systems, started
them all in some initial states, and looked at their final states,
we would expect the distribution of final states to include close
to 25% of each type of state, sy,.s4. This is a statistical
relation based on the objective probabilities. If this relationship
failed in a substantial way, then we would have to concede that
the probabilities given by the law [L] do not exist after all. But
let us suppose they exist. Thus in our ensemble of systems, we
have a distribution of final states in the proportions more or
less of 25% s, 25% s,, 25% s3, and 25% s4. This indicates a
probabilistic relationship from earlier to later states!S. we
may say that the distribution of initial states probabilistically
controls the distribution of final states.

Now is there a corresponding relationship in the reverse

19Because the distribution of final states is a function of the distribution of
initial states. A boring function, since every distributionof initial states gives
the same distribution of final states, viz. 258 s; for all i; but being boring doesn't

matter.
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direction in time? i.e. does the distribution of final states
probabilistically control the distribution of initial states? |If it

does, then there will be generic probabilities of the form:
M] PROB(SJ(t)IS-i(t*'At)): Pi, ]

This states that the probability of the earlier state, sj, given the
occurrence of the later state, s;j, is equal to some number Pi,j-
What p; j needs to be for there to be complete temporal symmetry
won't matter here, because we can show that there simply are no
such reverse probabilities at all.

| am assuming a real-life-like situation, where it is under our
control to choose the initial states of the systems in any
ensemble. Thus we could choose four different ensembles: one
where the initial states are all sy, a second where they are all
S, a third where they are all sz, and a fourth where they are all
S4.- And we are assuming of course that the distribution of final
states in each ensemble is roughly 25% for each state sj, since
this is determined by [L].

Now this situation is clearly incompatible with the existence
of any past-directed probabilities, of the form [M]. For no matter
how the numbers pi,j are chosen, one or other of our ensembles
will contradict the supposed probabilities. The fact is that the
distribution of final states of each ensemble is the same, but the
distribution of initial states varies wildly2%. This variation

means that there is no generic probabilistic or statistical

20The distribution of initial states is not a function of the distribution of final
states. For the mapping is one to many from final to initial distributions of

states.
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relation from later states to earlier ones.

It may be thought that some kind of cheating is involved in the
fact that the distribution of initial states has been chosen,
while the distribution of later states has only been allowed to
occur probabilistically from the chosen initial states. So, it
might be said, of course this asymmetry will be apparent: but
this is only because we have put it in there deliberately, and it
only shows that we have chosen our ensembles so that they
conflict with the hypothesis of past-directed probabilities. But
this does not show that those probabilities do not, in normal
circumstances, exist.

This criticism misses the point. It is the fact that the
initial states can be chosen, independently of the final states,
that leads us to reject the idea of a probabilistic connection from
final to initial states. By contrast, the final states cannot be
chosen independently of the initial states, and this leads us to
postulate the future-directed probabilities.

Here is another way of putting the same point. Because of the
forward-probabilities and the closure of the systems, the final
states cannot be controlled. |If the backwards probabilities
postulated in [M] were really generic to nature, then similarly
these probabilities plus the closuremof the system would mean
that the initial states could not be controlled either. (Remember
that the systems are closed from final to initial state just as
much as from initial to final state. There is no temporal
asymmetry about closure.)

The simple fact is that the wild variation in the distribution

of initial states for a given distribution of final states shows
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that the backwards-probabilities, [M], do not exist.

And this is what it appears to be like in the real world: there
are (if the fundamental theory is probabilistic) generic
probabilities directed forwards in time , but there are no generic
probabilities directed backwards in time.2!

In real life, this is naturally interpreted as the causal
dependence of later states upon earlier ones, and a lack of causal
dependence of earlier states on later ones22. For in real
systems, later states are perceived to depend upon earlier
states in a lawlike probabilistic way; but earlier states do not
depend probabilistically upon later states.

Probabilities must be carefully distinguished from mere
possibilities here. Of course, the final state of a closed system
determines the possible initial states of the system, by the
condition that there must be a physically possible path from any
initial state to the final state. In a fully deterministic
system?23, for instance, there is only one such path, and hence
only one possible initial state, thus ensuring a functional

dependence of initial on final states, reflecting the dependence of

214 might be thought that there is another possibility: perhaps there really are
such backwards-directed probabilities, and the kinds of phenomena that seem to
show that there are not are just flukes. For where probabilities hold, almost
anything is possible, and we cannot conclusively disprove any probabilistic
hypothesis. This seems an obvious kind of fallacy, but | will have some more to
say about it in Chapter Six.

22, probabilistic conception of causality is intended here. i.e. A could be the
cause of B in a certain case even though there is only a probability p<1 of B given
A.

23|n which both earlier states determine later states, and later states determine

earlier states.
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final on initial states.

In a probabilistic system, there may be many possible paths
to reach a given final state, and hence many initial states
consistent with a given final state. The possibilities of initial
states for a given final state are thereby determined, but there is
no extra lawlike probabilistic relation from final states to
initial states. A final state entails no generic probability
distribution of initial states. Probabilities 100k forwards in time,

but not backwards.
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19 Reversibility, thermodynamics, and phenomenological

directedness.

The evidence for the lack of past-directed probabilities in the
real world will be seen to be ultimately provided through the
prevalence of disequilibrium processes in the real world
(processes which involve large gains in entropy). The reason for
this can be easily pictured. Consider a process where some ink
and water are added together, and are observed to steadily mix.
Suppose that the theory governing the system is probabilistic, in
the sense that there are intrinsic probabilities of transitions
from one state to another in the combined system. Viewed in the
normal direction of time, this spontaneous mixing process will
seem perfectly natural, roughly because (a) there are far more
possible transitions to ‘mixed’ states than to ‘unmixed’ states on
any occasion, and (b) the nomological probabilities of state
transitions consequently determine a very high nomological
probability of long-term evolution to a mixed state. But now
consider the same process viewed in the reverse direction of
time. It now consists of a system in a thoroughly mixed state
evolving spontaneously into an extraordinary unmixed state. This
appears an extremely unnatural process - in fact it appears to go
decidedly against the probabilistic laws of nature. For the
extremely high nomological probability that any given state will,
in the long term, evolve to a mixed state has been contradicted.
What is especially important about this example is that the
probability that has been contradicted is truly nomological,

entailed by the fundamental laws of nature. This represents a
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vital difference from the case where the system is governed by
reversible deterministic laws. For in the deterministic case, the
reversed evolution is nomologically possible, given the very
special initial state of the reversed process. This special
reversed initial state will, if the theory is really reversible, take
the system deterministically back through the exact (reversed)
original sequence of states.

It can be seen that the initial state of the reversed
deterministic process represents very special correlations
necessary to allow the special reversed process to unfold.24 But
where state transitions are intrinsically probabilistic, any
‘'special correlations’ in the initial state of the reversed process
are of no effect. For to follow the reversed path exactly will
require an incredible sequence of intrinsically probabilistic
transitions, whatever the initial state. This is just another way
of saying that in the probabilistic system, the probability of
long-term increase (or at least maintenance) of entropy is
generally nomological, as opposed to the deterministic case,
where the probabilities determining entropy increase are really
epistemic, and the what actually happens is contingent only upon
actual initial states.

Where the fundamental theory is probabilistic, therefore, the
actual reversal of common disequilibrium processes such as the
mixing of ink and water (the burning of petrol, the flowing of
rivers, the radiating of the sun,..), would truly go against the
laws of nature. The fact that these disequilibrium processes

actually occur in our world shows that the probabilistic laws

2456e Bohm [1980,ch.6,7] for the concept of 'implicate order’, which is the

special sort of order in the reversed final state of the determinsitic system.
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governing processes in our world do not apply to our actual world
in reverse. It is the existence of these processes that ultimately
provides the evidence for the irreversibility of quantum theory.
(This is discussed further in Chapter Six).

Now it happens that the processes that appear
phenomenologically directed to us are of the same kind, i.e. they
are disequilibrium processes.2> So it may be said accurately
enough that it is the predominance of phenomenologically
directed processes that provides that evidence of irreversibility.
But it is important to realise that although the
phenomenologically directed processes provide this evidence,
their commonness in our environment is not explained by the
irreversibility of the laws. What is characteristic of these
processes is that they are all disequilibrium processes: but
quantum theory does not require that disequilibrium rather than
equilibrium processes should occur. It would be equally
consistent with quantum theory that the whole universe is in a
kind of thermal equilibrium, and no phenomenological

directedness is displayed at al1.25

25Popper‘s points in his [1956] indicate that not all phenomenologically directed
processes need directly involve entropy increases, since our inference of a
common causal ancestor of a set of correlated events allows us to infer a causal
direction in the process that caused the set of correlated events, without there
necessarily being any entropy increase in this process. But it seems that there
must instead have been an entropy increase earlier in the chain of events which
gave rise to the ‘causal ancestor’, hence that the temporal directedness of the
process in question relies on a disequilibrium process at some stage.

26| this case there would be no evidence that the past-directed probabilities do
not exist, hence no empirical evidence that the quantum world was in fact

irreversible. Here - and only here - would the quantum world in fact seem
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Thus the irreversibility of quantum theory that | am arguing
for does not explain why the universe is in the kind of
disequilibrium that it is in, or the phenomenological directedness
of the environment. Physicists rather seem to expect that any
serious irreversibility should provide for an explanation of this
feature of the universe, but this expectation is wrong. This is

discussed further in Chapter Two.

1.20 A proposal: time flow in quantum theory.

Having appreciated the temporal asymmetry of quantum
probabilities, it is natural to wonder whether it has anything to
do with the flow of time. My second main argument is that a
convincing theory of time flow can be based upon this
asymmetry.27

It is important to make clear the kind of theory of time flow |
am arguing for. In the broadest sense, | am arguing that quantum
theory requires time flow for the proper representation of
quantum probabilities. But this claim needs considerable
explanation. Let me put forward a series of more explicit

propositions:

properly reversible. For there would be the same actual statistical relations from
future to past as there are from past to future, and it would not be possible to tell
th at there are in fact no generic probabilities from future to past.

27There are a number of suggestions, most notably by Reichenbach [1953],
Capek [1961], and McCall [1976], that a theory of time flow be based upon
indeterminism in nature. | am in sympathy with the instinct behind these

suggestions. McCall [1976] is discussed in detail in Chapter 7.
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[1.7] Quantum probabilities could be interpreted in such a
way as to require time flow.

[1.8] The theory that results from this is natural,
conceptually wunified, and empirically adequate to our
experience of time flow.

[1.9] No other interpretation does justice to time flow (nor
has advantages in other areas that could compensate for
this lack). In other words the suggested interpretation
should be regarded as giving rise to the correct version
of quantum theory.

[1.10] This interpretation captures the implicit understanding
of probabilities that physicists adopt in their ordinary use

of quantum theory. Hence it can be seen as the normal

interpretation.

To avert one confusion, what cannot be shown is that the mere
quantum formalism requires time flow. The formalism concerns
a kind of mathematical structure, and as such does not require
anything physical at all.

For instance, in the formalism there may be variables ¥, y, 2,
normally interpreted to refer to physical space. But without the
interpretation, there is no reference to physical space, and no
implication about its existence. Once interpreted, a theory
arises from the formalism, and (on the normal interpretation)
this theory requires there to be physical space. We must decide
upon an interpretation before we get a substantial theory: it is
only then that we can claim that ‘the theory requires physical
space’, or ‘the theory requires time flow’, or whatever else.

Thus what | am going to argue is that the quantum theory
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that we get by taking a certain interpretation of quantum
probability requires there to be time flow. Of course, what
really needs to be shown is that the interpretation proposed is
correct, or at least preferable to its rivals. That is the real
problem, and that is why propositions [1.7] to [1.10] need to be

argued for.

.21 A contingent {dentity theory of time flow.

Let me first try to give a simple and rather picturesque account
of the fundamental idea to be developed, and then return to
consider [1.7] to [1.10] in detail.

Suppose that we take the idea of time flow seriously, and we
wish to make a serious effort to find something in the quantum
ontology that could correspond to it. That is: if time flow were
real, where would it be located in the quantum world?

This is a normal kind of scientific question. We ask a similar
question of water, for instance. Given the prima facie
phenomenological evidence that there is this stuff we call
‘'water’, we try to locate what the stuff could be in the quantum
ontology. The only good candidate is a complicated thing called
‘quantum-theoretical-HoO-molecules’, and it is in fact a very
good candidate, so we adopt a contingent identity:
phenomenological-water = quantum-theoretical-Hp0. What we
mean is that the stuff which we call ‘water’ is actually stuff of a
certain fundamental physical type, namely, the type quantum-
theoretical-H,0. This theory of water is contingent in the sense

that if we came to reject the quantum theory, and to believe that
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it is not a correct picture of fundamental physical ontology, then
we would also reject the identity thesis.

Let us consider an analogous kind of contingent identity
theory for time flow. Given the quantum ontology as the
fundamental ontology for microscopic processes, with what could
we identify time flow? The idea that suggests itself, given the
time asymmetry of probabilities, is that the actualisation of
quantum probabilities underlies what we call time flow.

By the ‘actualisation of probabilities’ is meant the occurrence
of one probabilistic event out of all the possibilities. Since the
probabilities are always directed towards the future, the
occurrence of probabilistic events always takes us into the
future, so to speak. These probabilities give the universe a
method, so to speak, for transforming itself into a new state
from the present state. | suggest we regard these probabilities
as providing, in Nerlich's phrase, the ‘engine of time’
(1979,p.3.128

Identifying time flow with the actualisation of probabilities
in this way achieves a number of desiderata:

(i) It provides for a physical definition of the future
direction of time: viz. the future is the direction in which the
quantum probabilities are directed. Provision for such a physical
direction is the main structural feature that a physical theory of
time flow requires. (If a direction was not provided for by the
physical theory, then we would have to postulate it as an extra
‘metaphysical’ feature. We would then fail in our attempt to get

time flow purely out of the physical ontology, as [1.7]

28 Although Nerlich introduces the phrase only to call it an ‘inchoate notion’. But

I think it is a very nice metaphor.
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requires.29)

(ii) It is a theory that seems to have a good chance of being
empirically adequate to our usual perception of time flow. A
main constraint on any such theory is that it must give the flow
of time a fine enough grain to satisfy our perception of time flow
(change) as continuous. It must also make time ‘flow’ consistently
‘forwards’, flow in all of the universe and not just in special
regions, and so forth. The theory to be developed will achieve all
this.

(iii) It is also important that the theory be conceptually
reasonable. By identifying time flow with some physical concept
(the actualisation of probabilities) we affect our understanding
of that concept. |Is it conceptually reasonable to understand
probabilities in the required way?

While (i) and (ii) are not so hard to defend, and go a long way
towards establishing [1.7] and [1.8], at least three key questions
remain. The first is the question of the conceptual coherence of
the theory, raised in (iii). The second is the concern of [1.10]:
does ®the swWiggested theory really edpture the impligit
understanding of practicing physicists? These two questions are
quite closely connected, and | will discuss them in the following
two sections, where | will argue thai' the required interpretation
of probability is the natural one in the context of quantum theory.

The third problem is the concern of [1.9]: is there really a need

2901 instance, if we tried to introduce time flow into Newtonian mechanics,
which is a reversible theory, we would, explicitly or implicitly, be adding an
extra postulate rendering the theory irreversible. In fact Newton effectively
introduced such a postulate himself in his famous definition of time in his

Principia. This example is discussed at length in Chapter 3.
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to give such an interpretation? |Is a theory which postulates
physical time flow better than an otherwise identical theory
which does not? Is there adequate motivation for taking time
flow seriously in the first place? This is a difficult problem,

which | will discuss in the remaining sections of the chapter.

.22 The idea of & dynamic theory.

First is a very general point about the notion of dynamic laws.
Laws of physics are fundamentally dynamic laws, about how
states of systems change with time. Dynamic laws are the
obvious and the only place to look for time flow. Indeed, it is an
intuitive view, which physicists have until they are taught
better, that dynamic laws are exactly about what happens to the
world as time flows.

This natural view is usually reformed when they meet
relativity theory, and are taught to conceive of time as though it
were all but another spatial dimension. It is still recognised that
time differs from space, but it is generally said to differ only in
the functional role it plays in the theory. For instance, the
invariant interval in Minkowski space-time is: dx2+dg2+d22-dt2,
the temporal term having a negative sign in this equation, unlike
the spatial terms. Similarly, in the Schrodinger equation in
quantum theory, time and space play different functional

roles.30

But this explanation of the difference between time and space

30T here are many arguments that time and space are essentially identical. E.g.
Taylor [1955], Gdodel [1949], Quine [1960], Costa de Beauregard [1966], Webb
[1977].
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A is the region within the lightcone that converges from the
space-like hypersurface B. Relativity theory requires that the
events in region A depend soley upon ‘the events at the
hypersurface B, since no influence from an event such as C
outside of B could propagate to A. E and F are space-like
seperated events which are highly correlated. (For instance, they
may represent the correlated contents of two copies of a
newspaper). The correlation is ‘across space’, but it results from
a common causal ancestor, D. E and E; are likewise highly
correlated (for instance, they might represent the correlated
contents of the same physical newspaper at different moment in
time), but in this case the correlation results from the lawlike

- temporal evolution of the system involved. There is no spatial
analagy to temporal evolution.
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makes us overlook a far more obvious difference. The obvious
difference is that there is a connectivity of objects through time
that makes events in a later space-time region depend upon the
events in earlier regions. For any space-time region, there is a
future region which depends only on the earlier region. (See Fig.
Al

There is no such connection between spatially adjacent
regions. What is the case in a given region generally has no
bearing on what is the case in neighboring spatial regions. (See
Fig. 1.1. If there is a relation across space, it is a contingent one.
E.g: there maey be a single cauge in an earlier region of two
correlated effects in spatially adjacent later regions. But the
correlation is the result of the accidental contents of the world,
and is generated in the first place by the temporal dependence
that each region has on the earlier region.)

Now it is this connectivity of systems through time that is
at the heart of all dynamic laws. That is why the laws of physics
are dynamic, and time has a unique role in them. That is why
Hume's problem of induction concerns induction to facts about
later times, not to facts about left or right regions of space. The
gssumption of this connectivity through time is an overtly
metaphysical foundation of physics, as well as of everyday
understanding.

| have said that what happens in one region of time depends
upon what happens in adjacent past regions. The irreversibility
of quantum theory that | argue for means that the relation is not
symmetric. l.e. the future depends (probabilistically) on the past,

but what happens in the past is not dependent on what happens in
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the future. This is what the asymmetry of probabilistic dynamics
amounts to. So we have temporally asymmetric dependence.

This could naturally enough be interpreted as causal
dependence3! It need hardly be argued that a belief in real
causation goes hand in hand with belief in time flow. And surely
physicists in their informal moments appeal to the idea of
causation all the time - it is only when they become
philosophically sophisticated, and perhaps forget some of the
most obvious lessons of their lives, that they are inclined to cast
aside the ideas of causation, and time flow.

So we can say at least this much: if we are to interpret
quantum theory as involving time flow, then the probabilistic
dynamics is the obvious and natural arena for time flow. If there
is to be any quantum theory of time flow, then the theory
proposed here, or some close variation, is the only natural theory.

And it does appeal in a natural way to the untutored instinct.
.23 Dynamic probability.

Let us turn to a more specific point, the understanding of
probability. In the ordinary understanding of quantum theory,
probability is taken in a very strongﬂwag. This is expressed by
saying that the result of a probabilistic quantum theoretic
experiment (in general a measurement) is indeterminate until
the experiment is finished. Or alternatively, that the truth about
the result of an objectively probabilistic future event does not

exist until the event happens.

31Obvious;lg with a probabilistic sense of causation.
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For instance, say we are going to measure the spin on the z-
axis of an electron which has been prepared with spin up on the
X-axis. Quantum mechanics tells us that there are two possible
outcomes, spin-up or spin-down, and that there is an objective
0-5 chance of either result. Using e, and e_ respectively to
denote the events of observing spin-up and spin-down, we have:
PROB(e,) = PROB(e_) = 0-5.32

Now it is normally thought that there is simply no answer to
the question of whether e, or e_ is the result of the experiment
until the time comes around and one or other event does occur.
The natural picture is that when the time comes around, Nature
must make a probabilistic choice, and, bingo, one or other event
occurs. Until the ‘bingo’, there is simply no reality to either
result.

This kind of probability may be contrasted with another sort
of probability, which is epistemologically based. Imagine that,
depending on the result of this first experiment, either a white or
a black counter is placed in a sealed boX. |If e, is the result, a
white counter is inserted, if e_ is the result, a black counter.
This may be done mechanically, so that no one has any knowledge
of which counteris in the box.

After the counter is inserted, we take the box, and rattle it to
demonstrate that there is a counter in it, and ask ourselves what
colour we would guess the counter to be.

Let us denote the event of finding that it is white (when we

32Tnese probabilities strictly need to be further conditionalised on the
probability of performing the experiment at the future time. For simplicity it may
be assumed that it is already physically determined that the experiment will be

performed at the future time.
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look at it sometime later) by e, and of finding that it is black
by ep.. We would clearly assign probabilities of 0.5 to each
event, i.e. hold that: PROB(ey )= PROB(ey) = 0.5. For we would
certainly assign these probabilities before the result of the first
(e,/e_) experiment was determined, since until then, the
probabilities of ey and ey would be fully objective, being
identical to the probabilities of e, and e_. After the e,/e_
experiment is completed, there is no effective change in our
knowledge concerning ey /ep, so we must retain the 0.5
probabilities.

These probabilities have clearly been assigned by an
objective, rational procedure. But although they are objective in a
clear sense, they are not like the probabilities governing the
events e, and e_, because they imply no indeterminateness in the
events ey, and ey. There is no lack of an actual truth of the
matter about whether ey, or ey: only a lack of knowledge of what
the truth is. We know that there is a definite counter of a definite
colour in the box, that Nature has already made its choice about
which of ey, and ey will happen in the future.®3

For this reason, the second kind of probability is called
‘epistemic’ or ‘subjective’, because it depends upon a lack of
knowledge, not upon a real indeterminateness in the facts. The
first kind of probability is physical in a stronger sense because
it involves a real physical indeterminateness. There seems to be
really no truth of the matter in the first case, until Nature makes

a real, probabilistic decision, and either e, or e_ is actualised.

33Notethatew and ey are the (future) events of observing the counter to be
white/black - not merely the event of it being white/black, which is a present

event.
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In this way of describing the physical probabilities of
quantum theory, there is an obvious and intimate connection with
the flow of time. This can be seen in the appeal to the temporal
categories of existence - future, present and past - in the
description of the actualisation of these probabilities. e, and e_
were first of all mere future possibilities; neither was yet
actual. Time had to move on, one or other result has to be
actualized, before the result became a present reality.

It is not merely that e, and e_ pertained to moments Jater
than the present that generated this, for before the second
experiment was completed, ey, and ey (which are the events of
observing one or other colour of the ball) pertained to later
moments, but they were nevertheless already physically
determined in the present. Clearly there can be presently
determinate facts about later (or earlier) moments of time. We
talk about such things all the time: "Hitler died in 1945"; "The sun
will come up tomorrow morning”, and so on, believing these to be
determinate facts now.

We have been talking of ‘determinateness’ without any decent
définition ‘of it, For the momenkt let us take s deteEFminate” to
mean ‘has the present modality of existence’. What was felt
about e, and e_ was that for a time, neither had any present
reality - until something happened, and one or other was realised
in the world. This is not in conflict with the idea that one or
other of e, and e_ was always the result which would be
actualised. Either: e, will occur or: e. will occur can be
taken to have been always true. Say for instance that e_ turns
out in fact to be the result of the experiment, realised at a

moment t,. Then at an earlier moment ty, it was true to say that
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. will decur ot tg (emd @, will not eeccur). This T
tantamount to the modal claim: e. -at-to has the future
modality of existence.

But this does not require that e. -at-t, has the present
modality of existence. We cannot, in other words, go from x will
exist (or occur) to x does exist, or from x will be true to x is
true.

In fact this is an issue that goes very deep, as will be evident
when the matter is fully aired in Chapter Seven, and the few
comments above do not serve to clear any of the real problems up.
But they are meant to establish for the moment only that ordinary
intuitions about quantum probabilities seem to rely on the
concepts of temporal modalities of existence, or in other words,
on the supposition of time flow.

I will call this ordinary understanding of probabilities the
dynamic interpretation of probability. | am not arguing that this
is the only way that objective probabilities can be interpreted. In
fact | will later contrast the ‘dynamic’ view of objective
probabilities with a 'static’ or 'bloc universe' interpretation, to
make the competition clear. AIll | am observing is that the
dynamic interpretation is prima rfacie attractive to physicists,
and could plausibly be claimed t’b lie behind the implicit
understanding of probabilities used most of the time in practical
quantum theory. In other words | am showing that proposition
[1.10] ("This interpretation captures the implicit understanding of
probabilities that physicists adopt in their ordinary use of
quantum theory.") is plausible.

Another feature of the ordinary view that strongly reinforces
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this conclusion is the prime facie unimaginability of past-
directed objective probabilities. Above, | have described quantum
theory as lacking past-directed probabilities. Now this claim
may have struck some readers as bizarre in itself, because it may
seem unimaginable what past-directed probabilities could be. It
may be thought that | really do not need to take much trouble to
empirically disprove the existence of past-directed probabilities,
because such things are a conceptual impossibility. They cannot
even be imagined.

Why should they seem impossible or unimaginable? | think it
is because the kinds of objective probabilities we are talking of
are assumed to be dynamic, and hence to depend upon time
flowing forwards into the future for the probabilistic outcomes
to be actualised and become real. The idea of past-directed
probabilities of this dynamic variety is certainly inchoate, since
there is no way that such probabilities could be actualised.

But this is only because probabilities are imagined as
dynamic, for on the alternative ‘static’ or 'bloc universe’
interpretation, there is no problem at all with imagining past-
directed probabilities. Such probabilities may be manifested in
certain objective statistical relations from later to earlier
events. (These relations are empirically found to be absent, and
are not required by quantum theory, which is why quantum theory
is irreversible whatever interpretation of probability is adopted.)
Since on the bloc universe conception, past-directed probabilities
are at least imaginable, whereas in the popular conception they
are not, the bloc universe view cannot provide the popular

conception of probability.
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| have made an attempt to show the plausibility of [1.10]
(that the dynamic interpretation captures the implicit
understanding of physicists.) This is about all | will say in
defence of it. To show [1.10] conclusively would not achieve
much even if it was possible to do so. Even if every living
physicist voted in favor of dynamic probabilities, opponents of
this interpretation of physical probabilities need not take any
notice, if they have good objective arguments against it. They
need only say: Yes, but the physicists are just philosophically
unsophisticated. So while it is of some polemically importance
that [1.10] is plausible, it is hardly a key issue: what is crucial is
the quality of the arguments that the proposed interpretation is
correct.

A vital step is to show the conceptual coherence of my
proposal. What has been already been said goes some way
towards this, showing that the idea that quantum probabilities
are dynamic probabilities fits in very naturally with ordinary
ideas. It may still be objected, though, that the very idea of
dynamic probabilities is internally incoherent. The source of
such objections are mainly arguments or presuppositions that the
concept of time flow is already incoherent. Since dynamic
probability already presupposes tirfie flow, if one rejects the
latter as an incoherent notion, so will one reject the former. It
is vital that | overcome such objections.

| will argue for the coherence of time flow and dynamic
probability by showing how a formal model of them can be

constructed. This is done in Chapter Seven.
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1.24 The motivation for realism about time flow.

| turn to the last key piece of my argument that still needs to be
filled in: the motivation for introducing time flow in the first
place. This must be made clear if we are to establish [1.9], that
no other interpretation does justice to time flow (nor has
advantages in other areas that could compensate for this lack).

The theory of dynamic probabilities deals with time flow by
making it a real feature of the physical world. The main
alternative, the bloc universe view of the l[llusionists, deals with
it by saying that there is no real time flow, and the impression or
sensation of it can be explained away in an effective way.
Obviously there is only an advantage in the dynamic view if there
are good reasons for wanting to take time flow realistically in
the first place.

These reasons cannot come from physics, of course: they are
required to provide our motivation for taking time flow seriously
in physics. They must rest instead on pretty direct
phenomenological grounds.

It is worth stressing that this is a normal kind of situation in
science. An exactly comparable situ_gtion would arise from the
question of whether the existence of physical objects should be
reflected in the interpretation of a certain theory. It is no doubt
possible to reinterpret almost any physical theory in an idealist
way, or even a solipsistic way, and say that it does not imply the
existence of any external objects. We could hold that there is no
real external physical world at all, just sensations, or some such

mental things. A solipsist might reinterpret quantum theory or
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Newtonian mechanics to support this view. On the
reinterpretation, the main body of theory would become a mere
formalism, serving only to express complex relationships
between ‘observations’ or some such thing. This is indeed the
program of some instrumentalists.

But such a radical interpretation is normally rejected,
because the phenomenological evidence appears so
overwhelmingly to favour the postulate of an external, physical
world. There is no logical necessity to do this, but the ordinary
canons of informed common sense convince most of us. Thus we
ordinarily interpret our scientific formalism in a specific way:
we take certain kinds of terms to denote physical objects.

Reasons of the same sort for taking time flow seriously
enough in the first place are required. In fact we need not look
far. The apparent usefulness of the time-flow concept in
interpreting so much about our world, and the thoroughness with
which tenses infiltrate all our natural language, would probably
be enough to convince most people that if there is a good
scientific way of incorporating time flow, it should be had.
Prima facie, at least, there seems somewhat more of a need to
justify abandoning the idea of time flow, than a need to justify
taking it seriously.34

There is, then, a sufficient prima facie motivation for the
project of dynamic probability, without the need to say very much
at all. But while the initial motivation for the project is hardly

under question, it would not be very satisfactory to leave matters

341t must be remembered that, if a good scientific way of having time flow is
found, the Il1lusionist’'s arguments against time flow are dismissed, since they are

essentially arguments that we cannot have such a scientific account of time flow.
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here. It seems that there must be reasons why we are convinced
that there is time flow, and it will always be necessary, in the
end, to analyse them, and to decide whether they are good reasons
or bad ones. If they really are bad, then, despite all our strong
feelings that time flow is desirable, there would be no ultimate
need or justification for bringing it into the scientific ontology.

So this introduction concludes with an exploration of what
these reasons could be. A positive argument from
phenomenological evidence for the reality of time flow is given.
This argument is intended, at the same time, to be a diagnhosis of
our deeper reasons for believing in time flow.

| must acknowledge that this final argument is far from
complete. It is really only a sketch that needs a much fuller
development. However, the weakness of this particular part of
the case is hardly crucial for the project as a whole, and it seems
better to give a partial, and no doubt faulty, analysis, than to

avoid the issue altogether.
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1.25 The concept of existence 1.

The view that time flows is really a view about the nature of
existence, as has been sufficiently emphasized. The dynamic
view of existence is that there are three modes of existence,
past, present and future. The alternative view of the |1lusionists
is that there is only one mode of existence: existence pure and
simple. Whatever exists for the |llusionist exists timelessly.
This is often called the bloc universe concept of existence. The
‘bloc universe' consists of the whole collection of events or
states of affairs that occur throughout the actual course of
history. This is an object extended in time as in space. There is
no special moment within the universe which is the 'present’
(just as there is no special place which is ‘here’), and the
categories of past, present and future are not real according to
the Illusionist. They can be thought of only as perspectival
effects (or illusions) apparent from particular points of view
within the universe.

Let me first dispel an attempt to deflate the dispute into a
mere verbal disagreement. It might be objected that the dispute
is merely over two different possible meanings for the term
‘existence’. Why not be diplomatic, allow the Illusionists their
concept of existence and the proponents of time flow theirs, and
merely observe that they are using the term ‘existence’ in
different senses. So long as they can each adequately translate
the other's concepts into their own terms, there will be adequate
agreement between them.

The proponents of time flow can easily translate the
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[Musionist's ‘'existence’ into their terms. Xx exists in the bloc
universe lingo means x has, does, or will exist. But can the
ITTusionist translate the concepts of x has existed, x presently
exists, and x will existinto bloc universe terms?

Reichenbach [1947], Goodman [1951], and Quine [1960] have
supported such a theory of translation, which has proved very
popular. The statement x is past is taken to mean x exists
earlier than this token utterance. Similarly, x is present is
taken to mean x exists simultaneously with this token utterance,
and Xx Is future to mean Xx exists later than this token
utterance.

In these translations, the term ‘exists’ must be taken as
signifying timeless, bloc universe existence, while 'is earlier
than' and 'is later than' are merely temporal relations, similar to
spatial relations like 'is north of' and 'is south of’, and have no
modal significance. (Perhaps it is worth saying that 'x exists
earlier than..'’ means: 'Xx exXxists and x is earlier than..." as opposed
to: 'x exists-earlier-than', with ‘earlier than' modifying the type
of existence.)

The argument now goes that these translations are sufficient
for the conveyance of all substantial items of knowledge. For
instance, to say that x is past conveys no more nor less than that
X exists at an earlier moment than the moment of utterance of
this token. Similarly, x is future conveys that x exists at a
later moment than the moment of utterance of this token. Thus,
what the disagreement is over is nothing substantial but merely
the use of the term ‘'existence’. The proponents of time flow take

there to be three distinct kinds of existence; the I1lusionists take
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there to be just one kind, which can be stratified into three
groups relative to any moment in time. Each can say in his own
language everything that can be said in his opponent’s.

But there is an obvious objection to this. It must simply be
denied that x is future means the same as x exists later than
the moment of this utterance. When we say that x is future we
intend to say something about x's existence: viz, that it does not
yet exist, but when some time has passed, it will exist. (This is
the very meaning of the term ‘is future') This implies, for
instance, the reality of time flow. But the statement x exists
later than the moment of this utterance has no such implication.

The I[1lusionist must change tack a little. A much more
reasonable claim is that the statement x jis future conveys at
least the information that x exists later than the moment of
this utterance, and that although it may seem to convey
something more, something about ‘time flow’, in reality it doesn't
convey any more real information because there simply is no time
flow. (The whole idea of it is incoherent.) Thus the information
that is effectively conveyed by x is future is just that x exists
later than the moment of this utterance.3>

But of course this reply takes us away from the claim of a
mere ‘verbal disagreement’, and back into a substantial dispute
about whether time flow is real or not. For the proponent of time
flow holds that time flow Js real, and that the |llusionist is
simply wrong in saying it isn't. And it is this dispute that must
be resolved before any agreement can be reached.

The Il1lusionist might try a second tack to switch the debate

35E.g. according to Goodman, a token sentence of the type World War Il is past

“tells us simply... that World War Il is prior to the sentence in question.”
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to one about meanings. Let us say that it is admitted that there
is no translation from tensed language as it is intended to be
understood into the non-tensed language of the Illusionist.36
This is because tensed language presupposes time flow, and time
flow requires at least one primitive concept that is not available
to the I1lusionist (e.g. the concept of ‘real change’)

Nevertheless, it might be claimed that the term ‘existence’
just has the meaning that the |1lusionists ascribe to it, namely
bloc universe existence. The terms ‘is past’, ‘is present’, and ‘is
future' do not denote modes of existence at all, because it is a
conceptual truth that existence means bloc universe existence,
not ‘temporal existence’.

The trouble is that this is totally implausible. For practical
purposes, the core sense of existence is temporal existence
For instance, if you say 'Napoleon Bonapart exists’, or 'My
experience of the taste of baked beans exists’, you are taken
naturally to be saying that these things exist presently.
‘Napoleon Bonapart exists' is false according to common sense and
common usage: ‘Napoleon Bonapart did exist’ is true. Common
sense takes existence to be temporal existence: it seems very
unlikely that Illusionism could be established on purely

conceptual grounds.

36| reserve the term tensed proposition for propositions containing real tenses
(besides the present tense), for instance: that Polly was eating a lolly, that
Polly will eat a lolly, that Polly ate a lolly in the past. Propositions may also be
indexed with the times, e.g. that Polly is eating a lolly may be modified to that
Polly is eating a lolly at 12 o'clock.| will always call the latter a time indexed

proposition, not a tensed proposition.
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1.26 The concept of existence 2.

It is interesting to consider the concept of existence further. |
will begin the positive case for time flow with some comments
about how the concept of existence is learnt.

Everyone has a concept of existence, and it is obviously a
pretty fundamental idea. How do we learn it? It would seem that
we learn it by being able to contrast things that don’t exist with
things that do exist. After all, if there was nothing that we could
contrast with the things (objects, experiences, states-of-
affairs) that do exist, what practical use would the concept be?

The Illusionist can easily allow that there are plenty of
things that don't exist - all the nomologically possible but
unactualized worlds. But we are not in perceptual contact with
these non-existent things, and surely we don't Jearn our concept
of existence by contrasting the actual world that does exist with
other worlds that do not.

Rather, we learn about existence because things (or states of
affairs) come in and out of existence within the actual world.
Coming in and out of existence happens in time. In our normal
experience we are all certain of this fact, that things come in and
out of existence in the world.

Experiences themselves are the primary candidates. Babies
undoubtedly get hungry, and they must come to recognise that the
experience of hunger comes and goes quite regularly. How they
recognise this is of little concern here, and what | am saying does
not suppose some kind of ‘private language’ theory of terms for

internal states or anything like that. AIll | am saying, which is
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obvious, is that babies learn to recognise the experience of
hunger, and as they develop memories, they must recognise that
hunger comes and goes. They come to recognise that all sorts of
experiences come and go, that indeed there is a flux of experience
or sensation, not a single unchanging experience. If there was
but a single unchanging experience it is doubtful that the concept
of existence itself would be a part of it. (It would certainly not
be a concept that would develop, since nothing would change).

All | wish to say is that we would not acquire the concept
of existence unless things did at least seem to come in and out
of existence to us. And therefore our concept of existence
allows for things coming in and out of existence, and is thus a
concept of changing existence, or temporal existence. This is
the primary and natural concept of existence.

| make this point to try to bring the I1lusionists down to earth
somewhat from the heights of abstract speculation. The
[Musionist's view of existence is a highly abstract one, gained
from attempts to make mathematical or logical models of the
world. These models are made mainly for the sake of giving
precise semantic theories. In mathematics, as opposed to real
life, a static concept of ‘existence’ is certainly common.
Mathematical Platonists believe that there are realms of eternal
mathematical objects, which exist in the static, bloc universe
way. | believe the Illusionists come to transfer this notion of
existence from their mathematical models of the world, to the
real world itself (the fallacy discussed in Appendix 1.1) But the
physical world seems to be an entirely different thing from the

realm of mathematical objects. It is different particularly
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because it exists intime, because it is not static but dynamic.

.27 A positive argument for the reality of time flow.

So far the points made have been largely negative, against the
INusionist's ebjections to time flow. It is time for a positive
argument for the reality of time flow. In a general sense the
argument 9s dan empirical mne, i.€s it ie argued that there is
empirical evidence supporting time flow. But the inference is a
rather abstract one. The strategy of the argument is sketched in
this section, details are given in following sections .

The argument is an empirical one, taking certain empirical
observations as premises, and concluding with the proposition
that time flows. The empirical premises consist, roughly, of the
observation of the continuity through time of one’'s personal
experience, and of the world of physical objects. The meaning of
this will be spelt out in detail shortly, but for the moment it will
be symbolised by the term CONTINUITY. The conclusion is
symbleTised a8 T.LHE FLOW; @nd ence the infereénce /@s:
CONTINUITY = TIME FLOW.

The key problem, not surprisingly, will be to justify the
inference. The inference depends upon the fact that the conclusion
(TIME FLOW) explains the premise (CONTINUITY). There is rather
more to it than that, but let us begin with this idea of an
inference which is legitimated by the fact that the conclusion
explains the premise. This kind of inference is not unusual, as we
can see by considering a concrete example like the following.
Suppose that we observe a crater, and scattered around it

fragments of metallic rock, and other features which all suggest
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that a meteorite had crashed. Let us call this evidence DEBRIS.
Clearly, in ordinary circumstances we would feel justified in
inferring from DEBRIS that a meteor had crashed on the site, that
is we would make an inference appropriately symbolised: DEBRIS
= METEOR. What justifies this inference the fact that the
hypothesis METEOR provides such a good explanation of the
premise METEOR. Of course, other features are also necessary: for
instance, there must be an initial plausibility to the idea that a
meteor has crashed there, and also there must be a lack of
plausible competing explanatory hypotheses. However it is clear
that inferences of this kind are commonly taken to be legitemate.
The inference: CONTINUITY = TIME FLOW is not as
straightforward as the: DEBRIS = METEOR inference, however,
because the explanation it is based upon is not a simple causal
explanation of one contingent event from another, as it is in the
latter case. It is rather a very high-level theoretical (I am
inclined to say ‘'metaphysical’) explanation. Rather than trying to
offer a precise analytical justification of the CONTINUITY = TIME
FLOW inference, | will justify it instead by analogy. The analogy |
will draw is with an argument for a similarly ‘metaphysical’
conclusion. It is an argument which in fact is controversial in
philosophical circles exactly because no satisfactory analysis of
the inference has been given, but it is nevertheless an argument
which is widely accepted, and forms the basis of scientific
realism. The argument is for the thesis that there is a real,
concrete external world which exists independently of our
experiences of it. | will signify this conclusion by the term

REALISM. The assumption of REALISM is a kind of metaphysical
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underpinning of both our commonplace understanding of the
world, and of the normal scientific view. Do we have any good
reasons for REALISM? | think we do: the reasons are roughly that
REALISM explains so many features of our experience - what |
will summarize in the following section as the coherence of
experience, and will symbolise here as COHERENCE. COHERENCE
is broadly speaking an empirical premise. Hence | think that:
COHERENCE = REALISM is a good argument, and that what
justifies the inference is the fact that the conclusion REALISM
explains the premise COHERENCE. We will see the details of this
in the following section, but the point here is the analogy
between the inference: COHERENCE = REALISM, and the inference:
CONTINUITY = TIME FLOW. | will represent these as inferences of
a very similar kind: both have broadly empirical premises and
rather 'metaphysical’ conclusions, and the inference is
legitimated through the fact that the conclusion provides an
explanation for the premise. Thus | will effectively argue that we
have the same kind of empirical reasons for believing in TIME
FLOW as we have for believing in REALISM.

Of course many philosophers object to REALISM, and perhaps
the argument for it has no ultimate justification at all. But this
is a question | will not try to decide. If one wishes to reject
REALISM, then one has taken up a position of radical skepticism
about the very existence of the physical world, and from this
point of view the whole project of trying to establish a realistic
interpretation of time flow within physics is doomed before the

Table of Contents has been reached.3’ However, if it is accepted

37But the Illusionist’'s view is undercut in exactly the same way of course, so

this kind of skepticism does not represent not an |1lusionist objection
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that experience offers us good reason for REALISM, then | will
argue that experience offers us reasons of a similar force for
TIHME FLOW. Thi's ergument represents & challenrge” to the
presumption of the Illusionists that there can be no empirical

reasons for belief in time flow.

1.28 Reallism vs, Illusionism about the physical world.

That the external world is real means, | take it, that there are
durable physical objects which exist independently of our own
perceptions of them. Now there is a well-known species of
‘INMusionism’ about this view, normally called l|dealism or
Phenomenalism. It arises from asking how we know that there
is an external world. Apparently, through our perceptions or
sensations of it. But do these perceptions or sensations really
count for anything? What if we could explain away all the
perceptions as illusory, without ever appealing to the reality of
external objects in our explanation? Then they would seem to
provide no good reason for believing in the external world after
all.

The Idealist does exactly that. L‘.et us suppose that all that
exist are the percepts themselves. They are not caused by
anything external, and provide no information about external
objects.

0f eeurse we STI11 nekd to @cecount foR ithe sShructure of
percepts, for they are obviously highly structured. Indeed they
cohere perfectly, as far as we can tell, with the predictions of

our complex scientific theories. But this structure is not hard to
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account for. We simply take a thoroughly Idealist interpretation
of the scientific theories. We say that they provide true
accounts of the structure of our percepts or observations. They
do this in a complex way, using a rather indirect formalism to
generate the predictions. People commonly misinterpret this
formalism, and take it to be about something real (the subatomic
world of microprocesses, for instance), but that doesn‘t matter.
Our ldealist theory does just as well as the traditional Realist
theory, so far as pure experience is any guide.

So why don't we (most of us) take this kind of Idealism
seriously? It seems that it is because we feel that the postulate
of durable physical objects has some kind of powerful
explanatory value, which the ldealist view cannot provide. Take,
for instance, my present experience of looking across the
meadows at some cows. | 1ook at the cows, and the cow-percepts
arise, then | look away, and the cow-percepts cease. Whenever |
choose to look back, the cow-percepts reappear. This is a
fundamental kind of regularity in my percepts, which obtains in a
thoroughly systematic way among all my senses. My percepts
cohere into a highly structured whole. What is the nature of this
coherence? The simplest way we have of describing it is to say
that it is exactly as though | have real perceptions of durable,
external objects, which exist in a three-dimensional space, and
move about it in a continuous way, and so on.

The postulate of external-objects-which-are-perceived
(which | will call the Realist postulate) seems to explain the
coherence of percepts. How does it explain them? Or simpler:

what difference does this postulate make? Believing in it seems
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te take away the mystery that 1s otherwise felt mbout the
coherence of percepts: but how is the mystery removed?

Obviously because, if it is true, and the kind of world we are
in is indeed a physical world of durable objects then the
coherence of percepts is more or less necessary. The possibility
of things being otherwise does not exist. There is much less
mystery why | see the cow again when | look back at it if it isa
durable object which | perceive.

The postulate of external objects is an ontological postulate
about the kind of world the actual world is. In possible world
terms, this is equivalent to placing a constraint on the space of
(nomologically) possible worlds to which our world belongs. Not
everything is physically possible that at first seems to be
possible: in particular, there is no real possibility for our
percepts not to cohere more or less as they do (except under

special conditions, when we dream, hallucinate, etc.)38

38The idea that our world comes with a space of real physical possibility is
implicit in the project of fundamental physics. The project is to plumb the nature
of the fundamental ontology, or in other words, to determine what the space of
real possibility that comes with our world is. This is easily enough seen by
imagining an experiment that is performed to determine whether or not a certain
kind of fundamental particle ‘exists’. The question is really whether a particle of
a certain kind is possible. Suppose that it requires very special conditions for a
particle of this kind to exist, even conditions which have never been realised in
the universe before. We experiment, to decide the question, by generating these
special conditions: if the particle is a physical possibility, it will be produced in
the experiment, if it is not a physical possibility, it will not be produced. Now
surely the universe already 'knows' whether the particle in question is possible or
not before we do the experiment. It seems only natural to consider it an objective
fact about the universe that the possibility existed all the time, or that it never

existed. In doing the experiment we are only discovering the truth. This at least is
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On the Idealist account, the alternative possibilities are not
ruled out. It is'possible that | first have cow-percepts, and then
spontaneously have dragon-percepts, and then the sky rains with
pink angels for three minutes, and then.. There is nothing in the
idealist ontology to rule out these possibilities. Thus it is a
mystery why they do seem to be ruled out in fact.

The Idealist might object to this 1ast judgement, and say that
the inappropriate possibilities have been ruled out after all. They
are ruled out by the further postulate that percepts in fact
cohere as though they were really perceptions of the external
objects proposed by the Reaglist. By adding this second
postulate, the Idealist effectively gets all the predictions about
the structure of percepts that the Realist gets.

The problem is whether the postulate really provides an
explanation of the phenomenon. It is a statement to the effect
that percepts do have such-and-such a structure. But we do not
explain something by merely stating that it is true.

We are not dealing with a causal explanation of a particular
event, but a theoretical explanation of a law-like regularity.
Other examples would be the explanation of the regularity
expressed by Boyle's law by appeal to the molecular behaviour of
gasses; or the explanation of the electrical conductivity of iron in
terms of the electron structure of iron atoms. A simpler and more
picturesque example is given in Hung [1978], which concerns the
explanation of the apish behaviour of the people that we see in
mirrors. We all know that when we look into a mirror, we see a

person in there doing various things. Strangely enough, the person

the presumption of physics, and it seems to be confirmed by the discdverg of real

structure in the universe.
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apes exactly what we ourselves do. Mirror people do not seem to
have the freedom to do anything else.

We explain this by changing our ontological view of what the
‘people-in-the-mirror' really are. We postulate that they are not
people, with their own wills and thoughts, as they first seemed,
but merely images formed by the geometrical behaviour of light.
It then becomes clear why the regularities exist. Changing the
ontology in this way makes it impossible for the ‘mirror people’
to do anything else but ape our own behaviour. The freedom that
appeared to be there at first when we thought there were real
people in the mirror - the normal freedom of people to move about
at whim - does not really exist.

This kind of explanation is sometimes called a theoretical
reductive explanation of a regularity, as opposed to a simple
causal explanation of a particular event. |t seems likely,
however, that a theoretical reductive explanation might be
regarded as just providing a general schema for giving particular
causal explanations. For instance, having the reductive
explanation of mirror-behaviour, we are in a position to provide a
causal explanation of any particular instance of mirror-behaviour.
If a child asks us on some occasion why the other child in the
mirror is waving her hand, we explain that it is because she
herself is waving her hand, and the light reflects from the mirror
and lets her watch herself doing this. This is a causal explanation
of a particular event. The form of the explanation is provided by
the larger theoretical reductive explanation, which says
effectively that we can always explain particular mirror-

behaviour in terms of the behaviour of physical objects and the
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reflection of light.

Now let us return to the explanation of the coherence of
percepts. The Realist postulate provides a theoretical reductive
explanation of the coherence. For any particular instance of a
coherence of percepts, we can identify the real objects in the
world, and the observers causal relations to the objects (e.qg.
receiving light rays from the objects into the retina...) , and we
construct a good causal explanation of the particular behaviour of
the percepts. The Realist postulate provides a general schema
for causal explanations of particular events, and it seems a good
theoretical reductive explanation.

Does the l|dealist explanation achieve the same? Not at all.
The key postulate in the Idealist explanation is that percepts in
ract cohere as though they were really perceptions of the
exiternal abijects proposed bLY the Realfst. This allows
predictions of the coherence of percepts in particular cases, but
it provides no scheme for finding causal explanations for the
particular cases. |If | ask: "Why do my cow-percepts cohere so
well in this case?”, there is no causal explanation forthcoming
from the Idealist. There is just the observation that percepts do
cohere (entailed by: "Percepts in fact cohere as though they were
really perceptions of the external objects proposed by the
Realist"). That is not a causal explanation, for no causes have
been established.

The key point made above remains: the Realist postulate is
about the ontological nature of the world, and it is such that it
limits the possibilities of the behaviour of percepts so that there

is no (nomological) possibility of them not cohering. What
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seemed like a host of other possibilities - for instance, all the
bizarre behaviors of percepts that are possible when one is
dreaming, and for which the Realist postulate palpably fails - are
not really possibilities at all.

The Idealist theory on the other hand leaves the bizarre
possibilities as real, and leaves us in mystery about why the
observed regularities hold.

Of course there are many who would object to this account,
because they think that there is no real causation in the world,
and consequently no genuine causal explanations. (They are
IMusionists about causation). These people may think that the
Realist account does no better than the lIdealist account, because
the apparent ‘causal explanations' of the Realist are illusory.

But my point here is merely to try to bring out why it is
commonly felt that Realism is better than Illusionism, not
whether it really is better. Why are people so inclined to realism
about external objects? My answer is: Realism is recognised to
provide for the explanation of the coherence of experience.
Idealism is not.

Whether the proffered Realist explanation is really any good,
or ultimately any better than some Idealist explanation, is
another question, since my concern will only be to draw a parallel
between the reasons for believing in the external world, and the
reasons for believing in time flow. If there are good reasons for
believing in the external world, then there are similar kinds of
good reasons for believing in time flow. If one rejects belief in
the external world as unjustified, then the argument for time
flow will have little impact, for such radical skepticism

undermines the very foundations the project.
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1.29 The analogous argument for time flow.

| will now argue that the postulate of time flow explains a great
deal that the Illusionist theory does not. Indeed, it does more than
just explain: it provides the metaphysical basis for our whole
interpretation of the world. It provides the metaphysical basis
for the whole idea of causal explanation itself, for instance. It
provides the metaphysical basis for the view that present
experience informs us about happenings at other times, without
which we would have no justification at all for believing in time
(as a dimension of the world). In brief, it provides for a whole
spectrum of interpretive principles we adopt quite universally
and unthinkingly, and without which we simply would not be able
to begin to make sense of the world. Hence the metaphysical
view that time flows really has immense implications. The static
view of time, | will argue, if seriously adopted, would undermine
our normal interpretation of the world in a radical way. The
I1Tusionists are content with it only because they have not
perceived what a radical metaphysical view it is.

The idea that the hypothesis of time flow explains something
serious is prima facie plausible, simply because of the
overwhelmingly strong belief in time flow by almost everyone.
Despite the view of the Illusionists, it actually seems very
difficult to imagine that time does not flow, (that existence is
not truly dynamic), and it is plausible that this is because the
postulate of time flow accounts for something substantial.

What does the postulate of time flow account for? What does
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it explain? What difference does it make to our conception of the
world? Imagine that there really is no time flow: what features
of the world become mysterious or strange or inexplicable? My
suggestion is, very generally, that time flow explains the
apparent connectedness of the world through time. If we do not
adopt a dynamic metaphysics, then any connectedness of the
world through time appears mysterious. Indeed, without a
dynamic view of existence, we are not justified in interpreting
our present experience as implying any kind of connectedness
through time.

At least two kinds of ‘connectedness through time' are very
important to us: (i) the continuity of experience through time;
and (ii) the continuity of physical objects through time.
Consider these in turn.

Experience has a definite temporal structure. In the first
place, the content of experience seems to come in ‘'time slices’.
That is, there seems to be a more or less definite content of

experience for each moment of time.3° This is most evident in

39:Content of experience’ is left as an unanalyzed primitive here. A more thorough
analysis would require an extended treatment of the idea. Since we are considering the
phenomenological evidence for time flow, a certain amount of description of the
phenomenological world, couched in such phenomenological terms as ‘the content of
experience’, is unavoidable. Note that the claim that there is a distinct content of
experience for each moment of time is an empirical claim. The ‘content of experience' of
an agent is not merely defined to be the instantaneous, or momentary, bundle of
experience of that agent: the situation is that the ‘content of experience’ comes in
instantaneous or momentary bundles in fact. Thus there is no circularity in the claim that
the content of experience is momentary: it is a substantial empirical claim (which in fact
might only be approximately true). Graham Oddie has pointed out that analysis here of the
temporal structure of experience bears some close resemblances to Kant's analysis of the

threefold synthesis in his transcendental deduction. See Kant [1970] pp.131-138.
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the part of experience we consider to be direct perception of the
external physical world. For instance, at 11.45 a.m., | am sitting
at my desk, and my visual field is filled with a representation of
a nhumber of books, papers, coffee cups, a brown table surface, a
green wall, and so forth. Let this be called visual field Fy. At
12.15 p.m., some time later, | am sitting at a patio table outside
and my visual field is filled with representations of green grass,
a variety of trees, some cows across a meadovw, and a plate of
baked beans within my reach. Let this visual field be called F,.
The two visual fields, Fy and F,, seem to exist quite distinctly
and independently: in particular, they do not both belong to any
single present content of (my) experience. They belong to quite
distinct contents of experience.

Present experience does have internal parts; for instance the
visual field F¢ contains a flat vertical green part above a flat
horizontal brown part, and some colorful rectangles amidst the
green. But the present content of experience does not have
distinct temporal parts. Experiences at distinct moments never
belong to a single content of experience. This seems to be a
fundamental phenomenological feature of experience, and is what
| intend to convey by the expression experience comes in time-
slices40, :

Now the remarkable thing is that, although the particular

content of experience is momentary, or near enough to being

40,4 may be that a given content of an agent’s present experience actually has a certain
thickness or duration in time, rather than existing at a point-like moment. (See Capek
[1970]) But if there is such an extension, it is certainly very small - of the order of a
tenth of a second at most - and experiences such as F and F, which are separated in time

by a sizable duration clearly do not intersect in any single content of experience.
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momentary, experience is nevertheless taken to be continuous
through time. Most of us believe that our present experience has
developed, in a fairly continuous way, through a sequence of
previous experiences. We take it that we have had other
experiences at moments earlier in time. And we expect that the
present experience will itself soon be past, and an experience at
a later moment become our present experience.

The key function in constructing this view seems to be
memory. A certain portion of present experience is identified
quite unmistakably by most people as memory experience. This
portion of present experience is interpreted as providing
information about experiences earlier in time. This realistic
interpretation of memory, as referring to events at earlier
moments, is absolutely central to our view of the world. It is
also central to our understanding of the internal coherence of our
percepts.

There is a wide variety of memory experience, from very
short-term perceptual memory, to long-term propositional
memory. Very short term memory of the changing field of our
perceptual experience seems certain to have a close connection
with our ‘'sensation of time flow'. For instance, we often continue
to be ‘aware’ of a sound for a short time after the original
sensation has passed, or of certain features of a visual
impression after the original sight is over. Perhaps this
awareness is generally awareness of a sequence of experience -
a process - rather than just an instantaneous experience. We
clearly organize what we remember we have experienced into a

linear temporal sequence, stretching backwards in time from the
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momentary present. We are compelled to assume this linear
sequence of earlier experiences through what | will call the
nested structure of memories. In our memories of past
experience we can sometimes identify earlier memory
experiences, i.e. we can remember what we were remembering.
E.g. at tg we might see a bright yellow flash in the sky. At ty we
might remember that we saw a bright yellow flash in the sky, and
simultaneously see a blue flash in the sky; at t, we might
remember the original experience of seeing a bright yellow flash,
and also remember the second experience of remembering seeing
the yellow flash and of simultaneously seeing a blue flash. Thus
at to we can order the experiences we remember having at ty and
t1 as being in that causal order and not the reverse order. This
‘nested structure' of memories (which might be perceived in a
more or less unconscious way) generally determines an intrinsic
linear ordering of remembered experiences. This is taken to the
extreme in the very short-term memory of the perceptual field:
tie very sheri=term meMiery Seelms it provide images of
continuous processes through time. It seems clear that the
human mind can survey many of its own processes, and perhaps
the ‘sensation of time flow' arises from some higher-order
observation on the process of constructing memories, so that
this sensation really does represent a perception of the passage
of time.

But the precise details of the mechanisms of memory and the
‘perception’ of time flow are not important here. The crucial point
is that we interpret certain kinds of present experiences,

namely memories, to refer across time,to other experiences
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which have occurred earlier in time. The question to be asked is:
what justifies this interpretation of present experience?

Let us consider the different implications for this question of
the two competing views about time, the dynamic view, and the
bloc universe view.

On the dysamic view, the ided of the eentinuitll e¥
experience through time is perfectly natural, since the dynamic
view is exactly that what exists (in this case the content of
experience) changes as time goes on. We may thus choose the
hypothesis about the way things have been in the past which best
explains or fits the internal coherence of present experience.
This seems to be provided by the normal interpretation of
‘memories’ as providing information about past experiences.

On this hypothesis, there is a good causal explanation of the
coherence of present experience. The memory portion of present
experience has been caused by the storage and access of
information about a real previous sequence of experience. The
coherence of memory with present perception is explained.

But on the contrary, bloc universe, metaphysics, | think we
are left without any such explanation, or equally, without any
justification for interpreting memory as we do.

On the bloc universe view, a timé-slice of experience exists
as an eternal (or timeless) object. Consider my previous visual
field, Fy. If there really was such a visual field of mine at an
earlier moment, then according to the bloc universe model, that
visual field continues to exist exactly as it always has - only, of
course, at a different place in time from my present experience
as | write this. The memory awareness of the occurrence of F

which | presently have is rather like a perception of something
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which exists in a different temporal place. Memories supply
information about states-of-affairs which co-exist at different
temporal places. The problem is why present experience should be
taken to have any relation at all to something that exists at a
different moment. Why interpret present memory to refer to
anything? The answer cannot be that the postulate of a sequence
of earlier experiences provides a causal explanation for the
content of present memory or experience. For the present
experience (including memory) is something that exists eternally.
It has not been brought into being, and it does not go out of being;
it suffers no change of any kind. On the bloc universe view, it is
simply an object that is. In explaining its existence, what use is
it to appeal to earlier events (or indeed anything) as having
‘causally generated’ it? Quite simply, nothing has generated it.

Perhaps the Illusionist will say: present experience has an
internal coherence exactly as though it is generated in part by
memories of earlier sequences of experience. Let us therefore
postulate that the appropriate earlier experiences exist, and that
they (and the functions of memory storage and recall) should be
viewed as the cause the coherence of present experience.

But this is already incoherent in }he ITTusionist's own terms,
since it appeals to a notion of real causation. To be consistent,
the Illusionist must do entirely without a concept of real
causation. For the Illusionist, the world comes as a temporal
whole: no part of it is caused by any other part of it. But then
how can we make sense of the idea that occurrences at one
moment in time help explain occurrences at another moment?

Many Illusionists would no doubt be happy to grasp this nettle,
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and accept that there are no such explanations. In the first place,
this simply contradicts the ordinary conception of the world, in
the same sort of radical way as Idealism contradicts it. In the
second place, if it is accepted that present experience requires no
earlier cause,then what legitimates the inference from present
experience to past experience? What legitimates the normal
interpretation of memory?

The Illusionist might claim that, although he has banished
real causation from the world, ‘explanations’ of states of affairs,
or inferences from one state-of-affairs to another, are
legitimated by true universal generalisations. For instance, he
might summarize the generalisations he believes in as follows:
there isin fact a continuity of experience through time exactly
as would be implied by the content of present experience given
real time flow.

But it is difficult to see how this has any explanatory value.
It should be compared to the Idealist's postulate (see p.67) that
“percepts-in fact cohere as though they were really perceptions of
the external objects proposed by the Realist.” Superficially this
seems to deo the sameé job as the Realist poStulate: but all the
same, few of us are prepared to seriously accept |dealism. But
what reason have we for rejecting Idealism that we do not have
in greater measure for rejecting the bloc universe view of time?

This argument is hardly conclusive, and it is hardly as strong
as the ordinary conviction of time flow. | expect that this means
that therargument, even if it is on the right general lines, fails to
bring out the full force of the reasons for belief in time flow. The

INusionist would probably prefer to conclude that it is a sign that
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the ordinary conviction is stronger than it ought to be. But note
again the analogy with the Phenomenalism/Realism debate: the
theoretical arguments for Realism are much weaker than the
ordinary conviction of Realism. One would similarly conclude that
the theoretical arguments do not bring out the full force of the
reasons for belief in Realism.

To conclude | will sketch a second argument for time flow
from the second kind of ‘connectivity through time’ mentioned
above: the continuity of physical objects through time. We have
already noted (Section 1.22) the feature of time that
distinguishes it ontologically from space: that what happens
later in a region of space depends upon what holds earlier in that
region. This ontological dependence does not hold across spatial
directions. That a certain region of space is filled with air has
no bearing on whether the air continues in any given direction in
space. But of course, that a region of space is filled with air at
one moment or interval has all the bearing in the world on
whether it is filled with air in the next moment.

There is clearly a commonplace belief in a connectivity of
objects through time. This is represented in the four-
dimensional Minkowski picture by the fact that objects appear as
four-dimensional '‘pipes’ through time. The dynamic conception of
objects is that they persist through time, and this, of course, is
a central, commonplace metaphysical conception about the world.
But why should there be such connectivity through time, but not
through space?

If the I1lusionists are right, there is no ontological necessity
for any such connectivity through time, no need for persistence of

objects through time. The four-dimensional Minkowski space-
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time could as easily be filled with four-dimensional spheres or
random blobs, giving a true symmetry between time and space.
This would be reflected in 'experience’ (if experience were
possible in such a world) by the fact that objects would
spontaneously begin and end in time, as they do in space. This
would make predictions very difficult. We wouldn't know whether
to trust the continued existence of the world at all.

This is very reminiscent of Hume's famous problem of
induction from past to future events. How can we have any
reasonable beliefs about what lies in the future? Well, if we
adopt the bloc universe view, and make time really equivalent to
space, | don't think we can. What is the case here in space is no
guirdé: o ¥hat 1S the cEsel over there. STmIlarly, an he Hloe
universe view, what is the case now is no guide to what is the
case later or earlier. There is no intrinsic connectivity of the
world through time.

The metaphysical postulate of time flow solves this problem,
by giving an intrinsic connectivity of the world through time. The
dynamic view is that what exists is essentially a collection of
objects in a three-dimensional space. The state of these objects
change - it is because change occurs that we say that ‘time
flows'. The crucial ontological ingredient is that objects persist
through changes. (Persisting through changes means persisting
through time.) Thus it is no mystery about the ontological
dependence of what is later on what is earlier when we have
time flow, no mystery about the special connectivity of the world

through time.

It may be thought that the I1lusionist has a reply to this: why
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not simply make the further postulate that the world (or its
objects) are connected through time? This will be an extra
feature of the I1lusionist's account of the world - but surely such
extra features are needed anyway, as when complex scientific
laws are postulated to account for all sorts of phenomena.

The |1lusionist in other words can postulate that: Thereis in
fact a continuity of objects through time exactly as there would
be if time flowed.

But once again, the kind of objection that the Realist raised
against the corresponding ldealist postulate that "Percepts in
fact cohere as though they were really perceptions of the
external objects proposed by the Realist” (p.67) may be repeated.
Namely, that this postulate does not explain anything. All it does
is to state a general proposition that is believed to hold. In
contrast, the metaphysical postulate of time flow explains the
general proposition, jut as the realist postulate of external

objects explains the coherence of percepts.
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1.30 Conclusion.

This overview of a rather long and difficult argument has itself
been rather long and difficult. But though difficult in some of the
details, the central idea is simple and intuitively appealing: that
quantum theory entails that there are generic probabilities in
nature, which are directed towards the future, and that in their
actualisation we have the ‘flow of time".

The following chapters and appendices contain detailed
treatments of concepts and claims referred to in this overview.
These are provided with the intention of supporting the argument
presented in this chapter, but their interest dees not lie solely in
that, for the questions and concepts they deal with are

interesting in themselves.
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CHAPTER TWwO

PHENOMENOLOGICAL DIRECTEDNESS

The main topic of following chapters will be the concept of the
time reversibility of physical theories (or of natural laws). But |
will begin the discussion of the physical directionality of time by
considering the much more immediate temporal directionality
evident in our environment, which | will call the

phenomenological directedness of processes in the environment.

.1 Phenomenological directedness.

At the phenomenological level, the physical processes in our
environment appear to be highly directional in time. For instance,
if we took a film of some ordinary kinds of processes, and played
it in reverse, most people could easily tell that they were
watching a reversed film and not the original. Why is this?

It is because there ere many types of processes which are
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perfectly common, but the ‘reversals’ of which never occur at all.
For instance, intact eggs frequently go through processes in
which they break, but broken eggs never go through processes in
which they mend; rivers run down to the sea, never up to the
mountains; wood burns and turns to ash, but ash never turns to
wood.

In fact we feel that these reversed processes not only do not
occur, but cannot occur. We cannot make eggs mend, rivers run
uphill, or ash turn back into wood, no matter how hard we try to
set up a situation in which these processes would occur. Such
reversed processes would seem to go against nature itself.

Such processes will be called phenomenologically directed.
Phenomenological directedness is a very common feature of
processes in our environment.

A slightly more technical vocabulary will help before giving a
definition. If P denotes some given type of process, then | will
use the term: PR to denote its time reversal!. PR is also a
type of process. It is the type of process that would occur if a
process 0f type, P «ere to run ‘backwards 1n tme". PR s
conveniently imagined as the kind of process we would see if we
ran a film of the original process P backwards. E.g. if P involves
an egg falling from the bench to the floor and breaking, then PR
would involve a broken egg on the floor reassembling itself, and
leaping back onto the table.

Technically, the superscripted R represents an operator on

process-types. It is called the time reversal oper‘ator.2 It

T wil frequently just talk of processes when | really mean process types.
Context should make the intended meaning clear. See Chapter Four for a more

detailed discussion.
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maps the class of possible processes back onto itself. This
operator will be defined precisely in following chapters, but the
intuitive understanding of it will do here.

Phenomenological irreversibility then amounts to this:

[2.1] A type of process P is phenomenologically directed just
in case instances of P are common, or can be brought
about, while instances of PR never occur, and cannot be

brought about.

I will also talk of the phenomenological directedness of the
environment, meaning that our environment is saturated with
phenomenologically directed processes. Why is our environment
so saturated with such processes? This is one of the key
scientific questions about our universe. Many physicists think
that it is the key scientific question about the nature of time. So
far physics has not found a complete answer to it. | will not try
to provide an answer either, but | will spend some time
explaining the logical structure of the question, and particularly
its relation to the second kind of reversibility, the time

reversibility of theories.

2 or more accurately the time reversal operator for processes, since there

are also time reversal operators for processes, theories, and sentences.
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2.2 Time reversibility.

If Q is a type of phenomenologically directed process, then Q is
common but QR never occurs at all3. This makes it appear that
there is a natural law against R occurring, while obviously there
is no natural law against Q occurring. A natural question is
therefore whether QR is nomologically possible. This brings us
to concept of the time reversibility of a physical theory, which
will now be defined.

Let T be the fundamental physical theory governing the domain
of processes to which Q and QR beliong: T tells us which imiero=
physical processes in its domain are nomologically possible. |
will say that P js & T-process to mean that P is a type of
process consistent with the theory T. Time reversibility is

defined:

[2.2] A theory T is time reversible just in case, for every T-
process P, PR is also a T-process. Otherwise T is time

irreversible.

This definition will be examined and. justified in more detail in
the three following chapters. It will be shown that time
reversibility is an objective feature of a theory (once the
interpretation of the theory has been settied).

Note how different phenomenological directedness and time

reversibility are. Whether a process P is phenomenologically

3 The veriable @ will be used to range over phenomenologically directed (types

of) processes, while P ranges over processes in general.
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directed or not is an empirical matter, a function of the
particular environment or world of the observer. But whether a
theory T is reversible is a fact about a theory, and not relative to

the environment at all.

.3 Explaining phenomenological directedness.

It is easy to assume that the explanation of phenomenological
directedness must appeal to the irreversibility of the
fundamental physical laws. In fact it is generally considered a
puzzle and even a ‘paradox' that our environment is
phenomenologically directed, while (as it is thought) the
fundamental theories are time reversible. But it is well
recognised that there is no real paradox in this.4 That is:
phenomenclogical directedness (of the local environment, or the
entire universe) does not require irreversibility for its
explanation.

It must equally be recognised that irreversibility of the laws
of nature will not necessarily provide any explanation of
phenomenological directedness, i.e. irreversibility does not
necessarily have anything to do with the explanation of
phenomenological directedness. These points will be

demonstrated more generally later, but a practical illustration

will be useful first.

4E.g. DeBeauregard [1970,1977], Davies [1975], Reichenbach [1956].
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2.4 Explaining phenomenological directedness in the context of &

reversible fundamental theory.

To explain phenomenological directedness, two questions need to

be answered:

(i) Why do the kinds of processes which are

phenomenologically directed occur?

(ii) Why do the reversals of these kinds of processes not

occur?

If the fundamental laws were irreversible, then the reversals of
phenomenologically directed processes might be nomologically
ruled out, which would answer (ii). But they would not
necessarily be ruled out. They would only be ruled out if they all
happened to be ‘irreversible’ processes, but there is no a priori
reason to think they will be. For instance, if the only real
irreversible processes were those involving KO meson decay, then
the reversals of most phenomenological processes would still be
nomologically possible. )

However, given a strong kind irreversibility, the reversals of
phenomenologically directed processes could be ruled out, and (ii)
would be answered - the reversals of phenomenologically
directed processes never occur and cannot be made to occur
because they are nomologically impossible. But the problem of (i)
IF e nis. Why do the kinds of processes which are

phenomenologically directed occur at all? Why is our environment
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saturated with them? The answer to this is likely to remain the
major step in the explanation.

The irreversible feature of the natural laws might offer
nothing towards the answer. Perhaps it would be unusual if it
did. Irreversibility means only that the reversals of certain
possible processes are nomologically impossible. So it rules out
certain classes of processes. But it does not immediately say
anything about the kinds of processes that do occur.

In particular, in the actual world, there is a large class of
possible processes that do not appear phenomenologically
directed at all - ‘equilibrium processes'. By this | mean
processes which do not involve any large-scale changes in
entropy. The reversal of an equilibrium process generally 1ooks,
phenomenologically, just like the original equilibrium process.
E.g the apparent behaviour of a volume of well-mixed gasses in
thermodynamic equilibrium is the same in either direction of
time. (Nothing appears to happen at all.) Thus equilibrium
processes are not phenomenologically directed, since, at the
phenomenological level, their reversals appear as common as they
are.

Since equilibrium processes are nomologically possible, it is a
mystery why the environment is not filled with them, instead of
with phenomenologically directed processes. The fundamental
laws might not imply that any processes other than equilibrium
processes meed occur, whether or not they are irreversible.

To answer (i) purely by appeal to the laws of nature may not be
possible, because there may be no nomological reason for the

particular events that occur in our world. It is probably
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consistent with known laws of physics that the entire world
tarcighout dts histoEy WwWeaE end wWill be fin & stete of
thermodynamic equilibrium, and that no phenomenologically
directed processes were ever common. In this case, the particular
nature of our world might have to be blamed merely upon
‘accident’. In particular, upon special boundary conditions for the
universe, which are not compelled by the fundamental laws, but
obtain only accidentally.

In tiis case irreversibility hms 1ittle to do with the
explanation of phenomenological directedness. The explanation of
(i) would appeal crucially to an accidental feature of the world,
and this would remain the major part of the explanation.

| do not want to say, of course, that the statement:
“Phenomenological directedness is merely an accident” would be
an adequate explanation. To be convincing, the ‘accident’ that the
asymmetries are blamed upon must (1) have independent
confirmation (over and above just the phenomenological
directedness it explains), and (2) must provide a comprehensive
account of the directed processes, explaining why they all have
the same direction in time, why they are all so common, and why
the directedness of phenomenological processes is for any
practical purpose lawlike. But given that the explanation did
appeal to such an accident, whether the fundamental laws were
reversible or not might be very much beside the point.

In fact the explanation accepted at present does appeal to such
an accident - specifically, to the special boundary condition of
the universe produced by the 'big bang event. What many
physicists probably imagine is that the discovery of

irreversibility is needed to provide an explanation for this
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‘accident’. To have an explanation of the big bang would be a
great thing, but it is wrong to see it gs hecessarily connected
with irreversibility. Firstly, there might be an explanation of the
‘big bang’ without there being any fundamental irreversibility at
all. Secondly, there might be irreversibility without it affording
any explanation of the big bang.

The actual explanation that is presently given for
phenomenological directedness goes something like this.
Sometime in the distant past (about 15 billion years ago by
present calculations) the universe passed through, or was
‘created’ in, a state of incredibly low entropy. That it went
through this post-big-bang state is known empirically, by the
observed expansion of the universe, and the observed background
radiation and overall material composition, in conjunction with
quantum mechanics and general relativity which have been
established on independent grounds. Given such a state of initial
low entropy, it is statistically almost certain that entropy would
increase rapidly, both in the universe as a whole and in all of its
significant subsystems, for an extremely long period to come. The
phenomenologically directed processes are essentially all
processes involving enormous entropy increases, and they have
been made factually likely in our era just because the universe
passed through the original low-entropy state. The reversals of
such processes would involve correspondingly enormous
decreases in entropy, and this being astronomically unlikely to
happen by chance, the reversals never occur.

This is the standard explanation, and still a pretty rough one

perhaps, but it seems essentially correct. The main feature of it
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is that there is no explanation of why the special boundary
condition (the ‘big bang') occurred. That is unexplained at present,
left as an 'accident’ which is merely observed to have occurred.
Although this is a major gap in our understanding of the genesis
of the universe, it does not invalidate the explanation. To see
this we can note the distinction between two kinds of
explanations:

(i) Explanations of laws,

(ii) Explanations of contingencies.

An example of the first is the explanation of the law that water
has a latent heat of vaporization in terms of the fundamental
processes that occur when water is vaporized. Or the explanation
of the electroconductivity of iron in terms of the electronic
structure of iron atoms. What is explained is not a particular
event but the lawlike behaviour of certain types of things under
certain types of conditions. The explanation works by showing
that a certain observed generalisation is compelled to hold by the
fundamental laws of nature.

An example of the second type would be the explanation of a
rough radius of fragments of meteoric-type rock in a certain
place, by the hypothesis that a meteor fell there and shattered. Or
the explanation of the existence of a variety of distinct yet
similar kinds of cats (tabbies, lions, 1ynxs, etc) by the hypothesis
of a common ancestor from which all evolved. This is properly
called causal explanation. It involves explaining a variety of
effects as the arising from some particular antecedent cause. The
effects are typically a group of apparently independent but at the

same time unusually correlated events. The hypothesis of a
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unifying causal ancestral event ‘explains’ the correlations.

Returning to the explanation of phenomenological
directionality, we see that what has been offered is an
explanation of the second type, not the first. This seems puzzling
gt TilFsit $ighit, beéicause 1 'sieeimis @it [Hirst sight thet What e &re
explaining - the directionality of ordinary processes - is
lawlike. Hence we feel that we need an explanation of the first
kind, a derivation of the directionality of processes from the
fundamental laws. But if the fundamental laws are time
symmetric there can be no such explanation, and we must fall
back upon an explanation of the second kind, which is what is
presently done.

What is given, then, is a causal explanation, which explains
why our environment is full of phenomenologically directed
processes by appealing to a special event or condition that
occurred in the past. A causal explanation can always be
improved, in a sense, by pushing for an account of the contingent
event/s that it appeals to. We could explain why the meteor fell
in the first place, or why the cat ancestor arose in the first
place. Of course we would only find ourselves with a new
‘contingent event’ which remains unexplained, but we would have
understood more about the causal chain of events that gave rise
to the effect. Sometimes there is little to be gained by pushing a
causal explanation back any further - in the meteor case, for
instance, it is sufficient just to observe that meteor crashes are
reasonably common: to trace the causes of the crash of this
particular meteor, apart from being practically impossible,
wouldn't improve our understanding of the effect we are trying to

understand, namely, the distribution of fragments of rock. But
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sometimes a causal eXxplanation does demand a further
explanation, and the explanation offered for temporal
asymmetries is like this. We are not very satisfied with the mere
observation that there was a 'big bang’ event: it is such a
peculiar event that we feel a need to push for an further
explanation of it. One might also feel that the big bang is so
peculiar that there must be some lawlike exXxplanation of it, not
merely a causal explanation.

But although these kinds of feelings make the given
explanation seem unsatisfying, it still remains a good explanation
as far as it goes. The temporal directedness of processes in our
environment does depend upon the universe having passed
through the special boundary condition we call the 'big bang’, and
the explanation will probably always appeal to this fact. Whether
or not we someday push the explanation further back, and explain
the big bang event as well, we will not invalidate this
explanation, but only deepen it.

We may conclude that there is no real paradox, indeed really no
conflict at all, in the conjunction of a reversible fundamental
theory with a phenomenologically directed environment. We have
to explain the latter as a contingent feature, in the sense that it
is generated by an earlier contingent event, and not entailed by
the laws of nature.

It is worth noting that although the existence of
phenomenologically directed processes is thereby seen as
contingent, it doesn't follow that all features of the temporal
directedness of the world are also contingent. Vital features can

still be explained as necessary (or at least extremely probable) -
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for instance, the fact that, throughout the whole universe, the
directed processes occur in a consistent temporal direction. It is
not explained why they all run in the direction they do run in, but
it is explained why they all take the same direction. It is
because they all have the same cause in the the big bang. This lets
us predict, for instance, that anything comparable to eggs on
planets in distant galaxies will commonly break just as they do
on earth, and that no eggs will mend, just as they do not mend on
earth. Hence, although the explanation of the phenomenological
directedness of our world presently makes it a contingent feature
of the world, important features of that directedness are still

accounted for.

2.5 Explaining phenomenological directedness in the context of an

irreversible fundamental theory.

While reversibility does not prevent us giving a good explanation
of phenomenological directedness, irreversibility does not
automatically provide us with any better explanation. This is
seen by considering two proposed kinds of irreversibility: first
the very weak ‘irreversibility’ that has been detected in the decay
of KO mesons; second the rather st;ong kind of irreversibility
that | claim to hold generally of quantum theory.

The first kind of irreversibility only pertains to a very small
class of processes, and it neither rules out the reversals of most

phenomenologically directed processes, nor explains the

commonness of phenomenologically directed processes.>

SSee Penrose [1979, sec.12.2.1].

MASSEY UNIVERSITY)
LIBRARY
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The relation of the irreversibility that | claim for quantum
theory to phenomenological directedness is more interesting.
Firstly, the irreversibility | propose is universal: every quantum
process in which anything probabilistic happens is irreversible.
The reason is that in every such process, there are intrinsic
probabilities directed towards the future, so to speak, but never
such probabilities directed towards the past. (This will be a key
subject of following chapters).

This does not mean that all quantum processes appear to be
‘irreversible’, or phenomenologically directed, however. Consider
an equilibrium process, such as the continual random mixing of
gasses in an already well-mixed state. This process appears the
same in reverse, and thus cannot constitute a phenomenologically
directed process. Nevertheless, on my account, the actual
quantum micro-process underlying the phenomenological
appearance is irreversible.® In other words, processes can be
irreversible at the micro-level, but appear reversible at the
phenomenological level.

The irreversibility that | claim therefore does nothing
immediate to explain (i) why the kinds of processes which are
phenomenologically directed are common in our world. For our
world might equally have been filled with equilibrium process,
and although these would remain microscopically irreversible,
they would not be phenomenologically directional since they
would not appear irreversible.

What my proposed irreversibility does explain perfectly well

is (ii), i.e. why the reversals of phenomenologically directed

650 long as it involves ‘probabilistic’ processes, and not a merely deterministic

evolution of state.
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processes do not occur.” The reason is just that such reversed
processes would be astronomically unlikely. And they would be
unlikely according to the laws of physics - not merely on
account of boundary conditions that hold or fail to hold of the
actual universe.

Thus the irreversibility | propose does nothing to solve the
major step in the explanation of phenomenological directedness,

for it does nothing to explain (i). But this is no surprise.
2.6. General form of the explanation of temporal directedness.

What has just been illustrated with examples in the two
preceding sections can be seen more generally. To explain the
phenomenological directedness of our general environment we do
something like this. First we identify the phenomenologically
directed processes in our environment as being of a certain kind.
Let wms ©811 Tt the kind 6. WThe Feversails of &he
phenomenologically directed processes must be of a contrary
kind, which it is appropriate to denote as GR. we then EEN 4O
explain why the processes of kind G are common, while processes
of the contrary kind GR are non-existent.

For instance, in the real world, the phenomenologically
directed processes are all processes which involve Jlarge
increases in entropy. Their reversals (if they ever occurred)
would involve large decreases of entropy. | will call these
entropy-climbing processes and entropy-falling processes,

respective]g.8 So what we try to explain in practice is why, in

“watanabe [1965,66,70] pointed this out in some detail.

81t should be remembered that entropy-climbing processes must involve
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our environment, entropy-climbing processes (G processes) are
common, while entropy-falling processes (GR processes) are non-
existent.

It mray seem at first sight thet this dees not give & 'specific
enough explanation of phenomenological directedness. For
instance, showing why entropy-climbing processes are common
doesn't show why any specific phenomenologically directed
processes are common. The breaking of eggs, or the burning of
wood are specific types of phenomenologically directed
processes common in our environment. But merely explaining the
commonness of entropy-climbing processes does not explain why
these specific processes are common,.

But in fact we do not want too specific an explanation.
Obviously it is common for eggs to break in our world only
because a long process of evolution has produced hens (and other
animals) which lay eggs. Similarly it is common for wood to burn
only because trees have evolved. But to explain the general
predominance of phenomenologically directed processes we don't
want to have to go into the detailed explanations of the origins of
hens and trees, and the countless other strange things with which
our particular environment is filled. These things might easily
not have appeared at all, but we would still want an explanation
of phenomenological directedness apparent in countless other
phenomena. We only want to explain why the environment is
saturated with phenomenologically directed processes in

general, and if we could explain why it is saturated with

large increases in entropy, similarly entropy-falling processes must involve

large decreases in entropy.
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entropy-climbing processes we would be well on our way to a
good explanation.®

Thus we pick out some characteristic universal features, G and
GR, of phenomenologically directed processes and their reversals
respectively, and we try to explain the predominance of processes
of kind G and the absence of processes of kind GR. The question
is: What has the reversibility of the fundamental laws got to do
with this explanation?

It is useful to gain some grasp of the internal structure of the
class OF mofnological process®s. |Ifi the fundaff@mtal theorly T is
irreversible, then there are some T-processes P the reversals pR
of which are not T-processes. These irreversible T-processes
form a subclass of all the T-processes. This subclass of
irreversible processes will be denoted by 7!, and the remaining
T-processes by 79 Thus T! and TO are mutually exclusive
classes whose union comprises all the T—processes.10 Tl might
be-amly 8 parFt of the elkass of T-processes, dr jit miight comprise
all the T-processes. For instance, if, in the real world, KO-meson
decay wes the only; basic type of irreversible process, then

processes involving KO-meson decays would be the only types of

9Even if this does not give acomplete explanation, it is a necessary part of any
good explanation. This is because entropy-climbingis a necessary feature of all
the phenomenologically directed processes in our world. Hence to explain the
commonness of phenomenologically directed processes we must, implicitly or
explicitly, explain why entropy climbing processes are common. Entropy-climbing
is not also a sufficient condition for phenomenologically directedness, so the
proposed explanation would not necessarily be complete. But in practice it would
almost certainly provide the basis for as complete an explanation as is possible.

101 fact from the next chapter on, T will normally be treated as being literally
the class of all T-processes. This is adequate because specifying the class of T-

processes specifies everything about the theory T. See Section 3.4.
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process in T!, and T! would comprise a very small subset of the
T-processes. By contrast, if my claim about the irreversibility of
quantum theory is correct, then all probabilistic quantum
processes are irreversible.

Each process P in T! has a reversal, PR. The class of these
reversed processes is (T1)R11 (TR has no intersection with
the class of T-processes (or with T1). Similarly, (THR is the
class of reversals of the processes in TO. However each process
in (TO)R is a T-process, and TO and (TO)R are the same class. l.e.
TO = (TO)R .

Note also that every process of kind G is the reversal of a
process of kind GR, and vice versa. G and GR are disjoint classes
of processes (otherwise G has not been well chosen), but they do
not necessarily exhaust the class of nomologically possible
processes, since there may be processes which are neither G's nor
GR's. (e.g. equilibrium processes, in the example where G are
entropy-climbing processes and GR are entropy-falling
processes).

G should be chosen in the first place so that all G processes
are T-processes. (For insofar as G processes are not
nomologically possible, G has not been well chosen as the
characteristic feature of phenomeno]égicang directed processes).
Assuming this, there are two important groups of possible

relationships:

AN general, where Z is any class of processes, ZR is the class of reversals of

the Z-processes. Here the superscripted R is the time reversal operator for

theories.
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All G's are T I's.

|

a’. No G's are T]'s.

a". Some G's are T1's and some are not.

b. A1 T's are G's.
D' Not all T's are G's.

b” In any T-world, some processes must be G's.

If a holds, then GR processes are nomologically impossible,
which explains why they never occur. If @' holds instead, then GR
processes are all nomologically possible, and the explanation of
why they do not occur must appeal to something beyond the laws
of nature - probably to contingent events in the universe. If 8"
holds, then some of the GR's are rendered nomologically
impossible and some are not. | will argue later that a holds of
quantum theory.

If b holds, then all nomologically possible processes are
necessarily phenomenologically directed, which would give a
perfect explanation of phenomenological directedness. However it
seems unrealistic that b should ho]d,ﬂsince this would imply that
all possible processes are phenomenologically directed. Instead,
b’ is almost certain. Given D', then the only hope for a
nomological explanation of the existence of processes of kind G is
if b holds. But there is no & priori necessity for scientific
theories to gaurantee D”. Whether there is any practical reason
to expect it is quite unclear at present. |t does not seem to hold

where T is quantum theory. However it must be recognised that
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the quantum theories so far proposed have limited application,
and do not provide the complete fundamental theory for the whole
universe. The complete fundamental theory must also incorporate
what we presently know as gravitation. Various possibilities are
being investigated, but it is difficult to tell what progress can be
expected in this area. However, the uniqueness of the big bang
seems to persuade us that there must be some nomological reason
why it occurred, and if there is, then the complete theory will
entail b”. Perhaps the most obvious speculation is that 'big bangs’
are actually periodic events, and the correct theory will entail
their occurrence. This would explain the occurrence of the last
big bang as just one in & long series of such events!'2. Another
possibility might be that our universe is not unique at all, but has
been produced by some repeatable process, a kind of fundamental
process which perhaps always produces universes from big bang
events. In either case the nature of our universe in the present
cosmic era would be seen as a necessary stage in the evolution of
a universe. It would hardly be necessary that there are human
beings, or even life. But it would be necessary that Universes go
through states which entail subsequent periods of great entropy
increase, and this would provide the main premise in the
explanation of the phenomenological directedness of time.
However despite our natural inclination to believe that there
must be some such explanation of the origin of our universe,
whether such an explanation exists is presently only a matter of

speculation.

12g g. Landsberg [1982bl,
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CHAPTER THREE

REVERSIBILITY AND TIME SYMMETRY

Reversibility was defined in the previous chapter as:

[3.1] A theory T is time reversible just in case, for every T-
process P, PR is also a T-process. Otherwise T is time

irreversible.

This is the fundamental definition of reversibility (for theories),
and is well agreed upon in the literature.! | will call it the

primary definition of reversibility.

1 More precisely, this is a common style of definition with philosophers or
logicians, e.g. Earman [1969,74], Kroes [1986]. Most physicists use a different

style of definition, but it achieves the same end, as shown in Section 3.3.
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This definition presupposes the concept of the time reversal
of processes, since it relies upon pR being well-defined. The
main problem in applying the definition in practice will be in
interpreting the nature of process reversal, and this will be
considered in detail in the next two chapters. But before going on
to that, it is important to establish the motivation for the
definition of the reversibility of theories.

What needs to be made clear in particular is the close
relationship between reversibility and the directional
symmetry of time. In this chapter | will offer a systematic
analysis of this relationship, and of a cluster of related concepts.
The systematization of concepts that | present here derives
mainly from the work of Reichenbach [1956], Mehlberg [1980],
Grunbaum [1973, ch.8], and Earman [1967,69,74], particularly the
lasit 1%%0. Bul | differ from eaeh 0T these Wiritlers Of B MUmber Bif
points (as they also differ amongst themselves). Perhaps what is
most obvious is that there is only a partial consensus among
these writers (and others) on terminology. Insofar as this is
merely a stylistic matter, | have tried to adopt the simplest,
most systematic, and most orthodox system of terminology |
could. But the problem runs beyond mere terminological
conventions, into substantial disagreements over the proper
analysis of various concepts. The main innovation | have made is
to give a precise analysis of the notion of the symmetry of time,
and of its relation to reversibility (or time reversal invariance,
or T-invariance). This leads me to some divergences from the

above writers. Where my analysis differs from those referred to
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above, | hope it will prove to be correct, but | have not made
detailed comparisms of the various views here.

While my treatment is essentially similar to those referred to
above, it is very different to another analysis, given by Bunge
[1970]. | have felt it illustrative to consider Bunge's views in
some detail. This is done in the final section of the chapter,
where | criticize and reject many of Bunge's conclusions.

Let us turn now to the main topic of this chapter, the concept

of the directional symmetry of time.

.1 Directional Symmetries.

There is an exact analogy between the concepts of the directional
symmetry of time and the directional symmetry of space. As
space is a more concrete entity than time, and easier to get an
intuitive grasp of, | will begin by discussing the symmetry of
space. The conclusions will transfer directly to our understanding
of the symmetry of time.

Physics normally treats space as directionally symmetric.?
What is meant by this cannot be that space is actually
homogeneous in all directions - for it is obviously not. E.g. in one
direction we find the sun and in another direction we do not, and
this is a lack of spatial homogeneity.

But this is merely an asymmetry in the distribution of things

in space, not an intrinsic asymmetry of space itself. When we

2|n the context of quantum theory this no longer holds because of the violation

of parityin K9-meson decay.
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call space directionally symmetric what we intend is that there
is no intrinsic asymmetry of space itself. What is meant by this
‘intrinsic symmetry of space’?

A physicist might explain it by saying that the spatial variable
X could be exchanged for the variable -x in the fundamental
laws without making any difference to them. This property is
called invariance under spatial reversal.3 Denoting the spatial
directions by +x and -¥, this invariance means that Nature is
blind to any difference between these two spatial directions.

I wish to show how this can be understood in a formal way, as
meaning that the intrinsic properties of the spatial directions
are identical. That is, | will define directional symmetry of

space as follows:

[3.2] A spatial axis x is directionally symmetric just in case
the intrinsic properties of the spatial directions +X and
-%x are identical. Otherwise x is directionally

asymmetric.

To understand this we must understand (i) the idea of ‘intrinsic
properties’ of such a thing as space (and later time), and (ii) the

idea of properties of spatial directions.

(i) Intrinsic Properties. The intrinsic properties of things
will be taken to be just those properties entailed by the laws of
Nature. (For ‘intrinsic’ you may substitute essential or

nomological.) Thus the intrinsic properties of space are those

3To be consistent with this terminology, what we are calling time reversibility

would be called invariance under time reversal.
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properties that space has in all physically possible worlds. An
example (according to present physics) is that space is a
continuum.

Other properties of space are extrinsic, depending upon
merely contingent features of a particular world. (For ‘extrinsic’
you may substitute non-essential or contingent.) For instance,
it may be that if we look in the X direction of space we find
substantially more galaxies than in the y direction. Thus the X and
y directions differ in this extrinsic property. But it clearly does
not pertain to the intrinsic nature of space, and is of little
interest in discussing the kind of thing that space is.

There is little to say to justify this interpretation of "intrinsic
properties’ of natural things, except to observe that the very
notion of ‘laws of Nature' involves the idea of features that are
intrinsic to physical things, as opposed to merely contingent
features. One might object to making any such distinction at all
between intrinsic and extrinsic properties, but one would thereby
be rejecting the whole idea of ‘laws of Nature'. |If we are to
distinguish intrinsic from extrinsic properties at all, then the
only natural way to make the distinction is in terms of natural
laws.

(ii) Properties of the spatial directions, For any spatial axis,
X, there are two directions, which will be denoted +X and -X
respectively. These directions may be considered as entities
with their own properties.4 This may sound a little unusual to

the physicist, but it sounds perfectly natural to the logician.

“The directions are properties of spatial vectors.
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What are the properties of +X and -x?

Such properties may be obtained by a simple process of
abstraction. For instance, let us suppose that there are two stars
in the universe, A and B, which are the biggest and the smallest
stars, respectively. Let us suppose that the direction from the
biggest ta the emallest star re +% This tells Us a property that
the direction +x has. Namely, the property of being the direction
from the biggest star to the smallest star.

If +X has this is a property in our world then no other spatial
direction, including -%, has it in our world. Thus the spatial
directions +x and -x differ by this property in our world. We can
thus say that the spatial axis x is directionally asymmetric with
respect to this property. The asymmetry in this case js only an
extrinsic or contingent one, because the property which
distinguishes the two directions +Xx and -x is only a contingent
property of spatial directions.

For directional asymmetry proper, according to [3.2], the
spatial directions must be distinguished nomologically. That is,
the laws of nature must distinguish the spatial directions. It can
be shown that this holds just in case the laws are non-invariant
under spatial reversal.

Invariance under spatial reversal means, roughly, that the laws
remain the same when the spatial variable x is replaced with -
X. This means roughly that it doesn't matter whether the spatial
directions +x and -x are exchanged in the laws. Let the laws be
represented by a class of sentences T. Let T[v] be T with the

essential occurrences of #X repleced by any ether variable V.3
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That is, T[v] would say everything about v that T says about
+X. Thus T[+x] is just T.

Now TI[.] represents all the nomological properties of +x. T[.]
is a predicate denoting the complete intrinsic (or nomological)
property that T attributes to +X. Invariance of T under spatial
reversal just means that T[+x] is identical to T[-x] - which is
to say, that +x and -x have exactly the same intrinsic properties.
Thus invariance (of T) under spatial reversal is logically

equivalent to the directional symmetry of space (in all T

worlds).

3.2 The Directional Symmetry of Time.

The concept of directional symmetry of time is defined in exact

analogy with that of space:

[3.3] Time is directionally symmetric just in case the
intrinsic properties of the temporal directions +t and -t
are identical. Otherwise time is directionally

asymmetric.

What needs to be shown is that time reversibility (of a theory T)
is logically equivalent to the directional symmetry of time
(where T is the fundamental theory).

In fact this brings out two different ways of defining time

reversibility. Physicists commonly define it in the same kind of

SSee Quine [1960] for the concept of essential occurrence.
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way as they define invariance under spatial reversal, viz: T is
time reversible just in case T is invariant when all occurrences
of t (the temporal variable) are replaced by -t. This is rather
imprecise as it stands, but it conveys the intended idea. The
actual ‘reversal operation’ will be considered very closely in
following chapters.

If this is our adopted definition of time reversibility, then
what has been said in the previous section about space would hold
equally for time. l.e. Time reversibility would be logically
equivalent to the directional symmetry of time, just as space
reversibility is equivalent to the directional symmetry of space.

However the definition of time reversibility that has already
been adopted seems rather different: a theory T is time
reversible just in case, for every T-process P, PR is also & T-
process. This definition is commonly found in philosophical
discussions of reversibility but not so often in scientific
discussions. It needs to be shown either that this definition is
equivalent to the physicist’'s conception of time reversibility, or
alternatively, that this definition also makes time reversibility
logically equivalent to the directional symmetry of time. It is

instructive to show both.
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3.3 Equivalence of the Two Definitions of Reversibility.

The physicist's view is that we find the time-reversed version of
a theory by replacing occurrences of t with -t. This talk of
‘'replacing occurrences of t with -t'is deceptively simple, and
there is a 1ot left unsaid, but what this 'time reversal operation’
must do is to generate a new theory, which | will denote by TR,
from the original theory 7. The superscripted R once again
denotes a time reversal operator - in this case a time reversal
operator for theories. But to make clear exactly what this
operator is we first need to clear up an ambiguity in our idea of
what a theory is.

Traditionally a theory would be taken as a syntactic item - a
class of sentences. Alternatively, in line with more modern
logical techniques, a theory can be taken as the proposition
which is expressed or denoted by the conjunction of the
sentences. For most of our purposes it will be more useful to
explicate a theory in this second way, as the proposition.

This proposition would normally be explicated in possible-
world semantics as the class of (types of) worlds for which the
theory obtains - i.e. T would be the class of T-worlds.

It is more convenient for some purposes, however, to take it as
the class of processes for which the theory obtains - i.e. as the
class of T-processes. (Adopting this ‘possible-process semantics’
instead of ‘possible-world semantics' does not make a great
difference, but some advantages will be pointed out later.)

Generally theories will be understood in this second, realistic
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way. The term 'T" will represent a theory in this sense. | will use
the italicized term 'T" to refer to a syntactic item which
denotes the theory T. The realistic understanding of theories
simply makes the discussion much more direct.

When the theory is taken as a syntactic item, then the time
reversal operator R is a syntactic operator. This is clearly
what the operation of 'replacing occurrences of t with -t" would
be - a syntactic operation, generating a new class of sentences
out of the original class.

When the theory is taken as the proposition (the class of
processes) then the time reversal operator for theories is an
operation on that class. | will call this the semantic time
reversal operator. This operator is easy to define (provided

process-reversal has already been defined):

[3.4] Where T is any class of process-types, then TR is the
class of the time-reversals of the T-processes. (l.e. for

any P in T, PR is in TR).

The alternative definitions of reversjbility can now be recast in

an analogous form. Compare:

[3.5] T is time reversible just in case T = TR (Physicist's
definition).
[3.6] T is time reversible just in case T = s (Primary

definition).
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[3.5] is equivalent to the physicists' definition if we understand
the operator R to be the syntactic operation of ‘replacing
DoEUrFENcas BT ¢ 'With @ccufrenices o -1t

[3.6] is equivalent to the primary definition if we understand
thie opereter R B just defined above, Sinee T = TR just in case
every T-process is a TR-process, which is just to say, in case the
reversal PR of every T-=progesis' P 1849180 @ I sprocess.

What must be demonstrated, therefore, is that [3.5] and [3.6]
are logically equivalent. They will be equivalent just in case a
certain relationship holds between the syntactic operator R and
the semantic operator R. The necessary relationship is this:
Where T denotes T, TR must denote TR,

In fact we cannot verify that this is so until we see in more
detail how the syntactic time reversal operator R is defined.
The recipe ‘replace t with -t' is really just a rule of thumb, and
needs to be further developed before it becomes preciseb. But
the point is that R is intended to be defined exactly to render
the above equivalence true. The whole point of the syntactic
operator is to make this equivalence true. The necessity to
render the equivalence true proyjdes the main guide for
interpreting what the syntactic reversibility operator should be.
In the meantime we will assume that the physicist's definition of
reversibility is indeed logically equivalent to the primary

definition.

6a precise rule is developed in the following chapter.
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3.4 Reversibility and time symmetry.

The second problem is to show the equivalence of reversibility
and time symmetry. What is meant precisely by this equivalence
is that: A theory T is reversible just in case T renders time
directionally symmetric.

What has been said in the last two sections already effectively
shows why this equivalence holds. But it is enlightening to
consider it directly.

First the definition of the directional symmetry of time:

[3.7] Time is directionally symmetric just in case the
intrinsic properties of the temporal directions +t and -t

are identical.

What are the 'intrinsic properties’ of the temporal directions?
They could be explicated in the same way as the intrinsic
properties of spatial directions were explicated, by abstracting
the temporal directions from the fundamental theory T and thus
forming the complete 'nomological property’ that T attributes to
each of them. However they can be treated in a more direct and
intuitive way.

It can be shown quite formally that the nomological properties
of the temporal directions are basically the possibilities for

processes to occur in directions of time.7 In other words, the

It is assumed that other ‘geometric’ features of time, e.g. the cardinality of

"~ moments, and various features of the order relation among moments do not suffice
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fact that & priecess af tgpe P s physically poseible in the +l
direction of time directly represents an intrinsic property of the
temporal direction +t. Equivalently, the fact that & process of
type P is physically possible in the -t direction of time directly
represents an intrinsic property of the temporal direction -t.
Now by definition of R, & process of type P is physically possible
in the -1 direction of time just in case & process of type PR is
physically possible in the +t direction of time. (Process
reversal is defined precisely to make this equivalence hold.) It
follows immediately that, if there is some T-process P such that
PR is not a T-process, then the intrinsic properties of the

temporal directions +t and -t are distinct. Thus:

[3.8] Irreversibility entails time asymmetry.

To show also that time reversibility entails time symmetry, and
thus make the equivalence complete, what must be shown is that
the possibilities for processes to occur in a temporal direction
represent all the (nomological) properties of that temporal
direction. To make this claim plausible, it is worth first
dispelling what may seem a counterexample to it.

Imagine that T postulates time which has a beginning but no
end. Obviously time in this theory should be judged asymmetric.

The asymmetry may be brought out like this. Taking -% as the

to distinguish the directions of time, and these are ignored. If they do then
asymmetry will be immediate. E.g. it might be that time has the 'geometric’

structure of a ray rather than a line, having a 'first’ moment but no last moment.
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direction towards the beginning of time, we have that: -{ is the
temporal direction from any given moment towards the first
moment. Of course +{ does not have this property - in fact it has
the contrary property that: +% is the temporal direction from any
given moment away from the first moment.

Thus the temporal directions differ by an intrinsic property,
and so time is asymmetric on our definition. But is this
asymmetry reflected by irreversibility of processes? That is to
say, are there processes possible in the +{ direction which are
impossible in the -t direction?

Yes: any infinitely long process which has a definite beginning
(initial state) but no final state is impossible in the -t direction,
since there is not infinite time available in the -% direction. But
there is always at least one such infinite process possible in the
+% direction, even if it is just the ‘null process’, where nothing
happens at all.

It is also worth noting that the trivial temporal ‘'sequence’ of a
single state: [s(t)] is here taken to be a process. Hence if s were a
nomologically possible state, but sR were not (which would
render time asymmetric), the process: P=[s(t)] would be
nomologically possible, but: PR=[sR(t)] would not be possible,
rendering the laws of nature irreversible.

Thus ' the asymmetry of the intrimsic proparties of the
directions of time is reflected in process irreversibility. What
has been said in the last three sections shows clearly enough for

our purposes that time asymmetry always entails irreversibility.
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3.5 Time flow and time symmetry 1.

| will now argue for [1.5]: that a theory that entails time flow
must render time asymmetric, and consequently must be an
irreversible theory. | will begin with a simple argument for this
thesis, illustrated through the example of Newton's famous
scholium on time. In the two following sections | will note a flaw
in this argument, and give a deeper analysis of the problem.

A convenient example of a theory which entails time flow was
practically offered by Newton himself: consider Newtonian
mechanics with Newton's scholium on absolute time included as a
postulate of time flow. In Newton's famous words: "Absolute,
true, and mathematical time, of itself and from its own nature,
flows equably without relation to anything external."® Let us
understand this as a postulate which states that there is a flow
of time, and add it to the rest of the theory of Newtonian
mechanics. (This was hardly Newton's intention, but | am only
interested in concocting a useful example.)

By the 'flow of time' we understand more precisely that the
world suffers real change, and thus that real properties of being
past, present, or future attach to events, or to the moments at
which events occur. (These properties of course change with
time).

A key feature of time is therefore this: there is one direction
of time, which | will denote +{, which is the direction into the

future, and which is not the direction into the past. The opposite

BNewton [1962, p.6]
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direction, -t, is the direction into the past and is not the
direction into the future.

Hence the theory entails that the two directions of time differ
by a property: +{ has the property of being the direction into the
future, -1 does not have this property. Since this asymmetry of
properties is nomological, assigned by the theory, this comprises
an intrinsic asymmetry of time.

It is useful to emphasize why the ad hoc addition of a
postulate of time flow of this kind is unsatisfactory. The problem
is that, in the theory that arises, no relation is established
between it and any other physical concepts. In particular, the ad
hoc postulate of time flow has no implications for any other
observations we might make. Equivalently, there is no
possibility of physical evidence for time flow: no inference from
physical observations to the existence of time flow has any basis.
One would expect to be able to appeal to a set of physical
observations, O, for evidence that time flows in the +{ direction.
But so far as the laws of nature establish any connection between
time flow and physical facts, any observation O would count just
as much as evidence that time flows in the opposite direction, -{.
So what is the reason for proposing time flow in the +{ direction
rather than the -{ direction?

One might imagine that what counts as evidence for time flow
is provided by a ‘common sense’ understanding of time flow,
rather than by the physical theory. For example, perhaps the
direction in which time is experienced to be passing is the only

plausible direction for time flow, and thus our eXxperience
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provides evidence of time flow after all. But this could be so only
if time flow has relations (e.g. to kinds of experiences) that are
simply not allowed for by the physical theory. This is to imagine
that the physical theory is incomplete. To be completed it would
have to be strengthened to imply further relations between time
flow and physical (or mental?) situations: but adding these
relations is exactly what would turn it into an empirical, rather
than an 8d hoc theory of time flow. For instance, one might
propose, instead of simply that ‘time flows in the +t direction’,
that 'time flows in the direction of major entropy increase’. The
theory would now be an empirical one.% Similarly, the proposal
that | make - that time flows as physical probabilities are
actualised - generates an empirical theory. It means, for
instance, that the direction of time flow can be observed - by
observing the temporal direction of physical probabilities, which

in a world like ours is very easy to do.

3.6 A logical puzzle about reversibility.

The argument given above is plausible, but there is a flaw in it.
To bring this flaw out, it is useful to first consider an apparent
logical puzzle for the concept of reversibility. The puzzle is seen
most easily if we take a possible-worlds instead of a possible-
process semantics for theories. | will use an alternative script

A TR, etc) where a possible-worlds semantics is intended.

9Reichenbach [1956] seems to propose something like this as a conceptual

truth, but that is not what is intended here.
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Take a theory T to be represented as a class of possible worlds,
viz. the class of worlds in which T holds. Imagine also that T is
irreversible. This means that T= TR. l.e. there are T-worlds which
are not TR-worids.

But consider now a new theory, T*, formed as the disjunction
of Tand TR 1e. ™= (T or TR). T*is obviously reversible.!0 As
well as being reversible, it might be argued that T* is just as
good in every practical respect as T, for the following reasons.
Firstly, the confirmation we have of T is also comfirmation of T*
(since T entails T*)) Secondly, the chances of our disconfirming
T are just the chances of our disconfirming T*. This is because it
can be presumed that TR has already been disconfirmed
(otherwise we are premature in holding to T rather than to TR in
the first place), and thus any disconfirmation of T* must be
through the disconfirmation of T. Thirdly, supposing that TR has
been disconfirmed of our world already, T* then implies that T
must be true of our world, and in this way T* supplies us with all
the predictions about our actual world as does T.

Hence it might be argued that the only difference between T
and T* is a ‘'metaphysical’ kind of affair: T rules out a certain
class of worlds as being nomofbgicallg impossible (the
‘irreversible’ T-worlds), which T* does not rule out. Thus
according to T*, the class of nomologically possible worlds is
larger than according to T. But if one is within a T-world, there is

no test to tell which theory is correct (which is another way of

10since T* is the union of T and TB, every w in T* isin Torin TH; if wisinT,

R

then wR isin TR, hence in T*; similarly, if wisin TR, then wR isin T, hence in

T . Hence forevery w in T*, wR is alsoin T , and hence T* is reversible.
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saying that there is no practical difference for us between T and
T*.) It seems therefore that the difference between T and T* is
‘metaphysical’, in the positivistic sense of being observationally
undecidable.!’

If this is so, then we seem to have a simple way of
overcomming the irreversibility of any theory. If Tis irreversible,
then just adopt T* instead. We lose nothing of practical value: we
gain reversibility. This possibility would seem to rob
reversibility of practical importance.

An adequate solution to this problem must involve a denial that
the confirmation we have of T* is necessarily as good as the
confirmation we have of T. It must be possible to have stronger
reasons for holding to the latter theory than to the former. | will
just observe that this is a result that must hold of a satisfactory
theory of confirmation for more general reasons. For otherwise,
the same argument would apply where T* was the disjunction of
T and any other theory; rather than holding to T, we would end up
holding to: (Tor Ty orTo or..), where T s - @re all the theories
we could think of. This would make science a little absurd.!2

An adequate theory of confirmation-can, therefore, be expected
to provide a solution to this problem; but the idea on which it is
based raises another problem, this time for the thesis of [1.5]
that a theory which entails time flow must render time

asymmetric.

This emphasises the fact that reversibility is a property of the space of
possible worlds, not of any individual world.

127his solution was pointed out to me by Graham Oddie.
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3.7 Time flow and time symmetry 2.

Imagine that the irreversible theory T considered in the previous
section is a theory which entails time flow. Let us suppose that
it directly entails that the direction of the future is +1. In this
case its reversal, TR, will also entail time flow, but it will give
time flow the opposite direction, i.e. it will entail that the
direction, of tive Tdture is =L, Now the theery T* jis both
reversible, as described above, and entails time flow. For T*
entails that for any world, either T is true of it, or TR is true of
it: in the first case time ‘flows towards +t', in the second case,
time ‘flows towards -i'. T* therefore seems to be a
counterexample to [1.5].

In the first place it should be noted that if this argument was
accepted, and [1.5] rejected, it could only be to the advantage of
the programme of finding time flow in physics. For it would mean
that reversibility does not rule out time flow, and hence raise the
prospect that even a reversible theory might entail time flow.
This would just widen the class of respectable physical theories
which entail time flow.

Nevertheless it seems to me that the argument against [1.5] is
mistaken, and that [1.5] is essentially correct. | will try to show
why this is, because it is important for the understanding of what
a physical theory of time flow involves.

Firstly, if the artificial device of adopting the theory: T* (=T

or TR) was the only way of getting a reversible theory which
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entailed time flow, then the problem might be dismissed as
academic. For T* woutd be Jogically possible, but that doesn't
mean that it has any respectability as a physical theory. And
indeed, as we have seen, a satisfactory theory of confirmation
should judge T* an inadequate theory.

However T* is not the only possibility. Consider another kind of
theory, T, concoted in the following way from a respectable
reversible theory, such as classical mechanics. T represents all
the usual postulates of classical mechanics, but into the bargain,
it represents a postulate of the following form: that there is time
flow in a world w in the temporal direction +1 just in case w has
a certain property P; and there is time flow in a world w in the
temporal direction -t just in case w lacks the property P. This
means that time flows in each T-world, but that the direction of
flow depends upon a contingent feature (P) of that world.

We may suppose moreover that the property P partitions T in a
‘time symmetric’ way, so that for any world w, if w has the
property P then wR does not, and if w does not have the property
P, then wR does.!3 In this case, T will be reversible. Hence T is a
reversible theory which entails time flow.

Before discussing the problem Q'vhich T represents, some
comments on its general structure will be helpful. It can be seen
that T represents the general structure of any reversible theory

which entails time flow in every world. For (i) since T entails

BFor instance, P might be a property, roughly, that greatest entropy increase
occurs in the direction +{ This property would have to be made far more precise,
since as stated it would be undefined for most worlds, but the general idea of
identifying the 'future’ with the direction of entropy increase has been seriously
proposed by Reichenbach [1956].
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time flow in every world, in any T-world, w, either +{ must be the
direction of the future, or -t must be the direction of the future.
(ii) If +t is the direction of the future in w, then -t is the
direction of the future in wR (by the definition of time reversal),
and since T is reversible, wR must be in T. (iii) Similarly, if -t is
the direction of the future in w, then +% is the direction of the
future in wR, and since T is reversible wR must be in T. (iv) Hence
T is partitioned into two classes, call them T, and T_, such that
time flows in the +i direction in each world w inT,, time flows
in the -% direction in each world w in T_, and T, is exactly the set
of reversals of the worlds in T_.

A more general kind of reversible theory, which entails time
flow in only some worlds, can be constructed by adding to T a
furthur (reversible) class of worlds, in none of which is there
time flow. But everything in the discussion below which is said
about theories of the form T also applies to theories of this more
general kind, so we may restrict our attention to T.

The problem that faces us, if [1.5] is to be preserved, is to find
a good reason against the possibility of a theory of the kind T. A
serious problem with T strikes us immediately: T makes the
direction of time flow a contingentumatter. For according to T,
whether time flows in the direction +1 or -t depends upon the
contingent fact of whether the world has the property P or not. It
goes against our normal intuitions about time flow that its
direction could depend upon contingent features of the world in

this wag.‘4 For instance, suppose that the feature P was that

14This point has been brought out well in criticisms of the idea that 'the future
direction’ might be identified with some physical criterion, such as 'the direction
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thermodynamic systems undergo entropy increase in the +i
direction more frequently than in the -t direction. |If one
believes that it really is only a contingent fact that entropy
increase in our own universe occurs mainly in the direction it
does, then one can easily imagine that things might have been a
little different, and major entropy increase might have occurred
in the opposite direction. This would just require changes in
certain boundary conditions on the physical state of the universe.
But it is hardly plausible that this change in physical states could
have the 'metaphysical’ effect of reversing the real direction of
the future, which is to say, reversing the direction of real
change.!®

This kind of intuition indicates that a contingent theory of the
direction of time flow could not do justice to the concept of time
flow, so that the theory T being considered could not really be a
theory of time flow "after all. | think this ig so, but what is
required s soerme furthur anelysis, to make the besis oif this
intuition clear. There must be some deeper source for it in our

concept of time flow: | will now attempt to describe this source.

of entropy increase in thermodynamic systems’. See particularly Grunbaum
Inevsh

1501 course, if by the ‘'future’ is only meant something like "the direction which
we experience as ‘the future’ because of our psychological makeup’, then it might
be alright to identify it contingently. But we are here considering the idea of the
future in its ‘'metaphysical’ sense.
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3.8 The direction of time flow cannot be contingent.

My discussion depends firstly upon the notion of identities of
moments across (nomologically possible) worlds. The concept of
cross-world identities is controversial, but the general
assumptions about it that are needed here are already implicit in
the problem at hand, and in the realistic treatment of physical
theory that is the foundation of this inquiry.

In the first place, the notion of cross-world identity of the
directions of time is already assumed in the problem we are
considering. For the assumption that the theory T makes the
temporal direction of the future +t in world w, but -t (2 +t) in
world WR, already involves us in presumming that +t is the ‘'same
direction of time" in both worlds. It will quickly become obvious
that the whole notion of ontology which we are presuming would
not make sense without the idea of cross-world identities of
moments, so this idea will be presumed as unproblematic.

The main reason we need to assume cross-world identities is
so that we can make sense of certain kinds of counterfactuals. It
seems that scientific +theories must support these
counterfactuals if they are to be realistically interpreted. The
counterfactuals of prime concern here are of the form: if the
state of the world at the past time t had been s*, (instead of s),
then the present state of the world, at time t;, would be s *
(rather than s,). Notice that, by its use of tenses (present and
past), this counterfactual presupposes that time is dynamic, so |

will call it a dynamic counterfactual. The first point is that
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physical laws which entail time flow will support such dynamic
counterfactuals. The theory T which we are considering will
support dynamic counterfactuals like this.

| will now argue for two principles concerning cross-world
identities of times. The first principle holds whether time is

taken to be static or dynamic:

Principle 1. The temporal directions between moments are

preserved across worlds.

This means that if the direction from t to t; is +{ in world w,
then the direction from t to ty is +{ in any other world, w . This
is a logical truth.'6

The second principle presupposes a dynamic view of time,

since it is about the dynamic concept of ‘the present moment":

Principle 2 When the present moment in world w is t, the

present moment in any other world, wy, is also t.

This principle involves two major ideas. First is the idea that
each world has a ‘present moment" this is a necessary part of the
dynamic concept of time, and is not under question here. The

second idea is that relations of ‘co-presentness’ hold across

16The temporal directions +{ and -% are properties of temporal vectors. A
temporal vectort is definable as an ordered couple of moments, (t,t ]). The

direction fromt to t 1 is +1 just in case the vector (i,t 1 ) has the property +1.

Because the extensions of +1 and of -t are world-independent, temporal directions
are world-independent.
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worlds. The whole point of Principle 1 is to postulate such

relations: this will need considerable argument.

(i) First, it is implicit in the notion of the dynamic ontology
that it makes sense to talk of what would presently be the
case if the actual world were w* instead of w. For this
notion of co-presentness across worlds is required if we are
to make sense of the counterfactuals of the form: if the
state of the world at the past time t had been s*, (instead of
s), then the present state of the world at t; would be s;*
(rather than s,), which are supported by dynamic theories, as
observed above.

(ii) It might be objected that we do not need the notion of
what would presentiy be the case if the actual world were w*
instead of w, which implies co-presentness across worlds.
Instead the idea of what would be the case at the moment t
in the history of w* might suffice. But it does not suffice,
simply because it does not suffice in the actual world (given
that the actual world is a dynamic one.) That is to say, if we
are trying to imagine that w* is the actual world rather than
w, then we must imagine that w* has a certain present
moment, just as the actual dynamic world does. Otherwise w¥*
simply is not a dynamic world. The present moment in w* must
have similar features to the real present moment, in particular
it must undergo change. The only plausible way of
representing these features in w* seems to be to assume

relations of co-presentness with the actual world.
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(iii) If these relations of co-presentness across worlds are
admitted, it still remains to be established that the relation
should be as Principle 2 states, i.e. that when t is the present
moment in w, that t, rather some other moment t', would the
present moment in w* (if w* rather than w was actual). |
suggest that this simply be taken to be what the cross-world
identity of moments means in the dynamic theory. The
relations of co-presentness of moments across worlds gives &
substantial relation on which cross-world identity of
moments can be based. It is certainly the most natural
assumption to make, and it is hard to imagine what might take
its place.

(iv) Perhaps the strongest reasons for assuming relations of
co-presentness across possible worlds emerge in the context
of the kind of dynamic probabilistic ontology discussed in
Chapter Seven. For in this ontology, it must be possible to
represent the fact that, when the present time is t, the present
state of the world leaves it undetermined whether the future
state will be that of world w or of w*. Hence it is not
presently determined what world it is that will come about.
Yet, whichever it is, its present time is t. Suppose that w is
the world that really will come about. Then the counterfactual:
if the world to come about were w¥*, jts present moment
would be t would be true, and supported by physical law,
implying the required relation of co-presentness across
worlds. More generally, the ‘branching futures’ model of

indeterminism developed in Thomason [1969] and McCall
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[1976], and which has now become a popular device for
representing an indeterministic ontology, presumes that there
are relations of co-presentness across physically possible
alternative future ‘branches’. This shows that it is a natural

assumption, that philosophers find very useful to make.

Having established a case for the conceptual naturalness of
Principle 2, | will now show how it solves the problem with the
theory T. T implies that there are possible worlds, w and WR, in
which time flows in the directions +t and —%, respectively. But
this contradicts Principles 1 and 2. For suppose that the present
time in w is t. By Principle 2, the present time in wR is also t.
Now since time flows in the +i direction in w, there is a time, t,
such that t<ty, and t; will be the present moment in w (in the
future). But when ty is the present moment in w, it is also the
present moment in WR, by Principle 2. Hence it is also true that
t; will be the present moment in wR (in the ruture)But this
directly contradicts the hypothesis that time flows in the -t
direction in wR. Hence a theory of the form T involves a
contradiction, and we can conclude that [1.5] is justified after
all.

| hope that this argument helps to bring out the deeper
principles that underlie the intuition that the direction of time
flow must be a necessary feature, net merely an accidental one.
This thesis has little direct practical importance, for it is
implausible that anyone will seriously maintain a reversible

theory of time flow. The value of the discussion at this level is
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rather to try to get a clear organisation of the conceptual

framework.

3.9 Some basic theorems.

The following theorems are referred to in following chapters, and

are essential for a basic grasp of the notion of reversibility.
[3.9] For any process P, (PR)R = p.

That is to say, double time-reversal is an identity operation. This
follows from the definition of time reversal for processes, to be

discussed in detail in the next chapter.

[3.10] For any theory T, (TR)R =T,

A process P is in T just in case PR is in TR (definition of TR).
Similarly, PR is in TR just in case (PR)R is in (TR)R. Hence, since
(PRR =P, Pisin T just in case P is in (TR)R. Thus (TR)R = T.

[3.11] For any theoryT, if T entails TR, then T = TR,

For a reductio, assume that T entails TR, but that T = TR, Since T
entails TR, every T-procesd is @ TR-process. l.e. TR contains T.
Therefore, since T 2 TR, there must be some process, P, which is
in TR but is not in T. Since P is in TR, PR must be in T (definition
of TR), and since T is in TR, PR must also be in TR. Hence (PR)R,
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which is just P, is in T (definition of TR). But this contradicts the

assumption that P is not inT.

[3.12] A theory T is reversible just in case, for every

proposition L entailed by T, LR is also entailed byT.

(i) Suppose T is reversible. Let L be any proposition entailed by T.
This meaws' thet every T=sproeess is an L -process, oF that L
contains T. Since L contains T, LR contains TR (by the definition
of reversibility). But since T is reversible, T=TR. Thus LR
contains T, i.e. T entails LR. (i) Suppose that for every
proposition L entailed by T, LR is also entailed by T. T is @
proposition entailed by T, hence TR is entailed by 7. By ls.04), T
= TR, thus T is reversible. [3.11] can be used as an alternative
definition of reversibility, and is often appealed to in the

following chapters.!?
[3.13] Reversible theories entail non-reversible consequences.

It is important to note that the reversibility of T does not mean

that all consequences of T are also reversible. On the contrary,

17 Earman (1974] p.548 states: “...although laws may be reversible, they may
be highly noninvariant under the interchange of earlier and later; that is, if Cis
a consequence of law L and C is obtained from C by exchanging the roles of
earlier and later, then C' may not be a consequence of L even though L is
reversible”. This appears to be a denial of the theorem above, and if so it is a
mistake. It is a strange one, however, since Earman is well aware of this theorem

(e.g. see his [1969, p.281])).
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any (non-trivial) reversible theory T 1is bound to entail
consequences which are not reversible. For instance, if T is any
(non-trivial) theory, let P be a process which is not in T, and
which is not identical to its reversal (i.e. PzPR). Form a new
proposition, T*, as the class containing just T and P (and not
containing PR). T entails T*, but T*R 2 T* (since P is in T* but is
not in T*R). Thus T* represents an irreversible law of the theory
IT

Although the last two theorems are elementary, a lack of
appreciation of them is sometimes a source of confusion about

the implications of reversibility.
3.10 Summary.

A clear analysis of the concepts of time reversibility,
directional symmetry of time, time reversal, and
phenomenological directedness has been arrived at. Here is a

summary of some important features of these concepts:

1. Theories can be said to be time reversible or
irreversible. .

2. Relative te. @ theokly, processes ¢an «1so b€ said te e
reversible or irreversible. A process of type P is
irréversible in the contéxt of T just ih case P is a7T-

process while PR is not.
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5 Tima can e sgid Mo ber directionally SYmifEtric or
asymmetric. By this is always intended that time is
intrinsically (nomologically) symmetric or asymmetric.

4, Time is symmetric in a T-world (i.e. a world for which T
is the fundmental physical theory) just in case T is time
reversible. Thus time reversibility and time symmetry
are effectively equivalent.

S. There are time reversal operations for theories,
process-types, and statements. These operations are
closely linked. Important equivalences are: T = TR just in
case T = TR, and: Pisin T just in case PRis in TR,

6. Phenomenological processes can be said to be
phenomenologically directed or not. Whether a given
process is phenomenologically directed is relative to
one’s environment or world.

7. Phenomenological directedness in the environment is not
logically dependent on the reversibility or otherwise of

the fundamental laws.

3.7 M. Bunge on reversibility.

Unfortunately there is not a complete standardization in the
literature of the technical vocabulary, or the meanings to be
attached to various terms, and a number of alternative
treatments can be found. Most of these (e.g. Grunbaum [1973],
Mehlberg [1980], Reichenbach [1956], Earman [67,69,74]) are

essentially similar to what | have proposed here, at least in their
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general distinction of categories. But at least one very different
systematization of concepts, which cannot be accommodated with
mine, has been proposed, by Bunge [1970]. | will conclude this
chapter by criticizing Bunge's system in detail.

Bunge first complains of general confusion about the concept

of time, and states:

One such confusion, perhaps the most harmful of all, is the conflation of three
quite distinct ideas huddled under the umbrella of the so-called ‘arrow of
time': time asymmetry, non-invariance under time reversal, and

irreversibility. Let us try to clear up this confusion even at the risk of error.

[1970, p.122].

He is certainly right in this judgement. The term "the arrow of
time’ has no precise meaning, and many physicists and
philosophers slip in and out of various uses of it without any
awareness of crucial distinctions. [t is sometimes used
ambiguously to mean both the flow of time, the asymmetry of
time, and sometimes the phenomenological directionality of the
environment, which is a considerably worse confusion than that
which Bunge is complaining of here. Incredibly enough, Bunge
himself slips into exactly this confusion in the first section of
his paper.

Bunge attempts to give precise definitions of time asymmetry,
non-invariance under time reversal, and irreversibility.

He starts by introducing the concept of a Jocal time function,

T. The purpose of T is to give the temporal duration from any
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event, e, to any other event, e’. Such durations are relative to the
choice of a reference frame, denoted k, and a chronometric
scale, denoted s, and thus strictly T is a function which takes
four arguments: T(e,e'k,s). The value of T(e,e',k,s) is a real
ndimber, T, Fepresenting the Wuration Fom e (e &, IR the
reference frame k and chronometric scale s.

For our purposes reference frame and chronometric scale are
irrelevant, so | will assume they are fixed, and take T to simply
map ordered pairs of events to real numbers. Thus: T(e,e’) = t
means that the duration frome to e’ is t.

The first point is that ‘'duration is an oriented interval’, which
just meahs that the duration from e toe* is the megative of the
duration frome' toe. l.e. T(e,e’) = -T(e',e).

Pointing this out, Bunge then observes: "This is all there is to
the asymmetry or anisotropy of time.”

What Bunge is calling the asymmetry or anisotropy of time is
what is normally meant by saying that there are two temporal
directions - +{ and -t, or ‘earlier’ and ‘later’. Having two
directions is of course a basic topological property of time,
equivalent to the normal (objectivist) understanding of time as a
one-dimensional continuum of moments. (There are always two
directions on a line.)

The trouble with Bunge's definition of asymmetry is that it is
not what is normally meant by asymmetry at all. | know of no
important writer who uses the term time asymmetry (or

equivalently anisotropy) in Bunge's sense!8 To express what

18owever, see Reichenbach (1956, p.32] for some similarities with Bunge, and
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Bunge calls the asymmetry of time we would normally just say
that there are two temporal directions. When the question of
time symmetry (or anisotropy) is discussed in any normal
scientific or philosophical context, it is usually being asked
whether the laws of physics render time asymmetric. | think that
Bunge's definition of time asymmetry must be rejected as
completely misleading.

After defining time asymmetry, he then makes the following

strange statement:

In other words, the asymmetry of time ... is a fact, but the decision to count
time forwards, i.e. in the direction of coming events, is arbitrary. Put in
metaphorical terms: nature tells us that time 'flows’, but not wither. Better:
time has no arrow built into it. Arrows must be sought in whole processes not

in one of the features of processes.

| hardly know of a better example of the confusion over temporal
concepts that Bunge has just been complaining of than this
passage. It is hardly possible to guess at what Bunge intends
here, but one claim seems clear. This_ is that "nature tells us that
time ‘flows’, but not wither.” The implication is that time ‘flows’
because time is (in Bunge's sense) asymmetric. That is to say,
time ‘flows’ because there are two temporal directions. This is
bizarre indeed. Does the street in the front of my house also

‘flow' because it has two directions?

Bunge's treatment of time reversal is better, although it lacks

Grunbaum [1973,p.218] for a criticism of Reichenbach on this point.
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clarity at many points. He defines time reversal as the
‘'mathematical operation’ of ‘inversion of the sign of the time
variable or coordinate’. This is of course the syntactic time
reversal operator described in Section 3.3 above. In his discussion
Bunge tries to make clear what this operation is intended to do.
Basically, if P is the description of a process-type, then the
time reversed description, PR, should be a description of the
reversed process-type. Bunge expresses this in the prescription
time reversal corresponds to process reversal (p.126, his
italics.) This not a very clear statement, but his intentions are
clear enough if one already has a good grasp of the subject, and
this section on time reversal is of some interest.

Bunge then defines the invariance under time reversal,or
equivalently T-invariance, of law statements. If L is a law
statement and its time reversal is LR, then L is T-invariant
just in case L = LR19 This of course is what | have called the
reversibility of L. (It is what | called in Section 3.3 the
‘physicists definition' of reversibility.)

Bunge calls it instead time reversal invariance, or T -
invariance, but rejects the label reversibility. The former two
terms are perhaps more common in th‘é physics literature than the
term reversibility, but nevertheless it is still common enough to
call laws reversible rather than T-invariant. Certainly most

other writers would understand L is time reversible to mean the

19Bunge uses a different nomenclature, denoting L as L(t), its time reversal
as: L(-t). This is not an uncommon terminology, but it hides the real complexity
of the syntactic time reversal operation, and | prefer to make the operator clear

by denoting it as R.
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same as L is T-invariant. Bunge however gives a completely
different meaning to reversibility, and here | think he seriously
misleads us a second time.

Bunge's definition of reversibility:

Reversibility is a property of certain processes, most microphysical. A
reversible process is, strictly speaking, one in which both the system

concerned and its surrounding can be restored to their original condition.

Cp:T2);

'Strictly speaking’ this hardly is: the definition as it stands is
awfully vague, and unfortunately not much is done to elucidate it.
For instance, does the can in ‘can be restored’' refer to human
agency, or nomological possibility, or what? What does it mean to
say that 'the surroundings can be restored to their original
condition'? How much of the rest of the universe do ‘the
surroundings’ include, and what exactly is the degree of
‘restoration’ that is required? Need the positions of cars in the
street, the clouds in the sky, or the planets in the heavens be
restored, before the ‘reversal’ of a given process is achieved?

Although Bunge does not clearly define his concept of
‘reversibility’, his intentions are revealed to a some extent in his
discussion, and | will do my best to interpret the idea he is trying
i@ igetl &t

What Bunge seems really to be thinking of is something that |
find far more natural to call restoration from change. A change

always destroys something - in general, it destroys the state of
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some object or system and brings about a new state. For
instance, breaking up a jig-saw puzzle into its separate pieces is
a change to the state of the jig-saw. Smashing a cup is a change
in the state of a cup. Burning a witch to death is a change in the
state of the witch.

Some changes are regarded as ‘reversible’ in the sense that the
original state of the object could be restored if one wished. We
don't get too upset when someone dismantles a jig-saw puzzle,
because we know that with a little patience we can restore it to
its former state. Indeed this is the whole point of jig-saw
puzzles. Other changes are more difficult to restore. A broken
cup might be reassembled with glue, but it is difficult to do Tt
convincingly. One always feels that the glued-together cup is not
redily the.same @S the ®rigifal cUp = Festorailion in thisrease 18 @n
illusion of restoration, not the real thing. Other changes again
are accepted as quite impossible to restore - a burnt witch
cannot be restored to her former living state at all. Death in
general is taken to be an irreversible change in this sense, which
s wrhy 1t is congidered Fatial.

Notice that in discussing this kind of ‘reversibility" it is
natural to talk of the restoration from changes, rather than the
reversal of processes. Consider, for instance, the process of a
volume of water running from a reservoir down a creek-bed into a
lower reservair. In Bunge's sense, this process or change in the
water is reversible, because the original state of the system
can be restored: we can pump all the water back up to the first

reservoir, and restore the original condition. But in fact this
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restoration of the original state has nothing to do with the
reversal of the process that brought about the change. The
reversal of that process would involve water running back up the
creek-bed, but that of course is (physically) impossible, and is
not the process by which the original state is restored at all.
Bunge's concept of reversal thus has nothing to do with process
reversal in its usual sense.20

More generally, Bunge's notion of reversibility is better
treated as a relation between states than as a property of
processes. Say that a system X has initial state sy and goes
through a process which leaves it at some later time in state s,.
This process is reversible (in Bunge's sense) just in case the
system can be restored to the state sq. (See the last footnote).
But of course whether this is so or not does not depend on the
actual process (the path of states) which the system went
through in getting from state sy to state s,. This process is
irrelevant in deciding the reversibility or otherwise of the change
of state of the system. Thus what is reversible is not strictly the

process the system went through in getting to s,, but just the

2C’At:cording toBunge we have to restore the 'Surroundings’ of the system to its
original condition as well, but this is such a vague requirement that | will ignore it.
However, if you are worried that, for instance, the motor that ran the pump is
now lower on fuel than in the original situation, then just imagine getting some
more fuel for it from outside the region that counts as the 'surroundings’. If you
are worried that the clouds in the sky are in a state different from their original
state, then you have taken such a strong view of ‘restoring the surroundings’ that
it is doubtful whether any changes would be reversible - which conflicts with

Bunge's clear supposition that some are.
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change from s to s,. Bunge should call the change from s to s,
reversible just in case the system in s, can be restored to the
sitfellie s .

What the motivation for developing this concept and calling it
‘reversibility of processes’ is | am not certain. However there are
some textual hints that what Bunge is trying to capture with his
notion of irreversibility is the notion that | have called
phenomenological directedness. (In fact phenomenological
irreversibility would be a reasonable alternative term, but |
wish to preserve the term irreversibility with just its single
key meaning.) If this is Bunge's intention, however, it fails badly.

Consider again the process of the water running down the
creek-bed. Obviously this is a phenomenologically directed
process, or if you prefer the term, phenomenologically
irreversible. For the phenomenological reversal - water running
up a creek - neveroccurs and is impossible to bring about.

But in Bunge's sense, this process is reversible, because the
originel BbtEte Bf the system Cam be redgtored = We cdn pummp all
the water back up to the first reservoir, and restore the original
condition. Thus Bunge's concept of irreversibility does not
capture phenomenological directedness of processes at all.

This is seen even more clearly with another example. Imagine
that the actual universe is fully deterministic, and furthermore
that it goes through a closed cycle of states. We are caught up in
a8 deterministic Neitzchean eternal return. The precise state of
the universe at any given moment is destined to recur after a

finite period of time. We can imagine that this is so while
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phenomenologically the world looks just as it does now. In such a
universe, the state of every system would eventually be restored
perfectly. Thus any change would eventually be restored in fact.
Thus all changes are restorable - or in Bunge's sense, all
processes are reversible. This includes, for instance, the process
of the witch burning: this would be a reversible process in
Bunge's terms, since the original state of the witch would one day
be restored perfectly. 2!

Thus on Bunge's definition the apparent 'irreversibility’ of a
process is no guarantee of irreversibility. It is clear that Bunge's
concept of reversibility does not capture phenomenological
directedness, and | cannot see anything interesting that it does
capture. It certainly does not capture any understanding of
‘irreversibility’ that is common in the literature.

| conclude then that Bunge's definitions of both time
asymmetry and of reversibility are quite wrong. In his
discussion of time reversal he makes some worthwhile points,
but the bulk of his paper can only serve as an example of the

dangers of a lack of conceptual clarity in this feild.

2TNotice also that since the laws governing such a universe could well be
expected not to be T-invariant, Bunge's conclusion that “If a process is
reversible then its laws are T-invariant” is wrong. This is a conclusion he
stresses, (Section 4, statement 3(b)), but | can find no possible interpretation of

‘irreversibility’ to justify this.



148

CHAPTER FOUR

TIME REVERSAL OPERATIONS.

In previous chapters, time reversibility has been defined by:

A theory T is reversible just in case, for every T-process, P,

the time-reversal PR of P is also a T-process.

This will be called the primary definition of reversibility.
Before this definition can be properly understood, or used in the
practical analysis of any real theory, the concept of process

reversal must be understood. This the main topic of the present

chapter.
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4.1 The physicist's definition and the syntactic reversal operator.

The key problem in applying the primary definition is interpreting
the process reversal operator, R. It might be thought that this
problem can be sidestepped by using the ‘physicist's definition’ of

reversibility instead, which is:

A statement T is reversible just in case T = TR, where 'R’

denotes the syntactic time reversal operator.

This does not mention process reversal. Instead it employs the
concept of the ‘syntactic time reversal operator’, R, but the
syntactic operation is defined simply enough in most texts on the
subject as just the replacement of the temporal variable, t,
with its inverse, -t (E.g. Davies [1974] p.23, Mehlberg [1980],
p.205), which does not seem difficult to understand. So it appears
that a direct practical analysis of reversibility is possible
through the physicist's definition, without the need to understand
process reversal.

To some extent it is true that the physicist's definition, rather
than the primary definition, is what is employed in the practical
analysis of reversibility. This is because in practice we always
deal with theories by considering and manipulating statements
of them, and the physicist’'s definition tells us how to manipulate
the statement of a theory to find its time reversal. But this does
not mean that we can ignore the understanding of process

reversal. In fact the understanding of process reversal is
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logically prior to the understanding of the syntactic reversal
operator.

This is because the syntactic reversal operator is designed
with a certain purpose in mind: roughly speaking, to duplicate
process reversal in the statements used to describe processes. If
a statement T captures a theory T, (which is to be thought of as
a class of processes), then TR must capture TR (the class of
reversed processes). This is the whole point of the syntactic
operator, and if a syntactic operator does not have this effect,
then it fails to be the syntactic time reversal operator. Thus, the
syntactic reversal operator that is adopted must be justified,
and its justification involves reasoning directly about the nature
of process reversal. So we cannot escape consideration of
process reversal.

A second point is that, although the syntactic operator is
commonly described as simply involving 'the replacement of t
with -t’, in fact this is only a rule of thumb. It is not literally
correct. To apply the rule correctly requires a certain degree of
informal judgement, and this judgement depends upon intuitions
about process reversal. _

It is worth illustrating this with an example. Consider, for

instance, the following law statement, L:
[L] If s1(1) then sy(t+At)

This law states that if a system is in the state sy at t, then it

will be in state S, at t+At.! A law of this kind will be called a
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deterministic transition law.2
Consider what happens if we follow the rule ‘replace temporal
variables with their inverses’ quite literally in the case of L. We

get the following statement, L*

[L*] If sq(-t) then sp(-t-At))

Since t is implicitly universally quantified in this statement,

this is just:

[L*] If s¢(t) then sp(t-at) 3

[L*] is not the time reversal of L, however. L* would be the
time reversal of L only if the time reversal of any L-process
was an L*-process. But this is not so. To see why not, we must
turn to consider directly what the time reversal of processes
amounts to. This is examined in detail in following sections, but
a rough explanation can be given here, based on the following

important theorem which will be demonstrated in Section 4.4:

I onditional upon the system in question remaining isolated t hrough the period.
2Phgsical theories are not usually directly represented in terms of
deterministic or probabilistic transition laws, because there are far more elegant
mathematical ways of representing dynamic laws.

3This states that the state S| must be preceded by the state s, at a moment at

earlier.
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[4.1] The time reversal of any process-type that involves a
transition from a state sy to a state s, in a period At
must be a process that involves a transition from a state

s2R to a state s]R in a period At.

Here R is the time reversal operator for states, so that s1R and
szR are states which are the time reversals of the states sy and
sp respectively. State reversal will be defined in the next
section, but it is enough for the moment that (i) in general a given
state is not identical to its time reversal, so that we may assume
thigti. g4 = s1R, and: sp = szR, and (ii) as with process reversal,
double application of time reversal for states returns us to the
original state. That is, (sR)R = s, for any state s.

A process can now be found which is an L-process but not an
L*-process, as follows. Suppose first that s is some (arbitrary)
state which is not the reversal of s,, i.e. sR 2 sp. Now consider a
process P that involves a system running from the state s1R to
the state s, in a period At. P = [s1R(t)—>s(t+At)] . P is an L-
process. (Remember that L just puts a constraint on processes,
viz: If sy at time t, then s, at time t+At. The process under
consideration satisfies this constraint, and is hence an L-
process.)

By [4.1], the reversal of this process must run from sRzs, to
(s{R)R=s, in a period at. But this reversed process fails to be
an L*-process, since it breaks exactly the constraint that L *
imposes - namely, the constraint that the state s must be

preceded by the state s, al @ moment earlier by 4t. Hence the
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reversal of this L-process fails to be an L*-process, and thus L*
cannot be the time reversal of L.

The rule of ‘replacing t with -t" therefore cannot be taken
literally, since taken literally it delivers quite the wrong result
for the time reversal of a statement of the form of L. This will
hardly surprise anyone acquainted with the subject, for in fact
the rule is not applied literally in practice at all. Instead it is
applied with considerable discretion, according to the physicist’s
intuitions about the desired result of the syntactic operation. In
the present case, it is recognised intuitively that time reversal
induces state reversal: so not only must the temporal variables
t and At by replaced by -t and -At, but the terms s; and s,
denotiMy Stales: must glsoe: be replased by the terffms s,R and

R

so", denoting the time reversed states. The correct time

reversal of L is in fact the following statement, LR
[LR] 17 s{R(t) then s,R(t-at).4

Behind the practical application of the syntactic reversal
operator, therefore, lie direct intuitions about what process
reversal amounts to. So let us to the concept of process

reversal.

4In all other texts on the subject, the reversal of L is taken to be: IfszR(t)
thens,R(t+At) (E.g. Davies [1974, ch.2], Sklarr [1974, p.365].) But this is
incorrect in principle, as discussed in detail in the following chapter. However, a
fully deterministic theory entails that LR is equivalent to: If szR(t) then

s,R(t+At), as will also be shown.
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4.2 Terminology: tokens and types of states and processes.

Before beginning the discussion it is important that the concepts
of process-types, token processes, state-types and token

states are clearly defined.

(i) The notion of a state-type is fundamental. A state-type is a
property that a system of physical objects might have. For
instance, in classical physics a single particle might have a
certain position and momentum. State-types are taken here
to be completely specific micro-states (or logically atomic
properties of systems), not macro-states or
phenomenological states. The latter are taken as classes of
micro-states. Whenever the discussion turns from micro-
states to macro-states, this will be made clear, because
many results concerning micro-states do not hold for macro-
states.

(ii) Token states. State-types will be denoted by the terms:
$,51, S2, ... These terms can take two kinds of arguments,
denoting the time at which the state-type holds, and the
system (or object) for which the state-type holds.

Moments of time are denoted by ¢, ty, ty, ..., and systems are
denoted by KX, Y, Z (In fact these terms are used
ambiguously as both variables ranging over moments and
objects, and constants denoting specific moments and

objects. Context will make clear which is intended. As is
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common in physics, it is not worth the trouble to establish
separate terms for variables and constants here.)
Thus we can have the following conventions:
s denotes a state-type;
s(t)denotes that the state-type s holds at the moment t;
s(X)denotes that the state-type s holds of the object X;
and
s(X,t)denotes that the state-type s holds of object X at
moment t.
The last, s(X,t), is a token state, since it is the
instantiation of a specific state at a specific moment.
Where reference to the object is redundant (which is
normally the case), the term for the object will be
suppressed, and a token state will be denoted just by: s(t).
It should also be recognised that in law statements, such as
L of the previous section, there is an implicit universal
quantifier over both moments and objects. l.e: /f s(t) then
so(t+At) is strictly written: (For all X,t)((If s (X,t) then
so(X,t+4t))
Commonsense tells us where quantifiers are intended; to
include them all explicitly would make the notation
unnecessarily cumbersome.
(iii) A process-type is a sequence of state-types over &
duration of time.> Process-types are denoted by: P, Py,
Po, ..

Process-types of infinite duration are allowed for, as are

SDuration is an oriented interval, as understood by Bunge [1972].
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process-types of finite duration which do not have initial or
final states. However, normally we will deal with process-
types which have initial and final states, and these can be
indicated by: P=[s;(t)»s,(at)], where s is the initial state,
s, the final state, and At is the duration of the process.

(iv). Just as systems can take on state-types at specific
moments, to give token states, so systems can run through
process-types in specific intervals of time to give token
processes. The nomenclature used here is:

P& ,,tz) denotes that process-type P occurs in the

interval from t to t,.

P(X) denotes that object X goes through process-type P.

P(X;t;,ty) denotes that X goes through P in the interval

from ty to t,. This last is a fully specific token process.
Having made clear the logical relations between process-
types, token processes, state=types and token states, | will
frequently just talk of processes and states, and allow

context to make clear whether types or tokens are intended.

4.3 The metrisation of time.

Process reversal is best understood through a consideration of
how processes are described. To describe a token process, we
lrave of cdlUrse to pefer tor merents df Wime: Specifically, a
sequence of states of an object has to be associated with a
specific interval of time. This requires a language to describe

time, and the language is provided by a metrisation of time.
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By this is meant the mapping of moments of time onto the real
numbers, so that the numerals then effectively provide names of
moments, and consequently the mathematics of real numbers
provides a language which can be used to talk about time. (A
similar thing is done for space, mass, energy, and other physical
quantities.)

In a very broad sense, any assignment of moments to numbers
might be called a metrisation of time® But not many such
mappings are useful. More importantly, not many are valid
relative to the formalization of a given theory.

This is easily seen. Metrisations are normally provided in
practice by periodic physical processes, which we call clocks.
These must 'run evenly' to be any good. The swing of a pendulum is
a good approximation, and provides a metrisation (approximately)
valid relative to the formalization of our good scientific
theories. An irregular periodic process, such as the appearance
of meteorites in a certain part of the sky, could also provide a
merisation of time, but it would not be valid relative to any
known scientific theories.

For a more formal illustration, suppose that we adopt a
certain, sensible, metrisation of time“, f. f maps moments, t, onto
real numbers, r, i.e. for any moment t there is a unique real
number r such that: f(t) = r.

Suppose we describe a certain token process using this

sensible metrisation as our means of referring to time. To use a

50r more restictively, any one-one mapping which reflects the order relation
(‘earlier than’) among moments in an order relation (‘less than' or ‘greater than’)

among the corresponding numbers.
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concrete example, suppose the process consists of a point
particle X moving at a constant velocity of +3 units (in a one-
dimensional space). We may express this feature of the process

with an equation of motion:

[4.2] W(ty) - W(tq) = 3(tr-ty),

where ¥(t) is the function which gives the spatial co-ordinate of
X at the moment t. Now of course, the variables t; and t, are
being treated in this equation as numerical variables, ranging
not over moments of time at all, but over numbers. They refer to
moments only indirectly, through the mapping f which takes
moments to numbers. If we wished to make this feature quite

explicit, we could write instead:

[43] W(f(tp)) - T((t1)) = 3(f(t)-f(t 1)

In this second version, t once again ranges over moments proper,
and the mapping into numbers is exhibited explicitly by the
function f.

Now let us suppose that the particle in question is not under
any external forces, and that it in fact obeys Newtonian
mechanics. I this case, f i's an gdequate melrisatlion relative
to the usual formalization of Newtonian mechanics, roughly
because it delivers equation [4.2], which is consistent with
Newtonian mechanics. (Newtonian mechanics requires that a

particle under no external forces has a constant velocity).
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It might have turned out instead that [4.2] was inconsistent
with Newtonian mechanics. In this case, the metrisation {f would
have been an inadequate metrisation relative to the usual
formalization of Newtonian mechanics, for since (by
supposition) the particle’'s motion actually does obey Newtonian
mechanics, its equation of motion must be consistent with
Newtonian theory.

In fact it is easy to construct such an inadequate metrisation
from {. For instance, consider {*, defined by: §*(t) = ef(t). Using
t1* and to* as temporal variables in this new metrisation, the

alternative equation of motion that results is:
[4.4] W*(tp%) - ¥*(t1*) = 3(In(ty*)-1n(t %))

(since: ¥*(t;*)= ¥(In(t;*)), and by [4.2]: ¥(In(t,*)) - ¥(In(t %)) =
3(In(to*)-1n(t 1 *)). But of course, on this metrisation, the
equation of motion, [4.4], for a particle under no external forces,
represents exponential deceleration, which is incompatible with
Newtonian mechanics. Hence f* is an inadequate metrisation
relative to the usual formalization of Newtonian mechanics.

One might object that, relative the new metrisation f¥,
Newtonian mechanics ought to be reformalized. |f we wish to
preserve the meaning of the original theory, then this is obviously
true, but it misses the point being made. The point is that the
normal formalization of a theory presupposes a certain
metrisation, or class of metrisations. This is the class of valid

metrisations (relative to the theory in question). When we
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describe a process with the aim of examining whether it
conforms to a theory, such as Newtonian mechanics, we must

adopt a valid metrisation for the purposes of our description.
4.4 Symmetries.

While there are always narrow constraints on the class of valid
metrisations relative to a given theory, there is normally also
some freedom. This freedom results from symmetries of the
theory. One of the most crucial symmetries, which has held for
all seriously developed theories of physics, is the translational
symmetry of time. This means essentially that it doesn't matter
which specific moment of time is associated with the origin
(zero) of the number line.”

Time translational symmetry is formally described as
follows. Let us suppose that a specific function f(t) achieves a
valid metrisation, for definiteness let us say that of the
Christian calendar, with a scale measured in days. f takes us from
moments to (numerical) dates: its inverse, 1'1, takes us from
dates back to moments. Thus 1'1(Q) is supposedly the exact

moment of the birth of Christ, f'1(1) is the first moment of the

7In fact, the need for this symmetry canbe seen to be the prime determinant of
what the class of valid metrisations is presupposed to be when a theory is
formalized. That is, the theory is formalized deliberately so that it is time-
translation invariant: without this invariance, the metric placed on time normally
becomes extremely inconvenient. It is presupposed here that all theories being
dealt with are time-translation invariant. Without time translation invariance,

time-reversal invariance becomes almost impossible.
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day after the birth, f'1(365) the first moment of the first year
after the birth, and so on.

Now the translational symmetry of time means that any new
function f* defined by: f*(t) = f(t)+c, where c is a constant, also
gives & valid metrisation. (See Fig. 4.1). {* simply makes the
dates of all moments larger by the constant amount c.

Although the terms ¢, t,,.., have so far been strictly treated
as referring to moments, for many purposes in physics it is
more convenient to consider them as referring directly to the
dates attached to moments by the metrisation function. From
now on | will freely regard these variables as referring to the
dates, rather the moments themselves, whenever convenient:
context will make it clear what is intended.

If a theory is time-translation invariant, then the
transformation of the metrisation from f to {* is an invariant
transformation. It may be regarded as a transformation of the
‘frame of reference’ for the description of processes that leaves
the laws of physics invariant.®

Physicists commonly denote this transformation as: t—ot+c,
meaning that the date t of each moment transforms to t+c. This
is a useful shorthand for denoting transformations which | will

often use.

9nvariant transformations can be equivalently viewed as (i) transformations of
processes which leave them as lawlike processes, or (ii) transformations of the
laws themselves, which leave them unchanged. The latter generally provides the
mathematically simplest way of investigating invariances, and is the common
approach in relativity theory for instance where physical laws are required to be

invariant under the Lorentz transformations.
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45 The time-reversal transformation.

Let us now turn to the transformation of special interest: time
reversal. It too is a simple transformation: in the shorthand
just noted, it is: t—-t. (This is how it is usually denoted by
physicists.) A little more fully, if f is a metrisation, then the
time reversed metrisation is defined by: fR(t) = -f(t). (See Fig.
4.2).

Our interest is in the effect of this transformation on the
appearance of process-types. A given process may, of course,
appear different when described using different metrisations
(or frames of reference). We already saw this when we
considered the motion of point particle in the previous section.
On the first metrisation, f, it appeared to be moving at a constant
velocity of +3, while on the second metrisation, {*, it appeared to
be exponentially decelerating.

The question here is: given that a process appears to be of type
P in the metrisation f, what type of process does it appear to be
in the metrisation jR? Answering this will tell us the effect of
the time reversal operation on proc”ess—tgpes. By definition, a
process that appears to be of type P on the metrisation f, appears
to be of type PR (the time reversal of P) on metrisation {R. This

is the very meaning of process reversal.®

In these terms, time reversibility can be explained as follows. A theory T is
time reversible just in case any process which appears tobe a T-process on a
metrisation f, also appears to be a T-process on the reversed metrisation, fR.

This gives the most picturesque way of visualizing the meaning of time
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The géieral effect af time reversel on processes iis nNow easy
enough to visualize. Obviously, if a process contains two states
separated by a duration At, on the time reversed metrisation the
states appear to be separated by the duration -at.19 This is just
to say that the temporal order of states is reversed by time
reticFsaly Bt tinis 1sf mot @il "there 19 @ e Lhe Wypes oif .sitgtes
that occur in the process also appear to be ‘time reversed'. (The
time reversal of state-types will be defined in a moment). Hence

the general rule for process revensal is this:

[4.5] The time reversal, PR, of a process-type P consists of the
reversed temporal sequence of the time reversed states of
P. Symbolically, if P=[sq(t)—=so(t+at)], then
PRz[s,R(1)—s R(t+at)]

(Theorem [4.1] is an obvious corollary of this.)

46 Time reversal of states.

The chief question remaining is how time reversal affects state-
types. What does a given state, s, appear to be like when the time
axis is reversed?

The state s will be characterised in terms of a certain set of

reversibility.

IOFormallg, j(t):—jR(t) (definition f R), hence: f(t,)-f(t ) = fR(t 1 )-fR(tQ), for

all moments t | andt, and all metrisations f.
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parameters, such as, for example, the positions, masses, electric
charges, velocities, and momenta, of a set of fundamental
particles. What must be asked is: what effect does the
transformation: t—-t have on the values of these parameters?
This will tell us how the instantaneous state transforms.

It is recognised that some parameters (e.g. position, mass) are
unaffected by time reversal, while others (e.g. velocity,
momentum) are in fact reversed. Recognised transformations for

classical mechanics are:

t—o-t (time of course is being reversed)
r-r (positions are invariant)

m-m (masses are invariant)

F—F (forces are invarient)

Vo=V (velocities reverse)

a—a (accelerations are invariant)
p—-p (momentums reverse)

E—>E (energies are invariant)

While everyone undoubtedly feels they have a good intuitive
understanding of why the different variables transform as they
do!!, | know of no full explanation of the transformations on the
variables. Indeed, so far as | know no one has even attempted a
full explanation. Here and in Appendix 4.1 | try to offer one.

Part of the answer (the well-understood part) is that the group
of variables are not independent, but conceptually related. For

instance, velocity is defined in terms of time and position by:

'1E . Davies [1974, ch2], Sklarr [1974,ch12].
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v=dr/dt. Thus, once we have decided that position is invariant
under time reversal, we are forced by this definition to conclude
that velocities reverse under time reversal. (Since the
transformed velocity is given by: vR = dr/d(-t) = -v.) Similarly,
once it is decided that masses are invariant, it follows that
momentum reverses. In fact the first three transformations, t— -
t, r-r, and m—-m, obviously enough determine the
transformations in all the other variables.!2
It appears that a small set of variables (t, r, m, and F) is
chosen as special: in some sense fundamental.!3 | will call this
the set of fundamental variables. The transformation: t— -t on
time is considered to induce no transformation in the other
fundamental variables, r and m, so that they are assigned the
identity transformations, r— r and m—- m. This set of
transformations then suffices to determine all transformations.
The (non-temporal) fundamental variables (mass and position)
are clearly considered to be independent of the metrisation of
time. That is, it has been decided that objects have masses and
positions independent of how time is metricised. This seems to

be the reason thely are assigned the identity transfarmations.

12what is unexplained is why time reversal gives us r—r, and m—-m in the first
place. For instance, why not take: r—r and m—-m, which would then induce the
transformations: v—»-v, a—a, p—-p, E—- -E ? This is an important theoretical
question which has not been answered. A simialr question is at the center of a
long-standing puzzle about the correct definition of the state-reversal operator
for quantum states. See Appendices 4.1 and 4.2.

13Forces must be taken as physically real if Newtonian mechanics is to be an
empirical theory. l.e. F=ma must be regarded as a postulate about forces, not as a

mere definition of force.
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(Obviously, this is what being ‘independent of the metrisation of
time means").

Other variables, such as velocity or momentum, arise by
conceptual definition from the fundamental variables (including
time). These will be called secondary variables. The
transformations on the secondary variables follows from their
definitions in terms of fundamental variables, and the
transformations on the fundamental variables.

This indicates a more general procedure for finding the
reversal transformations, namely,

(i) specify a set of fundamental variables, vy, Vp, .., Vp, PlUS

t imme, .

(ii) Set their transformations as the identity transformations:
Vi—V1{, ..., YoV, except for time which transforms
according to: t—-t,

(iii) derive the transformations in all other secondary
variables from their conceptual definitions in terms of v,
O (515

What the set of ‘fundamental variables’ is taken to be is critical.
Its formal properties are simple enough. It must first be adequate
for the definitions of all other variables. It should also have no

redundancy, in the sense that no fundamental variable v; should

14T here are, of course, also various mathematical and logical terms: these are
obviously invariant under time reversal, since the metrisation of time does not
affect mathematical or logical objects or truths. There are also names of specific
objects or systems (here the terms X,VY,Z) These are also invariant under time
reversal, since particular objects retain their identities as objects on time

reversal.
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be definable in terms of the rest of the fundamental variables, or
an inconsistency could arise.!>

The informal property of the class of fundamental variables is
that it represents the fundamental ontology of the theory. For
example, in Newtonian mechanics, if the masses and positions of
every particle are specified for every moment throughout a
process, this uniquely identifies the process. There is no need to
also specify the velocity (or momentum or energy) of the
particles, since these are implicit in the specification of
positions and masses. Specification of masses and positions at
moments provides, on the most natural interpretation of the
theory, the fundamental ontology of Newtonian mechanics.!6

It clear enough intuitively, therefore, how the time reversal
transformations arise simply from the transformations in the
fundamental variables that provide the fundamental ontology.
Time reversal for stlale=«UpeE 1s detetmined &Yy these
transformations, since state-types can be fully defined in terms
of the fundamental variables. (Otherwise the fundamental
variables do not form an adequate class). Once we are provided
with the time reversals of states, [4::5] implies that we have all

the answers about time reversal for processes.

15For the conceptual definition of the redundant variable, v;, plus the
transformations on the other fundamental variables might entail that the
transformation in v; must be: v;—-v;, while as a fundamental variable its
transformation is already defined as: v{—v;.

16what determines what the ontology is? See Appendix 4.1.
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4.7 Return to the syntactic reversal operator.

Now that the nature of state and process reversal is understood
clearly, we can consider the syntactic reversal operator again. A
completely general rule for the syntactic reversal operation can
now be defined. The syntactic reversal, LR, of an expression L

may be found in general by this procedure:

(i). Rewrite L in primitive form, i.e. in a form which
involves only terms for fundamental variables (and of
course mathematical or logical terms, including proper
names of objects.)

(i1). Replace every temporal term, t, of L, with its inverse,

-t, and leave all other terms alone. This generates LK.

The substantial change from the physicists’ normal rule of
‘replace t with -t is that the formulae must first be written in
primitive form. Unfortunately writing an expression in primitive
form may be difficult, and the following rule is much more

practical:

(i). Rewrite L in a form where all (non-mathematical) terms
name either fundamental or secondary variables. As
defined above, these variables all have well defined time
reversal transformations. An expression in this form will

be said tobe in secondary form.
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(ii). Replace all terms according to the time reversal
transformations for the variables. l.e. if a variable &
transforms according to: & — %, then the term & is
replaced by yx. (Mathematical and logical terms of course
remain unchanged, their transformations being: £ —» &). The

expression that results is LR.

It needs to be shown that these rules correctly capture the
syntactic reversal operation. Here | will simply explain the
strategy of the proof. It is by induction on the length of
expressions. (i) If & is a simple term (e.g. t, r, m, or a logical
term like &), then it names a simple object, & By definition, if
the time reversal transformation for the object is: £— %, then the
term y,denotes the time reversal of &. |.e. ::R: x. (ii) It must
then be shown in detail that, for the various ways of constructing
composite terms, if £ is a composite term with components v
and g, replacing v and € with vR and eR respectively in &
gives R

The rules for finding syntactic reversals will shortly be
illustrated with some examples, but first a summary of the time

reversal transformation.
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4.8 Time reversals of objects.

We really have a very wide concept of ‘time reversal’ now, which
applies to any kind of object logically constructible from the
fundamental ontology. If L names such an object L, then LR
names an object which is the time reversal of L. The main
interest is in the case where L is a proposition, but it could be
any number of other things: e.g. a moment, a position, a mass, a
velocity, a token state, a state-type, a token process, a process-
type, a propositional function, etc. An important point is that
only in certain cases of L is its time reversal, LR, independent of
the metric on time. Only in these cases is there a useful concept
of time reversal.

By way of illustration, | will consider the effect of time
reversal on moments, velocities, token states and state-types,
token processes and process-types, propositions and laws.

(i) Moments. The time reversal transformation maps the
class of moments back onto itself. Each moment t is
mapped to a moment -t. But obviously this mapping is
relative to the choice of origin on the time-line. Which
is L@ Say, thé mapping g 'Pelétive to' Lha'ehoiee lar
metric. Let ty and t, be constants naming different
particular moments. Suppose that the metric f assigns
4 @3 the EFgin, 1.5 %t = 0), whillle fig @ssigng By asi thie
origin. In the first case, the time reversal transformation
maps ty onto itself; in the second case, the time reversal

transformation maps t{ onto some other moment, t*.
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This gheygs in fact that there s no single time reversal
transformation: rather there is a class of such
transformations, one for each distinct choice of origin of
the time line, or as | will say, one for each distinct
metric.

Because the time reversal transformation on moments is
relative to the metric in this way, it is not meaningful
to talk of 'the image of a moment, t, under time
reversal’. For it has different images depending upon the
(conventional) choice of origin metric.

Velocities. By contrast, the image under time reversal of
a velocity is independent of the choice of metric. A
velocity v maps to -v whatever the choice of metric. It is
meaningful, therefore, to talk of the image under time
reversal of velocities.

Similarly, it is meaningful to talk of the image under
time reversal of position, mass, momentum, energy, and
any other quantity which is independent of the metric on
1G]

Token states. The time reversed image of a particular

token state s(X,t) is the particular token state sR(X,-t).
Clearly this image depends upon the choice of oringin of
the metric. For instance, if the temporal origin is taken
to be the moment of the birth of Christ, then the time
reversed image of the token state which occurs at the

first moment of 2,000 A.D. would be a token state
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occurring approximately in the year 2,000 B.C. But if the
origin is taken to be the first moment of 1990, then the
time reversed image would be a token state occurring at
the first moment of 1980.

There is, therefore, no meaningful concept of the image
of token states under time reversal.

State-types. By contrast, the image under time reversal

of a state-type is independent of the choice of metric.
This is why we can talk of the image of a state-type
under time reversal.

Token processes and process-types, Token processes are
sequences of token states: hence the image under time
reversal of a token process is dependent on the choice of
metric. Process-types are sequences of state-types:
hence the image under time reversal of a process-type is
independent of the choice of metric. Hence there is such
a thing as the image of a process-type under time
reversal; there is no such thing as the image of a token
process under time reversal.

Propositions and laws. Where a proposition is time

translation invariant, its image under time reversal is
independent of the metric on time. Otherwise its image is
dependent on the metric on time - which is to say, it does
not have an image under time reversal per se, but only
relative to a choice of metric. Only in the former case,
therefore, is it meaningful to ask whether P = PR, since

in the latter case PR is not well defined. Hence in
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general, as noted earlier, only where a law or theory is
time translation invariant is it meaningful to ask

whether it is time reversal invariant, i.e. reversible.

It is assumed throughout this discussion that the physical laws
being talked about are time translation invariant. This is a slight
simplification, for any theory must entail some laws which are
not time translation invariant.!'” This causes a problem with

theorem [3.12], which states that:

[3.12] A theory T is time reversal invariant just in case, for

any law L entailed by T, LR is also entailed B TE.

Since LR is not well defined unless L is time translation
invariant, there is a problem interpreting the meaning of this; but

a minor modification solves it. The correct formulation is:

[3.12] A theory T is time reversal invariant just in
case, on any choice of metric f, for any law L entailed by

T, LR is also entailed by T. -

Normally it is not worth bothering with the complication of
relativity of LR with respect to the metric f, and this feature

will be ignored unless there is some special reason to consider it.

"This is very easy to show. For instance, any general law of the form: (For
all t)P, (which is time translation invarient), entails a law of the form: (For all

t)(If t>0 then P), which is not time translation invarient.
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| Wwill close this chapter by illustrating the general rules,

formulated in Section 3.5, for finding syntactic time reversals,

with some examples. The two final examples are particularly

important, and will be discussed in more detail in the following

chapter.

Consider the expression s(X), which states that the
object, X, is in the state s. We can find the syntactic
reversal of this expression by applying the general rules
formulated in Sec. 4.7.

(i) First s(X) must be rendered in secondary form.
Suppose for the sake of a definite example that s is the
state of having a definite momentum, pP1., and definite
position, ry. lLe, foranyX, s(X)=(py(X)&r (X)), so that
s(X) in secondary form is: (p ;(X)&r ;(X)).

(ii) The transformations on momentum and position are:
p—-p and r—r, so replacement of terms gives us: sR(X)=
(-p 1(X) & ry(X)). Thus sk names a state similar to s,
except that the momentum involved has been reversed,
which of course is what is expected.

Consider the earlier example of the deterministic
transition law, L: If s;(t) then so(t+At).

(i) First this must be written in secondary form. Let us
suppose that sy and s, have already been included as

secondary variables, so that the time reversal
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transformations on them have been defined. These
transformations may be simply represented as: s]—ais,
and 32—>52R . Hence L can be regarded as already being in
secondary form.

(ii) Replacement of terms now gives: LR= If s /R(-t)
then sQR(-t-At). Since t is implicitly universally
quantified, this is equivalent to: If s;R(t) then
s R(t-at).

This tells us that the time reversal of a law: /f s;(t)
then sp(t+At) is: If s;R(t) then s,R(t-4t). Note that
while the first law is a future-directed transition law,
the second is a past-directed transition law.

Thus, any reversible theory which entails a law of the
form: If sy (1) then s,(t+at) must entail a
corresponding law of the form: If s{R(t) then s,R(t-at)
by 31:2)

This represents the proper criterion for reversibility of
deterministic transition laws. It will be discussed
furthur in the following chapter.

Let L be the probabilistic _statement: PROB(Q) = p,
where Q is some statement.

(i) The reversal transformation for probability has not
yet béen defined. |t 18 discussed at length in the
following chapter, but for now it may be accepted as
intuitively obvious that metrisation of time does not
affect the values of probabilities. They must keep the

same value whatever the metrisation of time, since there
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is nothing intrinsically dynamic about them, as there is
about momentum for example. l.e. the transformation is:
PROB()= p —» (PROB() = p. ( The argument of the term:
PROB() will of course suffer time reversal separately.)
We can take the transformation on Q to be: Q — QR, and
thus take the syntactic transformation to be: @ — QR
Making the replacements, we therefore get that AR
PROB(QR) = p. It is obvious that this really is the time
reversal of L, since PROB(Q) = p is true on a given
metrisation only if PROB(QR) = p is true on the reversed
metrisation. Thus we have a formal way of finding the
time reversals of probabilistic statements.

Finally consider a statement, L, of the form:
[L]  PROB(s (t+at)] s;(t)) = p.

This will be called a probabilistic transition law
(compare it with the deterministic transition law
considered above.)

(i) By the definition of canditional probability, L is
logically equivalent to:

PROB(s,(t+At)&s (t))/PROB(s ;(t)) = p. This can be
regarded as being in secondary form, the appropriate
transformations just being: t— -t, At— -At, Si— s]-R, and:
(PROB() =p) — (PROB() = p).

(ii) Thus the time reversed statement, LR, is:
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[LR] PROB(s R(-t-at)&s (R(-t))/PROB(s (R(-t)) = p.

By the definition of conditional probability, this is
equivalent to: PROB(s R(-t-at)l s ;R(-t)) = p. Being a 1aw
statement, there is as usual an implicit universal
quantifier on the temporal variable, t, hence LR is

equivalent to:
[LR] PROB(s R(t-at)l s R(t)) = p.

Note that this postulates a past-directed probability, in
contrast to the original statement L, which postulates a
future directed probability. Note also the LR would have
been derived correctly if we had directly made the
substitutions in the conditional probability law, L,
instead of translating to and from the formulation
involving absolute probabilities.

This is a very important result: what it means is that the
time reversal of any proposition of the form:
PROB(s(t+At)ls(t))=p is & proposition of the form:
PROB(s,R(t-at)Is {R(1)) = p. This immediately delivers the
key criterion for the reversibility of probabilistic
theories. It will be called the Criterion for Probabilistic
Reversibility. It is the main topic of the following

chapter.
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CHAPTER FIVE

THE CRITERION FOR PROBABILISTIC REVERSIBILITY

A probabilistic theory is assumed here to be one that entails

probabilistic transition laws, of the form:

PROB(so(t+At)l s (1)) = p, where: 0<p<1.

As usual with dynamic laws of any kjnd, such a law applies only
where there is no undue interference with the system concerned
in the interval from t to t+At. Following the orthodox analysis of
the reversibility of quantum theory it is assumed here that
quantum theory entails such laws. The purpose of this chapter is
to examine the conditions for the reversibility of theories that

entail such probabilistic transition laws.



179

8o Wi 'TRR.

At the end of the previous section, a criterion for the
reversibility of @ tlieory that entails such laWe wWas derivsd. [t
will be called the Criterion for Probabilistic Reversibility,
abbreviated to CPR. By definition, a theory T satisfies the CPR

just in case:

[CPR] For any law: PROB(sp(t+At)] s;(t)) =p entailed by T,
the law: PROB(s,R(t-at) s R(t)) = p is elso entailed
DT -

It is crucial to note that the first-mentioned law in the CPR is
future-directed, supplying a probabilistic connection from
present to future, while the second is past-directed, supplying a
probabilistic connection from present to past.

For the purposes of the main argument, it is only important
that the CPR turns out to be a necessary condition for the
reversibility of probabilistic theories. The main task of this
chapter is to establish this in detail.-It turns out in fact that the
CPR is both a necessary and a sufficient condition for the
reversibility of any theory which is logically equivalent to some
class of deterministic or probabilistic transition laws, as the

proof in Section 5.8 (a) shows.! But that it is a sufficient

INormal methods used so far in science for defining physical equations of motion
can be treated as methods for defining classes of deterministic or probabilistic

transition laws. Deterministic theories can be treated as special cases of
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condition is not important for any arguments here.

It was effectively derived at the end of the previous chapter
that the CPR is at least a necessary condition for reversibility.
However, that derivation was rather abstract, and nothing was
done to illustrate the meaning of the CPR, which is the purpose of
this chapter. But before beginning on this, it will be useful to
review the criterion for probabilistic reversibility that the

orthodox analysis of the reversibility of quantum theory assumes.

9.2 'The PPRIIR.

The orthodox analysis makes no mention of the CPR. An entirely
different condition is taken as the criterion for the reversibility
of a class of probabilistic laws. It is generally called the
principle of micro-reversibility, or the probabilistic principle
of micro-reversibility, abbreviated here to PPMR.?2 It is

defined as follows:

[PPMR] A theory T satisfies the probabilistic principle of
micro-reversibility (PPMR) just in case, for every
law: PROB(so(t+at)] s;(t)) = p entailed by T, the law:
PROB(s jR(t+at)l s ,R(t)) = p is also entailed by T.3

probabilistic theories, on the assumption that the transition probabilities between
states are always 1 or 0. Thus the criterion for reversibility of probabilistic
transition laws suffices as the general criterion for reversibility of all present
theories.

2E.g. Lewis [1930], Davies [1974, ch.6].

3This is often abbreviated in physics texts as the principle that: w = Wiray, for
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The orthodox analysis demonstrates that quantum theory
satisfies this principle, and therefore concludes that the
probabilistic part of quantum theory is time reversible4. My
claim is that the PPMR is irrelevant to time reversibility.
Therefora the orthodex Erelysis fails to BEsté@blish he

reversibility of quantum theory. | propose to demonstrate that:
(a) The PPMR is neither a necessary nor a sufficient condition
for reversibility. (It is simply irrelevant to reversibility).
(b) The CPR is a necessary condition for reversibility.
In the following chapter | will demonstrate that :

(c) Quantum theory fails the CPR.

If (b) and (c) are correct, it follows, of course, that quantum

theory is irreversible.d

all w’'s, where w's represent transition probabilities between states. E.g. Davies
(1974, p.157], Watanabe [1955¢c].

4This result relies upon having already shov;n that the deterministic part of
quantum dynamics, i.e. the Schrodinger equation, is reversible.

Slt is worth stressing that this result is not merely a conclusion that the
‘measurement process’ is irreversible. My argument makes no explicit mention of
‘'measurement’ at all. It is a result solely about the probabilistic nature of
quantum theory. There is a connection with ‘'measurement’ only insofar as
probabilities come into play in ‘measurements’. 0Of course, one traditional view
is that probabilities only come into play when ‘'measurements’ are made. This

would not affect my argument, but nevertheless it is almost certainly an
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(a) and (b) are entirely general results about probabilistic
theories, and not at all specifically about quantum theory.
Quantum theory therefore requires no serious mention until the
following chapter.

| will begin by illustrating the CPR, and why it is a necessary

condition for reversibility, in a number of different ways.

3 CPR 1: A way of picturing the time reversal of probabilities.

This first illustration is very informal, and is intended just to
provide a concrete picture of the CPR. Suppose that:
PROB(sp(t+at)ls (1)) = p is is a natural law, and that a particular
system goes through the transition: s(t)—s,(t+At). To account
for the probability as physically objective, we need more than
simply the sequence, s|(t)—s,(t+At), to represent the process,
since this sequence does not indicate the existence of the
probability involved in the transition. We might picture the
probability as a temporally directed relation between the two
states, sy(1) and sp(t+At). In a diagram of state plotted against
time, we might draw an arrow or vector from S at t to So at
t+At, labelled with a 'strength’, p, to indicate the probability.
This representation will be justified in Chapter Seven.
Represented in this way, the need for past directed
probabilities to achieve time symmetry with the future directed

probabilities becomes immediately apparent. For if the laws of

inadequate view of quantum ontology. See Chapter Eight.



183

nature are reversible, then it should be equally valid to describe
the given process in the reversed temporal metric. In the reversed
[mellfic, Yhe seguedqdee eppeare ko be of The type:
soR(t)=sR(t+at). The probability involved in the transition
still has the value p, and points from s R(t+at) to s,R(1), so it
has reversed its temporal direction. Such a probability is past-
directed,and if it exists intrinsically in nature, it must be
founded on a past-directed probabilistic law
PROB(s,R(1)Is{R(t+at)) =p. If quantum theory is reversible, it
must therefore entail this past-directed probability law if it
entails the corresponding future-directed probability law. This
immediately gives the CPR as a necessary condition for

reversibility.
5.4 CPR 2. Model-theoretic representation of probabilities.

The idea appealed to above of representing probabilities as
temporally directed vectors is informal and its adequacy may be
doubted. In Chapter Seven, an ontology for probabilities along
such lines is explicitly set up, but a more orthodox representation
of probabilities in model-theoretic terms will be shown here to
deliver the same result, that the CPR is necessary for
reversibility.

The model-theoretic approach represents probabilities as the
réletive weighlts ©f €lasses of models. Let the cllass -of
(nomologically possible) models (or worlds) in which a particular

system under consideration has the state s at moment t be
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denoted by: u(s(t)). The intersection of two such classes, u(sy)
and u(s,), is: p(s&sy). The relative weight of two classes of
models, uy and u,, will be denoted by: w(u {/p5). Then the fact
that: PROB(s,(t+At)ls (1)) = p is represented by the assignment of
relative weight: w(u(s,o(t+At)&s (1))/ uls (1)) = p.
This reflects the usual definition of conditional probability in
terms of absolute probability as: PROB(P|Q)= PROB(P&Q)/PROB(Q).

The idea that there are physically real probabilities is simply
the idea that these relative weights have an objective existence,
that they are real physical variables.6

We ‘can new see why the idea of jntrinsie pest-directed
probabilities makes sense (as claimed in Chapter One), since
such probabilities can be explicated in these terms. The past-
directed probability: PROB(SQR(t—At)|s1R(t)) = p is represented
by the assignhment of relative Wael.g s
o(u(s,R(t=at)&s R(1))/u(s 1 R(1)) = p. This too may or may not
have an objective existence in nature.

Let us now consider what is required of the space of
nomologically possible models for the laws of nature to be time

reversible. The requirement of course is that the time reversed

5This may seem strange to the nominalist, since it is a postulate about the
structure of the space of nomologically possible worlds, not simply a fact about
the actual world. But, as pointed out in an earlier footnote, this is a feature of
any 'laws of nature’, realistically interpreted. Alllaws of nature concern the
structure of the space of nomologically possible worlds (or processes): the
postulate of intrinsic probabilities is not special in this respect. In the Chapter
Seven a model of single-case physical probabilties as genuine physical entities will

be presented.
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space of nomologically possible models must be identical to the
original space. Under time reversal, the class of models: u(s](t))
appears as the class: u(s1R(—t)), and: p(s,(t+Aat)&s (1)) appears
as: p(s,R(-t-at)&sR(-1)). Hence the relative weight:
o pep(t+at)8es (1)) /(s 1 (1)) = p representing the future-
directed probability: PROB(s,(t+aAt)ls (1)) = p appears in the
time-reversed space of models to be the relative weight:
o(u(s,yR(-t-at)&sR(-1))/u(s{R(-t)) = p, which is the past-
directed probability: PROB(s,(-t-At)ls((-1)) = p. This only exists
for this specific case where time = -t if the general law:
PROB(s,(t-at)Is((t)) = p, (for all t) holds of the time-reversed
space of worlds. Reversibility therefore requires that this law
holds of the space of nomologically possible worlds if the

original law holds, and we arrive again at the CPR.
9.9 CPR 3. A statistical picture.

Physical probabilities are reflected by statistical frequencies.
For instance, suppose that: PROB(s,(t+At)ls (1)) = p is & natural
law. If at time t a set of N systems are in the state: s1(t), then it
is to be expected that at time t+At the frequency of these
systems found in the state: so(t+At) will be p-N.

The existence of the physical probabilities will make this
relation of frequencies a lawlike feature of the world, subject
of course to statistical deviations. Suppose then that this
relation of frequencies is lawlike in a certain world, reflecting

the intrinsic probability stated above. What feature does this



186

confer on the time reversed world?

In the time reversed world, the original frequency of s;(t)
being followed by s,(t+Aat) appears as the frequency of s,R(t)
being preceded by $2R(t-At) (disregarding the absolute value of
t, since because of time translation invariance, it is only the sign
of At that matters). This frequency relation is lawlike in the
time reversed world, reflecting the time reversal of the
probabilistic law: PROB(s,(t+At)ls((t)) = p that holds in the
original world. Clearly, then, the time reversal of this law is the
past directed probability lav, PROB(SZR(t—At)Is1R(t)), since this
is what the time reversed frequency reflects.

For the laws of the original world to be identical to those of
the reversed world, this past-directed probability law must also
hold in the original world, and we once again see that the CPR is a

necessary condition for reversibility.
3.6 Previous recognition of the CPR.

The CPR seems an obvious condition for reversibility once it is
recognised. After all, if a theory entails future-directed
probabilities (or any sort of future-directed relation between
events), then it is intuitively obvious that for time symmetry it
must entail appropriate past-directed probabilities (an
appropriate past-directed relation). Otherwise a particular
direction of time is picked out nomologically as the direction in
which probabilities are directed. It is surprising, therefore, that

with the intensive work that has gone into the study of
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reversibility, the CPR has not been widely recognised. In fact,
altheugh it has been very scantily recognised, is has not been
entirely overlooked: there have been two important discussions of
it that | am aware of. The first is by Watanabe [1955¢,65,66,70]
on the reversibility of quantum theory; the second is in work on
the reversibility of thermodynamics.

Of the two contributions, Watanabe's is the most important.
Watanabe did not formulate the CPR in the way | have done, but he
showed decisively that the past-directed probabilities required by
it fail to hold in quantum theory, and in later papers particularly,
he stressed that this failure implies some kind of time
asymmetry of quantum theory. Unfortunately he did not have a
clear analysis of the meaning of time symmetry (or reversibility),
and he did not stress the full importance of the CPR for
reversibility. He came very close, however, and his series of
papers on the subject are a very valuable contribution to the
literature on the reversibility of quantum theory. It is a great pity
that their importance has not been widely recognised.

The scientific community has failed to appreciate the
significance of Watanabe's result, and perhaps this is partly
because he did not show clearly that the failure of the CPR in
quantum theory means that quantum theory is irreversible. For
instance, he did not formulate the CPR as a necessary condition
for reversibility. He did not discuss the existence of intrinsic
probabilities, or discuss quantum ontology in any way, but
instead expressed his result in the claim that quantum physics is

irretrodictable([1965, p.156]). And he continued to refer to
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quantum theory as reversible because it satisfies the PPMR. The
following statement is typical: "This basic asymmetry due to
irretrodictability is compatible with reversibility or any other
symmetry rules mentioned at the beginning of this section” [1965,
Ral ST

Also, the ‘apparent’ time asymmetry of the universe had
already a long history as a scientific puzzle in the face of the
reversibility of the fundamental equations, and physicists had
come to terms with it, basically by explaining it as an effect of
special boundary conditions for the universe. It must have been
easy to attribute Watanabe's ‘irretrodictability’ of quantum theory
to the same basic cause, and thereby explain it as the result of
contingent features of the universe, rather than as a structural
feature of quantum theory itself’. Watanabe did not argue
lucidly enough that irretrodictibility constitutes a structural
irreversibility of the quantum theory, but he recognised the fact
quite clearly, and there is no doubt that he should be credited with
the discovery that quantum theory is irreversible.

The other connection in which the CPR has also been discussed
is in thermodynamics. The principle was discussed by the
Ehrenfests [a] and subsequently by rr{éng others (see particularly
Mehlberg [1980] and Grinbaum [1973]). | will give a brief sketch
of the situation.

Thermodynamics tells us that a system in a state of low

entropy will very probably develop to a state of higher entropy,

"This is reflected in the work of a number of writers who followed Watanabe's
lead in discussing the ‘irretrodictability’ of quantum theory, e.g. Aharanov et alia

(1964], Bohm and Bub [1966], Cocke [1967], Penfield [1966].
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but that a high-entropy system will probably not decrease its
entropy. For a definite example, suppose that a specific theory
predicts the following laws, where Sy is a low-entropy state and
S, a high-entropy state:8

PROB(S,(t+At)IS (1)) = 0.999, PROB(S((t+at)IS,(1)) = 0.001.
Thermodynamic states are normally indistinguishable from their
time reversals, i.e. S§ = S]-R. (For instance, the states might
concern a set of particles in a box, Sy might hold if the particles
occupy a small volume, S, if they occupy a larger volume. Since
these states depend only upon position,which is independent of
the assignment of the temporal metric, they appear exactly the
same in reverse). This appears to mean that the laws given
above are sensitive to the direction of time. For consider, first, a
normal thermodynamic process in which a system runs through
the sequence of states: S;— Sy, in a period At. This is perfectly
legitimated by the probability laws above, having a transition
probability of 0.999. However the time reversal of this process
would be: S,R— R, which is: S,— S, in & period At. But this
seems to be a thermodynamically improbable process, since the
transition: S,— S has a probability af only 0.001.

This appears to show that the thermodynamic laws are
irreversible, since a certain process that appears probable in one
direction of time appears improbable if interpreted to occur in
the reverse direction. However, this analysis is flawed, as the

Ehrenfests [a] recognised.

8| have used capital S's here to indicate that the states are not microstates but

macrostates. In some contexts the difference is crucial.
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The flaw is illustrated by the following example. Suppose that
the full set of transition probabilities is:

PROB(S 1 (t+a1)IS (1)) = 0.001

PROB(S,(t+at)IS (1)) = 0.999

PROB(S | (t+At)[Sy(1)) = 0.001

PROB(S,(t+at)IS,(1)) = 0.999.

A system governed by these laws will exhibit the following
behaviour. It will spend most (99.9%) of its time in the high
entropy state S,, occasionally making the transition to Sy, in
which it will spend 0.1% of its time. Now this behaviour is
manifestly ‘time symmetric’, in the sense that it appears equally
lawlike viewed in either direction of time. Let us examine the
source of this time symmetry of the process in terms of the
reversibility of the laws.

The process appears lawlike in the normal direction of time
because it is being supposed that the system obeys, with normai
statistical fluctuations, the transition probabilities above. E.g. in
99.9% of cases, when in Sy at t, it is found in S, at t+At; in 0.1%
of cases, when in S, at t, it is found in S at t+At

What is interesting is the reason that it appears lawlike in the
reverse direction of time. Viewed in reverse, each occurrence of
Sj remains an occurrence of Si' and each transition of type:
S]-(t)—>Sj(t+At) appears as a transition of type: Sj(t)—>S]-(t+At).
What is important for the question of the lawlikeness of the time
reversed process are the frequencies of transitions of type:
Sj(t)-S;j(t+at) relative to occurrences of Sj. If the laws for

the original process hold for the reversed process, these should
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reflect the probabilities defined above; to be precise, the
expected frequency of the transition Sj(t)—>5,-(t+At) divided by
the expected frequency of Sj should equal PROB(Sj(t+Aa t)IS(t)),
as given above. Let us consider as an example the case where
i=] and js2.

The frequency of S,(1)-S((t+At) in the reversed process is the
frequency of Sy(t)—-S,(t+At) in the original process. The
frequency of S, in the reversed process is equal to the frequency
of S, in the original process. So we must calculate the relative
frequencies of S{(t)-S,(t+At) and S, in the original process to
find the relative frequency of S,(t)-S(t+At) and S, in the
reversed process.

The relative frequency of S;(t)->S,(t+At) and S, in the
original process equals the past-directed probability:
PROB(S 1 (1)IS,(t+At)) for the original process. For denoting the
absolute frequencies in the original process of S, and
S1(t)>S,(t+at) by: FREQ(Sy) and FREQ(S;(t)—>S,(t+at)),
respectively, the relative frequency is:

FREQ(S 1 (1) =S, (t+A1))/FREQ(S,),
and since: FREQ(S(t)-S,(t+At)) is (expected to be):

FREQ(S,)-PROB(S 1 (1)ISo(t+Al)),
this equals:

FREQ(S9)-PROB(S 1 (1)ISp(t+at))/FREQ(S)) = PROB(S {(1)IS,(t+At)).
Past-directed probabilities are not generally entailed by future-
directed probabilities: but in this case they are, because of the
special nature of the system concerned. The system concerned is

in a particular kind of equilibrium. This equilibrium entails that
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the number of transitions to the state Sy from any other state
equals the number of transitions from the state Sy to any other
state®. It follows that:

PROB(S { (t+At)ISo(1)) = PROB(S 1 (t-A1)ISH(1)).
In other words, for a given occurrence of the state S5, the
probability that the system will develop into the state Sy in the
next interval equals the probability that it developed from S in
the last interval. This probability is 0.001 (by the laws above)
Hence, the relative frequencies of So(t)—-S(t+At) and S, in the
reversed process is 0.001. This reflects the probability law for
the reversed process:

PROB(S 1 (t+At)ISH(1)) = 0.001,
which is the same as the law for the original process. It may be
verified in a similar way that all the probability laws for the
original system hold for the time reversed system. The laws as
they apply to this system are therefore time reversible.

A number of comments are in order.

(1) Firstly it is seen that the railure of the symmetry

PROB(S1(t+A1)ISo(1)) = PROB(S,(t+at)IS (1)),
which is the PPMR symmetry for this theory, has no
implications for reversibility.

(2) Secondly, the discussion above has illustrated once again

9This can be easily verified. It is not exactly true if we allow the system to
have a frirst or last state, since this may upset the equality slightly, although
only in a negligible way for a long process. However, if the laws as they stand
represent the full theory, there can be no last state. Let us add a postulate that
there can be no first state of a system either, and the theory is perfectly

reversible.
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that what is necessary for reversibility is the CPR - since
Mo tlhie lawE PROBYS | (ti+ALS-if)) 2 p 4B hold of tive. Limme
re¥elrsed Bysiemm, it 1& Recessary that the 1Bw: PROB(S1R(t—
A)IS,R(1)) = p hold for the original. (The fact that states
are their own time reversals in this example blurs this
message a little).

(3) Thirdly, a word of caution about this type of example. All
that has been shown is that a certain system which is
governed by the probabilistic theory in question exhibits
time-symmetric behaviour. But this by itself does not
show that the theory is reversible. For the way that a
particular system that is governed by a theory behaves is
irrelevant to the reversibility of that theory. (A theory
may be reversible, and yet all systems governed by it
exhibit highly time-asymmetric behaviour.)

The example presented is saved only by the special nature
of the theory, essentially by the fact that the only kind of
process governed by the theory is an equilibrium process.
It follows that the theory is reversible if this kind of
process is suitably time symmetric, which is what was
effectively demonstrated.16 This point is important,
because many writers make the mistake of discussing the
time-symmetry of specific processes governed by a

theory, rather than the reversibility of the theory itself.

]OStrictlg, the theory considered is reversible only with the addition of the
postulate mentioned in the last footnote. An irreversible theory can easily be
obtained by adding alternative extralaws, forinstance a law to theeffect that all

processes begin in the state S ;.
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Lewis [1930], Aharanov [1964], and Cocke [1967] make this
mistake. They all conclude that the probabilistic laws of
quantum theory are reversible because equilibrium
processes governed by these laws are ‘time symmetric’.
But this does not show that the laws are reversible: it
would only show that a theory consistingof these laws in
conjunction with a further postulate that all quantum
processes are equilibrium processes would be time
symmetric. The extra postulate manifestly fails of the
real world, however, so this hypothetical ‘reversible

quantum theory' is not a viable one.

The general conclusion therefore is that for thermodynamics to
be reversible, the failure of the 'PPMR" symmetry:
PROB(Sj(t+At)ISi(t)) = PROB(S]-(HAt)ISj(t))
can be ignored, and that what is important is the satisfaction of
the "CPR' symimetry:
PROB(Sj(t+At)ISi(t)) = PROB(Sj(t—At)IS]'(t))
A number of commentators claim that the latter symmetry is
satisfied by thermodynamics'!, but | am not convinced. It is
true that the ‘symmetrg holds for classicelly-beased
thermodynamics if all thermodynamic processes are expected to
be equilibrium processes. But this assumption must be
considered highly speculative if it concerns the process that the
universe as a whole is going through. | am unaware of any

evidence that the actual universe is involved in a long-term

"TMehlberg [1980] in particular, following the Ehrenfest's (al.
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equilibrium process. The evidence seems to be quite the reverse,
given the spectacularly disequilibrium state the universe has
apparently been in for all of its known past, and the lack of
detailed knowledge about its ultimate origins. Even if it is
assumed that in the long run our universe is involved in an
equilibrium process (from which the present disequilibrium
would be an accidental fluctuation from the high-entropy
equilibrium state), it is clear that the CPR symmetry cannot
obtain for a theory of thermodynamics that has practical
application to our universe in its present era. For to put it in
Watanabe's terms, in our universe retrodiction is simply not
valid in the same way as prediction, which means that the past-
directed probabilities required for the thermodynamic version of
the CPR fail empirically. This will be shown in the following
chapter (or see Watanabe [1955¢,65,66,70]).

What might be claimed is that thermodynamics should be
formulated as a reversible theory, but that when it is gpplied to
the actual universe, special features of the universe - viz., the
peculiar boundary condition of extremely low entropy - must be
taken into account. The result is that the past-directed
probabilities entailed by the reversible thermodynamics fail of
the actual universe, but only as a contingent ract.

It is not clear to me whether this is a viable treatment. It is
certainly appropriate when applying a probabilistic theory to a
particular object to take into account further factual knowledge
about that object, and to modify probabilistic predictions

accordingly, hence this approach to thermodynamics might be
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valid. But reservations seem justified because of the special
nature of the present case, where the object being considered is
the entire universe. For what can our evidence for the
homioloigicdl eXistence of pest-direcated thermodymamic
probabilities be, if these probabilities dramatically fail to hold
for the entire observable universe?

However this is not a question that needs to be considered any
furtiver here, Im the first plfage, the aim 07 this discussSien is| anly
te Tliustrake the extenty to Whish the EPR es alrewdy been
essentially recognised in thermodynamics as a condition for
reversibility. In the second place, the question arises only when
considering a thermodynamics which is based upon a reversible
micro-theory. A thermodynamics based upon an irreversible
micro-theory is bound to be irreversible, and hence given that
quantum theory is already irreversible by failing the CPR, a
quantum-based thermodynamics will automatically be
irreversible.

I will conclude this section by noting how an irreversible
thermodynamics can be based upon a reversible micro-theory.
Suppose for instance that the micro-theory for the universe is a
classical, deterministic, fully reversible theory. And suppose
that a thermodynamic theory is postulated which is irreversible
in the following way. The thermodynamic theory deals with the
transitions between macro-states, S; , which are classes of
micro-states of the reversible micro-theory. The thermodynamic
theory postulates that various future-directed probabilities of

the form: PROB(Sj(t+At)ISi(t))=p hold, but does not postulate any



197

past-directed probabilities. Hence it is irreversible because it
fails thie-CPRs

The first question is: could this thermodynamic theory be
obtained as a logical consequence of the reversible micro-
theory? The irreversibility of the thermodynamics does not in
itself rule this possibility out: an irreversible law can be &
logical consequence of a reversible theory (theorem 3.13).12
However, further practical considerations do rule this out. Call
the fundamental micro-theory 7, and the thermodynamic theory
T* |If T entails T*, then, because T is reversible, T also entails
(T*)R (theorem 3.13). (T*)R is the 'time-reversed’ version of the
thermodynamic theory, and entails past-directed transition
probabilities in place of the future-directed transition
probabilities entailed by T*. Now since T entails (T*R, it must
be asked why the thermodynamic theory was not formulated as
the conjunction: T*&(T*)R. This would give a reversible
thermodynamics, which entails the past-directed probabilities of
(T*)R as well as the future-directed ones of T*. It would be much
stronger than T*, and if observationally adequate,
correspondingly more useful.

The reason that T* rather than T*&(T*)R is adopted will have
to be because the postulate of the past-directed probabilities is
empirically ralse of the real universe, unlike the postulate of
the future-directed probabilities. Since it is assumed that T is
observationally adequate, T cannot entail (T*)R. But if T does

not entail (T*)R, it cannot entail T* either (since if it entails T*

12This is stressed by Earman in his [1967,69,74.
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it entails (T*)R). Hence T does not entail T*.

This is the expected result. In postulating the probabilities
that it does, T* undoubtedly goes beyond the content of T, which
is being presumed to be a deterministic theory. T* must involve
a further postulate in which the probabilities make their
appearance: this is usually known as the postulate of molecular
chaos. It is here that the irreversibility of the thermodynamic
theory is introduced.

The second important question is this: does the irreversibility
of the thermodynamic theory indicate irreversibility in the laws
of nature, despite the reversibility of the micro-theory? To
date, the widely accepted answer to this question has been no.
The usual view is that the postulate of molecular chaos (or
whatever postulate it is that renders the thermodynamic theory
irreversible) reflects a contingent fact about the world, rather
than a natural law. But the basis for this view is unclear to me.
We have a workable concept of the distinction between
nomological and contingent facts for most purposes, but, as a
number of writers have noted'3, we do not have a clear enough

theory of this distinction for settling the present question

decisively.!'4

13€.g. Earman [1969], Grinbaum [192z2].

144owever | would suggest that the problem stems rather from a lack of clarity
in our views about the creation of the universe, by which | mean the laws behind
the selection of our particular universe as the actual one. For the 'molecular
chaos' postulate (for a reversible, deterministic micro-theory) could be
nomological only if it followed from laws governing the 'selection of the actual

universe’ from some larger class of possible universes.
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9.7 Failure of the PPMR as a criterion for reversibility.

That the CPR is a necessary condition for reversibility has been
sufficiently illustrated and emphasized. To give a fuller view of
the subject, the failure of the PPMR as a criterion for
reversibility will now be considered.

To begin with, it does not need to be further emphasized that
the PPMR does not simply provide the meaning of reversibility
for probabilistic laws, and does not count as the criterion for
reversibility by definition, or a priori. The PPMR should be
adopted @s the criterion anly if it can be shown by close analysis
to guarantee reversibility.

No such analysis has been attempted. Hence there is no
important positive argument for adopting the PPMR as the
eriterion Of reversibility that npeeds to be overcome.
Nevertheless, there are reasons why the community of physicists
have adopted it, and it is worth considering these first. | think
there are a number of features that conspired to the adoption of

the,PPiiks

(i) The PPMR is an extremely important symmetry in its own
right. Indeed, after time-translation symmetry, it is the
most important temporal symmetry that actually holds
of quantum theory. Physicists were bound to spend some
effort exploring it, and they did so from early in the

history of quantum theory.'>

155ee Lewis [1930].
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Im centraist, the CPR s a temparal siymmetry tivat
blatantly fails to hold of quantum theory, and there has
been no practical interest in it at all. (There is only the
negetive result that the CPR fails, no practicslly useful
theorems are connected with the CPR.) Indeed, it is
difficult even to get an intuitive grasp of the CPR, since
it involves the concept of past-directed probabilities,
and Watanabe is the only previous writer who has come
near to formulating it for quantum theory (as noted
above). Thus, the PPMR has received much attention,
while the CPR has been ighored.

Having established the PPMR, physicists found it very
natural to call it 'time reversal invariance’. The PPMR
has the appearance of being about time reversal for a
number of reasons:

Firstly, it has a connection with the concept of time
reversibility, since it concerns the time reversals of
states.

Secondly, establishing the PPMR follows on naturally
from establishing the .reversibility of the
(deterministic) Schridinger time-dependent equation.
(This result is a pre-requisite for establishing the PPMR).
Thirdly, the PPMR seems to arise as a natural
generalisation of a common formulation of the meaning of
reversibility of deterministic transition laws. The
formulation in question involves a way of visualizing the

meaning of reversibility, and this method of visualization
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makes the PPMR appear to be the natural criterion for
reversibility of probabilistic transition laws. This

method of visualization will be examined shortly.

These features make it understandable why the PPMR has been
adopted as the criterion for reversibility. However, none of the
points (i)-(vi) above has any weight as a justification for this
conclusion, except the last, (vi). It is this last point that is
undoubtedly the most telling, and | will now discuss it in detail.
A serious flaw will be revealed in the way that reversibility is
commonly visualized, not only for probabilistic systems, but,

remarkably enough, for deterministic systems too.

5.8 A flaw in the interpretation of reversibility for deterministic

laws.

Here is a typical interpretation of the meaning of reversibility
(or time reversal invariance) for deterministic laws, by Sklarr

[1974,p.367]:

“We start off with a system in a state s, allowing it to
evolve, after time At to state sy. At the same time we start
off another system, exactly like the first, except that its
initial state is the "time-reversed state” of the final state
of the original system. Call this new state s1R. If the laws of
nature are time-reversal invariant, then at the end of the

interval At we will find the second system in the state sR,
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the time-reversed version of the original state of the first

system."16

This is invariably the way we are asked to visualize the meaning
of reversibility for deterministic laws. | will call it the orthodox
way of visualizing reversibility. But there is a serious mistake in

it. The correct way of visualizing reversibility for deterministic

laws is this:

Suppose that a system started in the state s evolves to the
state sy in time At. Then if the laws of nature are
reversible, a system found in the state sR arter evolving
naturally for time At must have been in the state sR at the

moment At earlier.

Sklarr's recipe for visualizing reversibility makes it appear that

the time reversal of a future-directed deterministic law, L:
[L] If s1(1), then so(t+At)

is another future-directed deterministic law, L*:
[L*] 1f s,R(1), then s{R(t+at).

But this is conceptually wrong: the time reversal of L is in fact

16sk1arr represents the time reversal operation on a state s by: 7(s). This is a

common terminology with physicists, but here the superscripted R is used.
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the past-directed deterministic law LR.
ILRT 1 s4R(1), then spR(t-at).

(This will be shown shortly.) The mistaken adoption of the
orthodox way of visualizing reversibility does not affect the
result of the analysis of fully deterministic theories, because for
a fully deterministic reversible theory, L* and LR are equivalent.
(To be shown shortly). But the treatment of time reversal for
probabilistic laws has been arrived at by generalising from the
treatment for deterministic laws, and here the mistake leads to a
real problem. For given the orthodox way of visualizing the
reversibility of deterministic laws above, the natural
generalisation to the case of probabilistic laws seems to be as

follows:

“If the equations of motion contained a stochastic term, then
the present characterization [the characterization of
reversibility for deterministic transition laws] would have to
be modified. The most obvious extension would be to require
that the transition probability from s; to sy equal the
transition probability from sz to siR.“ (Earman

[1969,p.281]).17

7In fairness to Earman it must be noted that this is very much just a passing
comment, and Earman nowhere investigates the idea of reversibility for

probabilistic laws.
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This implies that the time reversal of a future-directed

probabilistic transition law, M:
[M] PROB(sp(t+at)ls (1)) =p

is another future-directed probabilistic transition layw, M¥*:
[M*] PROB(s{R(t+at)IsoR(t) = p

which of course gives the PPMR as the criterion for reversibility
of probabilistic laws. But as we have seen, the time reversal of

M is really a past-directed probabilistic law, MR:
[MR] PROB(s,R(t-at)ls R(t)) = p.

Whereas M* appears as the natural generalisation from L¥*, MR
appears as the natural generalisation from LR.18 |f LR had been
correctly recognised as the time reversal of L, no doubt MR would
have been correctly recognised as the time reversal of M, and the
CPR would have been adopted instead of the PPMR.

The conceptual mistake in the visué‘]ization of reversibility for
deterministic laws is, therefore, at the root of the historical
mistake in the treatment of reversibility for probabilistic laws.

To conclude, | will demonstrate the claims made above that (a)

18This is obvious if L is written in probabilistic form, as: PROB(s(t+ab)ls 1 (1))
= 1. Then L* tekes the form: PROB(s R(t+At)|52R(’L)) = 1, which is just a special
case of M*, whereas LR takes the form: PROB(SZR(t"At)lS]R(t)) = 1, which is

just a special case of MR.
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LR is the time reversal of L in general, while L* is not, and (b) for
fiully deterministiereversiblé theories, LR and L* are materially
equivalent, so that for such theories the conceptual mistake
pointed out here does not have practical implications.

(a) A law Ly is the time reversal of a law L just in case the
following condition holds: for any process P, if P is an L-process,
then PR must be an L1—process. Consider the following law, L,

and the following schematic depiction of a process, P:
[L] If s¢(1) then so(t+At).
[P] 82—)81—)82—)50—)52—)30—)52—)8I—)Sz

(Each arrow represents an interval of At). A quick examination
shows tiret P ‘s an L-process, €ince every accurrence ef & is
followed by s, at a time At later. Now let us consider PR, the
tfime rFeversel, g Pe Bl deffmition-@f process reversal; PR consists

of the reversed sequence of reversed states of P:
[PR] SzR—)S 1 R—)SQR—)SOR—)SZR—)SOR—)SQR—}S 1 R—)SQR

The law L*: If s,R(t), then sR(t+at) rails to hold of PR (there
are two instances in PR of: s,R554R, rather then: s,R—sR).
Hence the law: If s,R(t), then s {R(t+at) cannot be the time
reversal of the law: If s{(t), then so(t+At). This proves that, in
general, L* is not the time reversal of L.

To prove that the law LR: /7 s,R(t), then szR(t-At) is the time
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reversal of L, suppose for a reductio that it is not. In this case,
there must be some process P which is an L-process, but the
reversal, of which, PR, is not an LR-process. For the latter to
hold, PR must contain a sequence of states: s3R—>s1R, where
S3R282R. Since s3stzR, s32S9. Since PR contains: s3R—>s]R, by
the definition of process reversal, P contains: s;y—s3. Since
szzSp, this part of the process P fails to obey the law L, and
hence P is not an L-process. Contradiction. Hence the law LR: 17
s1R(t), then s,R(t-at) is the time reversal of the law L: /f
s 1(t), then so(t+At).

(b) Because the orthodox analysis takes L* to be the time
reversal of L, it adopts the following as the criterion for the

reversibility of deterministic theories:

[S.1] A deterministic theory T is reversible just in case for
every law of the form L (i.e: If s{(t), then so(t+At)) that
T entails, it also entails the law of the form L* (i.e: |If

soR(t) then s R(t+at)).

Since L* is not the time reversal of__L, we can see that this is

wrong in principle; since LR is the time reversal of L, the correct

criterion is:
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[S.2] A deterministic theory T is reversible just in case for
every law of the form L (i.e: If s4(t), then s,(t+At)) that
T entails, it also entails the law of the form LR (i.e: If

S| R(t) then SQR(t—At)).

The use of [S.1] instead of [5.2] is generally adequate in practice,
however, because for theories which entail that all transitions
between states are deterministic, [S5.1] and [5.2] are materially
equivalent. PROOF, Suppose that T entails that all transitions
between states of systems are deterministic. (i) Suppose T
satisfies [S.1], and that: /7 s (1), then s,(t+At)) is a law of T, for
some s, S,, and At. The problem is to show that: /f s,R(t), then
s2R(t-At)) is also law of T. Suppose, for a reductio, that this is
not a law of T. By the satisfaction of [S5.1], /f $2R(t), then
s R(t+4at)) is a law of T. Hence: I s;R(t), then s,R(t-at)) can
only fail to be a law of T if there is some other state, s3, such
that: IT s3R(t), then s R(t+at)) is a 1aw of T.(Otherwise s,R is
the unique predecessor of sR, and I s;R(t), then s,R(t-at))
must hold.) But then, by the satisfaction of [S.1], /T s;(t), then
s3(t+At)) is a law of T. But this contradicts the law: /7 s(t),
then s (t+at)), since s, and sz are distinct. Reductio. Hence /7
s1R(t), then s, R(t-at)) is a 1aw of T.

(ii) Suppose T satisfies [S.2], and that: /T s;(t), then s,(t+At)) is
a law of T, for some S1, 82, and At. The problem is to show that:
IT s,R(t), then s R(t+at)) is also law of T. By the satisfaction
of [5.2], If s,R(t), then szR(t-At)) is a law of T. Hence it is

nomologically possible for szR to evolve into s]R(t+At). But
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since all transitions are deterministic, this transition is possible
only ™ it Ts momelogically necessary, i.e. Wf: /T szR(t), then
s R(t+at)) is a 1aw of T. Hence I7 s,R(t), then s ;R(t+at)) is a
law of T.1°

5.9 Failure of the PPMR as a criterion for reversibility.

What has been said so far in this chapter shows that there is no
reason to expect that the PPMR is either a necessary or a
sufficient condition for reversibility. | will conclude by showing
explicitly that it is neither, and hence is quite irrelevant to
reversibility. The proofs involve defining two simple
hypothetical theories, Ty and T,. T4 is reversible, but fails the
PPMR, showing that the PPMR is not a necessary condition for
reversibility. T, is irreversible but satisfies the PPMR, showing

that the PPMR is not a sufficient condition for reversibility.

T . Areversible theory which fajls the PPMR,

Iy povenns @ Sigle sYystem, Fof kit there are thFee pessiBle
kinds of states, S1, Sp and sz, which are their own reversals, i.e.
Sj :siR. The laws of T are the following probabilistic transition

laws:

PROB(s,(t+1)ls (1)) = 1/2, PROB(sz(t+1)ls (1)) = 1/2,
PROB(s {(t+1)lsp (1)) = 1, PROB(s 1 (t+1)Is3(t)) = 1.
(A1l other transitions have a probability of 0).

19 Earman [1986] has an equivalent proof.



FIG. 5.1

The tree-structure of states for theory To.
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(1) Ty_fails the PPMR. For instance, PROB(so(t+1)Is (1)) = 1/2,
but: PROB(s 1R(t+1)Is,R(1)) = PROB(s 1 (t+ Dlsp(t) = 1.

(ii) T ¢_is reversible. All T processes are sequences composed

of the following four kinds of transitions: s{—s5, s1—s3, So—>S,
s3—S . Because: s; = s]-R, the first and third of these are the
time reversals of each other, as are the second and fourth. Hence
the time reversal of any T |-process is also a T1—process.2°

This example shows that the PPMR is not a necessary condition
for reversibility.

Lai irreversi eory which satisfies the

To is a little more involved than T 4. It governs a single system
which has an infinite number of possible states. These states are
related to each other in a kind of tree-structure (see Fig. 5.1).
Specifically, each state is connected to 10 other states: 9 of
these are higher states, while one is'a lower state. If s
denotes a given state, then the single-lower state to which s is
connected will be denoted: sy, while the 9 higher states to
which s is connected will be denoted: 52, 53,...,370. If a state s is
connected tao a'state s, then s’ is connected te s. IT s is higher

than s’, then s' is lower than s, and vice versa. No state is both

204 1ittle more is really needed to show that T 1 satisfies the CPR, and hence to
show conclusively that Ty is reversible. | will leave this as an exercise for the

reader, since it is obvious enough that T is reversible.
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higher and lower than another. Note that: s = (si); (for any
gt D).

Furthermore, each state is its own time reversal.

The laws of T, fall into two groups: future-directed
probabilistic laws, and past-directed probabilistic laws. The
future directed laws are very simple: there is an equal probability
of 1/10 of transition from any given state, s, to any connected
state, sq, 52,...,310, in an interval of 1.

PROB(s ((t+1)Is(t)) = 1/10 and PROB(si(t+1)Is(t)) = 1/10.

It can be seen that this means that the system governed by T»
evolves steadily into higher and higher states as time goes on,
though with occasional fluctuations backwards into lower states.
This is exactly like the evolution of a thermodynamic system
relaxing through an infinite series of states of higher and higher
entropy.

The past-directed probability laws are as follows. Given that
8 isysiem is in @ given state.s. at time t, the probability that the
system was in the state sy at the earlier moment, t-1, equals
9/10; the probability that it was in any one of the higher states,

si, at the earlier moment equals 1/90."
PROB(s {(t-1)Is(t)) = 9/10,  PROB(si(t-1)Is(t)) = 1/90.

It can be shown that this system of probabilities is

mathematically consistent.2! These past-directed probabilities,

21T he future-directed probabilities specified 1imit the consistent possibilities for

the assignment of past-directed probabilities. Where the past directed
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like the future-directed probabilities, are to be thought of as
objective, not merely epistemic. Their objectivity may be
thought of in this way. Imagine that the universe (all that
physically exists) is a single system governed by the theory T,.
Call the entire history of states that a system goes through a
world. Thus only one gctual world out of all the possible worlds
has existence. Think of the choice of this actual world from the
ensemble of possible worlds as being governed by T,, and by
nothing more. That is, T2 acts like a probabilistic selection
device on the class of possible worlds. It confers a distinctive
structure on the selected world, viz., that the selected world
satisfies the statistical implications of the probabilities of T,.
This seems to be essentially the only way to make sense of
objective probabilities if we take a bloc universe view of
existence, and thought of in this way, the past-directed
probabilities make sense in exactly the same way as the future-
directed probabilities.

The set of past-directed probabilities means that, whatever
state a system is found in at a definite moment, it can be
inferred to have reached that state by a process of moving
steadily from lower to higher states for all of its history, with
occasional probabilistic fluctuations. This is consistent with the

future-directed probabilities, which imply that it continues to

probabilities are assigned to make the value of: PROB(si(t—I)ls(t)) = 1/10
constant for all 2¢i<10, there are only two consistent possibilities: the
probabilities specified above are one, and the alternative is that: PROB(s 1 (t-

1)Is(t)) = 1/10 and PROB(s! (t-1)Is(t)) = 1/10.
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move steadily into higher states in the future. Overall, the
system acts like a thermodynamic system which relaxes for all
time through an infinite series of higher and higher entropy

states.

(i) T, satisfies the PPMR, T, satisfies the PPMR in virtue

just of the future-directed probabilities, and the fact that
egeh state 18 its own reversdl, d@s can be ©asily CThecked. EQ.
PROB(si(t+1)|s(t)) = 1/10. To satisfy the PPMR, this must
equal the value of: PROB(sR(t+1)I(s")R(t)), which it does since:
s = sR, (shR = 51, and: s = (s1)y, so that: PROB(sR(t+ 1)I(sHR(1))
= PROB((s?) | (t+ 1)I(s1)(t)), which by the laws specified also
equals 1/10.

(i) T, is irreversible, This is obvious enough without the need

for a formal proof. Any T,-process is expected to involve a
system developing through higher and higher states for all of
its history. The reversal of any such process will involve a
system developing through a series of lower and lower states
for all its history. These reversed processes clearly
contradict the probabilities of T,, hence the space of
reversed Tp-processes is quite different from the space of
Tp-processes, and T, is irreversible. (The reader can easily
verify formally that T, fails to satisfy the CPR, and since the
CPR has been shown to be necessary for reversibility, this
demonstrates the irreversibility of T, in a formal way.)

We must conclude therefore that the demonstration that quantum

probabilities satisfy the PPMR is irrelevant to the reversibility
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of quantum theory. To establish reversibility, what must be
shown is that the CPR is satisfied. The CPR is not satisfied by
quantum theory, as Watanabe's [1955¢,65,66,70] all effectively

show. This result will be explained in the following chapter.
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CHAPTER SIX

THE IRREVERSIBILITY OF QUANTUM THEORY

Quantum theory as ordinarily formulated postulates future-
directed probabilities, but does not overtly postulate past-
directed probabilities. Hence prima fracie, the CPR is not
satisfied by quantum theory, and the theory is irreversible. It
may be thought, however, that either quantum theory covertly
entails the existence of past-directed probabilities which satisfy
the CPR, even though it does not postulate them explicitly, or else
that quantum theory could be satisfactorily extended to entail
such past-directed probabilities. In the following section | will
argue that past-directed probabilities satisfying the CPR cannot
be introduced into quantum theory without making the theory
blatantly ralse of the actual world. This argument is a

simplified version of the more general treatment given by
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Watanabe [1955¢,65,66,70], but my emphasis is rather different
from Watanabe's. In subsequent sections | will consider some

possible objections to the argument.

.1 The lack of nomological past-directed probabilities.

Firstly, it has been established independently that quantum
theory satisfies the very important PPMR symmetry!, ie. for
any quantum states y and ¢:

[6.1] PROB(p(t+at)ly(t)) = PROB(yR(t+at)loR(t)).

Suppose that quantum theory also satisfies the CPR, so that for

any states wyand ¢:

[6.2] PROB(g(t+At)ly(t)) = PROB(R(t-at)yR(1)).
Substitution of wR for ¢ and ¢R for y in [6.2] yeilds:

[6.3] PROB(yR(t+at)lgoR(1)) = PROB((yR)R(t-at)I(oRIR(1)),

Since for all v, (\|JR)R is physically identical to y (see Appendix
4.2), this entails:

Isee any textbook on quantum theory. The breaking of this symmetry by

systems involving k ©-mesons does not affect the conclusion of the argument since

few systems are of this kind.
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[6.4]1 PROB(yR(t+at)lpR(t)) = PROB(y(t-At)lp(t)),

[6.1] and [6.4] yeild:

[6.5] PROB(p(t+At)ly(t)) = PROB(y(t-at)le(t)).

Thus we have that Quantum Theory + CPR entails [6.5]. It will

now be shown that empirical phenomena blatently contradict the
retrodictive probabilities necessary for [6.5] to be satisfied,

hence that Quantum Theory + CPR fails dramatically of the real

world. This shows that no empirically satisfactory version of
quantum theory could satisfy the CPR.

[6.5] means that it should be valid to retrodict the state y from
the state ¢ with exactly the same probability that one can predict
the state ¢ from the state y . But the empirical possibility of
controlling the initial states of systems independently of their
final states means that there is simply no possibility of
nomological retrodiction of this kind. For a concrete example,
suppose y to be the spin-up state on the x axis, and ¢ to be the
spin-up state on the y axis, of an“e]ectron2. Then quantum
theory predicts that: PROB(p(t+At)Iy(t)) = 1/2. This probability
means that, in any sample of N systems choosen at time t in state

y, it is to be expected that N/2 will be found in the state ¢ at the

2 The fact that 'measurements’ of spin are preparations of spin states means
that a system following a measurement which has the eigenvalue corresponding to
the eigenstate ¢ as its result is indeed in the state ¢. It is well known that this is

not so for most types of measurements.
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later time t+At. If this expected frequency failed dramatically
enough in a real experiment, then the idea that the predictive
probability: PROB(e(t+at)ly(t)) = 1/2 is nomological would have
to be rejected. For instance, suppose N = 1,000, and suppose the
experimental result that no transitions from y to ¢ are observed
in the sample of 1,000 transitions. If the probability of this
transition were really 1/2, the chance of this happening by
accident would be 271000, This probability is so astronomically
small that the envisaged result would provide a compelling
disconfirmation of the probability law in question. To date
however no such negative results have been observed. Instead, the
future-directed laws of quantum theory have been strongly
confirmed by experiment. This is why those laws are taken
seriously.

Let us now turn to the retrodictive probability: PROB(y(t-
At)le(t)) which forms the right-hand-side of equation [6.5]. To
continue the example, [6.5] and the fact that: PROB(p(t+At)ly(t)) =
1/2 entail that: PROB(y(t—At)le(t)) =1/2. But consider the
following simple experiment, which | will call Experiment 1. It
has in effect been performed many times by experimental
physicists.

Experiment 1. 1,000 systems are prepared in the state ¢ at the
time t-At, and each of these is found in the state ¢ at the later
time t (since: PROB(¢lg) = 1.)

The retrodictive probability: PROB(y(t—At)le(t))=1/2 under

consideration fails dramatically of this sample. This probability



208

should lead one to expect at time t that on average 500 systems
presently in the state ¢ have evolved from the state y; but in
empirical fact none have evolved from y. More precisely, if:
PROB(y(t—Aat)le(t)) =1/2 were genuinely nomological, the
probability of this result happening by accident is again the
astronomically small figure of 2-1000;. hence this experiment
decisively disconfirms the existence of the retrodictive
probability in question.

At first it may seem that this experiment is unfair, because of
the fact that the systems being considered have been
deliberately manipulated to contradict the probability:
PROB(y(t—At)lp(t)) =1/2 (by the deliberate manipulation of the
initial states). But in fact this is the whole point of the
experiment: namely, to demonstrate that physical systems can be
manipulated to behave in such a way that retrodictive
probabilities such as: PROB(y(t—at)|le(t)) =1/2 faill If this
probability was genuinely nomological, and really governed the
behaviour of the physical systems, then it would be impossible to
manipulate the behaviour of those systems so that they
contradicted it. This is certainly so with the future-directed
probability: PROB(p(t+At)lw(t)) =1/2. Because this probability is
nomological, it is impossible to manipulate the later states of
systems so that it fails. What future-directed probabilities of
this kind imply is the uncontrollability of the future behaviour of
systems governed by it. There is no physical method of selecting,

at time t, a sample of systems in the state y, which will evolve
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so that the future-directed probability: PROB(p(t+At)hy(t)) =1/2 is
seriously contravened. In contrast, Experiment 1 shows that
there is e method of selecting,at time t, a sample of systems in
the state ¢, which have evolved in such a way that:
PROB(y(t—At)lp(t))=1/2 is contravened. Hence this probability
cannot be nomological.

This shows that there are no retrodictive quantum
probabilities in nature satisfying the CPR. In fact a much more
general result is evident: there can be no nomological
probabilities of the form: PROB(w(t—At)lp(t))=p whatsoever, if
there exists the physical possibility of (i) forcing systems into
the state p at time t, in such a way that: (ii) each system is (or
alternatively, is not) in the state v at the earlier time t-At.

The discussion of Experiment 1 shows how this possibility
would allow for an experiment disconfirming the past-directed
probability, since it allows directly for the production of a
sample of systems which have undergone transitions such that
the frequencies of past states relative to future states
contradict any past-directed probabilities. Since for ordinary
quantum states y and ¢, both (i) and (ii) are possible, in general
there are no past-directed quantum probabilities of the form:
PROB(y(t—At)le(t))=p .

In following sections some possible objections to this basic
argument will be considered, but it may be helpful to first
consider a little more deeply the reason for the failure of the
past-directed probabilities. The reason is clearly that

nomological retrodiction does not work in the real world.3 But
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what feature of the world entails its failure? The ultimate
feature is in fact the striking decrease of entropy of real
systems in the past direction of time. | will describe the basic
reason for this, although the argument that follows is not fully
precise.

Let: FREQ(e) represent the actual frequency of occurrences of
an event of type e in the history of the universe to date4. | will
use the conventions that: FREQ(y) denotes the frequency of
distinct occurrences of the micro-state vy, and that:
FREQ(w(t)&o(t+At)) denotes the frequency of transitions of
systems from state y to state ¢ in an interval of At.

By the definition of conditional probability, the existence of a
probability law: PROB(p(t+at)ly(t)) means that actual frequencies

are expected to conform to:

[6.6] PROB(p(t+at)hy(t)) = FREQ(y(t)&o(t+At))/FREQ(y).

Similarly, if: PROB(y(t-At)|le(t)) were a probability law, then it

would be expected that:

[6.7] PROB(y(t-at)lp(t)) = FREQ(y(t-At)&¢(t))/FREQ(9).

Note that: FREQ(y(t-At)&@(t)) is identical to: FREQ(y(t)&e(t+At)),

3see also Grunbaum [1973).

4 0r if the universe is infinite, throughout a cosmically large local spatio-

temporal region.
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so we may rewrite [6.7] as:

[6.7] PROB(y(t-At)Ip(t)) = FREQ(y(t)&(t+At))/FREQ(9).

If [6.5] was true, it would therefore be expected that:

[6.8] FREQ(w(1)&p(t+A1))/FREQ(Y) = FREQ(W(t)&p(t+At))/FREQ(e)

from which it follows that:

[6.9] FREQ(y) = FREQ(¢).

The implication of this is that all possible micro-states of a
given type of system should be expected to occur with the same
frequency. This condition will appear to be fulfilled only by
systems in periods of thermodynamic equilibrium. Systems over
periods of low entropy observably fail condition [6.9], because the
low entropy state means that a certain tiny class of micro-states
observably dominates in frequency over a far larger class. The
fact that the universe has, throughosut its known history, been
evolving through a series of states of extraordinarily low entropy
means that [6.9] can be seen to fail at a rather gross level of
observation. Hence the low entropy state of the universe can be
viewed as the prime evidence for the failure of [6.5].

There are of course three different ways in which [6.5] could
fail: through the failure of appropriate past-directed

probabilities, future-directed probabilities, or of both. It happens
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that the past-directed probabilities fail. This is ultimately a
reflection of the fact that while the increase of entropy in the
future direction of time is consistent with the future-directed
probabilities of quantum theory, the decrease of entropy in the
past direction of time is inconsistent with past-directed
probabilities satisfying [6.5].°

It is very interesting that two distinct sources of evidence for
the lack of past-directed probabilities have now been established.
(i) The first argument against past-directed nomological
probabilities turned on the fact that it is possible to control the
frequency of earlier states relative to later states, while in
contrast it is not possible to control the frequency of later
states relative to earlier states (these frequencies really being
determined by future-directed probabilities). (ii) The second
result was that what ultimately supplies the evidence for the
lack of past-directed probabilities is the startling decrease of
entropy of the universe in the past direction of time. It would
seem that these two forms of evidence must be connected. The
basic connection appears to be this: tﬂhe possibility of control of
frequencies of earlier states relative to later states is a
reflection of the 'flow of information® from past to future. What
is meant by the latter is that detailed information about states
at earlier times can be preserved in the states of physical
systems at later times (while temporal reverse of this does not

hold). This generates the well-known asymmetry of knowledge

5See Watanabe [1955,65,66,70] for more detailed discussion.
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about the past and future, for instance. It allows the requisite
control of frequencies of earlier states relative to frequencies of
later states basically because it provides for a physical method
of choosing samples of systems for which the earlier states are
known in detail at 1ater times. (It can be seen that if this held for
the future, i.e. if it could be presently known whether or not a
system in present state y would develop to state ¢ in the future,
then samples could be presently chosen which contradicted the
future-directed probabilities.®) This ‘flow of information' from
past to future hasl in turn been traced to the increase of entrepy
in the future direction of time by a number of authors.” Hence it
appesrs that the increase of entropy in the universe is the
fundamental reason for the failure of past-directed probabilities,
and is what gives rise to possibility of control of frequencies of
past states relative to future states. The full discussion of this
subject is beyond the scope of the present work, however.

I will now turn to some possible objections to the first
argument given egainst the existence of past-directed

probabilities.

SThere is the possibility that relative frequencies on a global level would still
conform to the probabilities; but the empirical fact is that where such knowledge
of the future is available, it is in our control to manipulate systems to upset any
such global frequencies.

7E.g. Mehlberg [1980], Grunbaum [1973], Reichenbach [1956].
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6.2 0Objection 1: an accident?

It may at first appear that we can successfully combine the past-
directed probability: PROB(@(t+At)ly(t)) = 1/2 with the
‘contradictory frequencies’ of the proposed experiment by
claiming that the frequencies in question occur only because our
universe is, as a contingent matter, a special sort of universe.
Specifically, it is a universe in which a special boundary
condition holds (low entropy in the early universe), and this
contingent feature can ultimately be regarded as contingently
giving rise to the rogue frequencies which appear to contradict
the past-directed probability.

Although the flaw in this objection is obvious, it is similar in
some ways to a view which is popular with a great many writers
on the subject, namely that the manifest temporal asymmetry of
the world drfses mefrely from speciel cantingent bedhdary
conditions on the universe, and has no implications for the
reversibility of the fundamental theory. 8 Therefore | will
consider this objection carefully. -

For an analogous case, suppose that we have a coin for which
we postulate the following probabilistic laws. Let Hand T
represent the events of the coin coming up heads and tails
respectively after a throw, and suppose that the coin is thrown
once per unit of time. The following postulate states that the

chance of throwing heads (H) after previously throwing tails (T)

Bsee particularly C.deBeauregard [1970,1977].
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equals 1/2:
[6.10] PROB(H(t+ 1)IT(t)) = 1/2.

Now suppose that in a long series (say 100) of observed throws,
in only 1% of cases is H followed by T. Would we be prepared to
maintain the truth of [6.10]?

Obviously not: we would credit [6.10] with almost no chance of
being correct. But consider the following argument against this
conclusion. Despite appearances, the observed sample does not
contradict [6.10]. For the deviation in the sample from the
behaviour predicted from [6.10] arises only as a contingency:
specifically, it arises because of the following contingent
‘boundary condition’ on the set of samples in question: that jn the
sample of ]l throws, in only I& of cases is sp followed by § .

This argument of course is ridiculous: if this form of argument
were allowed, it would make any probabilistic hypothesis equally
compatible with any statistical observations. The argument
comes down to saying that the deviatipﬁn from the norm implied by
[6.10] is just an accident, but of course we can only evaluate
probabilistic or statistical hypotheses by assuming that the
sample of evidence does not just reflect an incredible "accident’,
but is a reasonably fair reflection of the probabilities involved.
The argument in the opening paragraph is of exactly the same
form as that just given, and equally mistaken.

It is perhaps also worth dispelling a variation on the argument
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under dispute. The variation goes like this. The probabilities of
[6.10] are apparently contradicted by the sample of observations,
but there is an explanation for the peculiarity of the sample. The
explanation is that. (i) the sample obeys & boundary condition
which implies the deviation from [6.10], and (ii) this boundary
condition is not merely ‘accidental’, but nomologicagl, i.e. its
occurrence (or a good probability of its occurrence) is after all
implied by, and explained by, certain natural laws.

But (ii) is just to say that the probabilities of [6.10] are not
nomological; for if there are natural laws that imply a blatant
contradiction of the postulated probabilities, then the

probabilities cannot themselves be nomological.

6.3 0Objection 2: A biased sample?

There is only one way that a sample of observations which prima
racie disconfirm a probabilistic hypothesis, can be reconciled
with that hypothesis: this is if the sample is systematically
biased in some way, not randomly chosen. |Is the sample of
observations appealed to in the h(Qpothetical experiment of
Section 6.1 ‘randomly chosen'? If it can be established that it is
not, then the resulting argument might be rejected.

This seems at first a very promissing objection. The sample
that disconfirms the past-directed probability: PROB(y(t-
A)|p(t))=1/2 was deliberately produced so to do just that. The
point, however, which was already made in Section 6.1, is that if

this probabilty was nomological in the same way as the future-
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directed probability of the form: PROB(e(t+at)ly(t))=1/2 are
nomological, then it would be quite impossible in practise to
produce the sample in question.

The usual way in which a class of observations fails to be
randomly selected is if it is specially selected from a larger
class, to achieve a special bias. For instance, imagine that you
were shown a film of a coin being thrown, in an apparently ‘fair’
way, ten times in succession, and landing heads each time. |f you
could think of no trick in the method of throwing which biased the
coin, you would probably suspect that the person who made the
film actually filmed a very long sequence of coin throws, that the
sequence of ten heads occurred by chance somewhere in the much
larger sequence, and that this special part of the entire sample
was deliberately selected out to impress you. If so, it does not
represent a random sample of throws of the coin, but a biased
sample.

This is the masit @bvious method of blidgsing 8 sample, bat it ils
clearly only possible to use it where the size of the full sample
required to producel the ‘speciEl case’ is af practical dimens1oms.
For instance, it would be physically impossible to generate by the
same method a film of 1,000 heads in a row, since somewhere in
the general order of: 21000 jndividual tosses of a fair coin would
be needed before this special sequence could be expected to occur
by chance. It is physically impossible that this astronomical
number of tosses of a coin could be observed.

For the same reason, it is physically impossible that the
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evidence that exists against past-directed probabilities could be
counterfeited in any way. Experiment 1 shows that the
improbability of nomological past directed probabilities is

simply staggering.

6.4 Is Experiment 1 of the wrong type?

Another possible objection to Experiment 1 is that it is of the
wrong type to test the probability in question. Let me first
make the general idea clear with an example of an experiment
similarly ill-designed to test the future-directed probability:
PROB(op(t+At)ly(t))=1/2. Imagine a sample of sample of 1,000
systems prepared in state yat t, and subjected to a measurement
which does not have ¢ as an eigenstate. Suppose for instance
that the measurement has y as an eigenstate. In this case, all
transitions will be from initial state y to final state vy
(PROB(yly)=1). Hence, in the 1,000 transitions of state, there will
be no cases of transition to ¢, despite the probability:
PROB(p(t+At)ly(t))=1/2. Of course this result does not contradict
that probability, because that probability is furthur conditional
upon a certain type of measurement being made, namely one which
has ¢ as an eigenstate, and this condition is not fulfilled.

Perhaps then a similar objection may be raised against the
idea that the 1,000 cases of the transition: e(t-At)->¢(t) in
Experiment 1 contradicts the probability: PROB(y(t—At)le(t)) =1/2.

For to consider this as a nomological probability of the same kind
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as: PROB(p(t+At)ly(t))=1/2, it has to be considered that there is a
‘measurement’ mediating the state ¢(t) and the state y(t—At). This
‘'measurement’ will have to be considered as occurring in the
reverse direction of time. The analogous condition on the
eigenstates of this ‘past-directed’ measurement will have to be
that it has y as an eigenstate. Now what this condition means is
rather difficult to say, since the notion of a ‘past-directed
measurement’ is entirely unclear, but perhaps it is reasonable to
hold that the experimental procedure must allow at least for the
possibility that the state at t-At is wy. In the proposed
experiment, it i reasonable to maintain that the states are all
constrained to be ¢, hence there is no such possibility, and the
‘past-directed measurement’ involved is of the wrong type to test
the hypothesis that: PROB(y(t—at)lp(t)) =1/2.

| have two comments on this objection. (i) Firstly, it is
apparent that the concept of a '‘past-directed measurement’ is
undefined in quantum theory, and probably quite nonsensical. This
simply stresses the failure of the existence of past-directed
probabilities which are temporally symmetrical to future-
directed probabilities, since the ‘concept of past-directed
measurements essential to bring such probabilities into play is
apparently nonsensical.

It is nonsensical in particular because there is no definable
concept of the eigenstates ©o©f B past-dirdcted
measurement.Future-directed measurements have well-defined
eigenstates in the sense that the measurement process between

initial.state t-At and final state t physically constrains the class



230

of possible final states of the measured system immediately
arter time t. But no measurement process between time t-At and
t constrains the state immediately before time t-At. This state
is instead constrained by the evolution of the system before time
t-At. This is a direct reflection of physical ‘irretrodictability’.
(ii) Consider the following experiment. 2,000 systems are
prepared in the state y at time t-At, and then subjected to a
measurement which has ¢ as an eigenstate. It is to be expected
that 1,000 systems make the transition to ¢ at t, while 1,000 do
not. Let us suppose for simplicity that in fact exactly 1,000
systems make the transition to ¢ at t. Those which do not make
thie trensition have no releyance to the probability:
PROB(y(t—at)lp(t))=1/2, since the condition: @(t) is not fulfilled.
The sample relevant for testing this probability is hence just the
set of 1,000 transitions of: y(t—At)—>@(t). The experimentally
produced sample of course strongly disconfirms the probability:
PROB(y(t—At)lp(t))=1/2, since if this probability held, it would be
expected that of the 1,000 systems in final state ¢(t), only SO0
began in the state y(t—At), which departs spectacularly from the
observed number. Moreover, if it is regarded that there is a ‘past-
directed measurement' mediating ¢(t) and y(t—At), then clearly
this 'measurement’ has y as an eigenstate in every case. This
experiment therefore overcomes the present objection, even on
the rather wild hypothesis that the concept of ‘past directed

measurement’ is ultimately coherent.
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6.5 O0Objection 3. anthropomorphic bias?

Consider the following argument. A sample is biased towards
meeting @ condition, C if the method used to choose the sample
means that it is more likely than normal to meet the condition C.
Any sample of thermodynamic systems used to demonstrate
anything about the physical world must meet the condition that
it is selected in a universe containing intelligent (for our
purposes, human) life. The effect of this bias is considerable.
Since life as we know it can only evolve and exist in an
environment which is in a fairly extreme thermodynamic
disequilibrium, that environment will exhibit all the
consequences of thermodynamic disequilibrium, one of which is
irretrodictability. Hence the irretrodictability illustrated by the
sample of evidence in Experiment 1 has really been guaranteed by
the simple fact of selection of the sample of evidence. The
sample being viciously biased, the argument of Section 6.1 is
invalid.

| think this objection can be quickly dismissed. Consider the
following analogous case. A person conducts a survey amongst all
her aquaintances to find out how many of them hate her enough to
want to kill her. The number she arrives is quite low, let us say
less than ten. A critic subsequently argues that this kind of
result was inevitable, because if more than ten people hated her
enough to want to kill her, she would have been dead before she

could administer the survey. Therefore the very act of sampling
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implies a certain result, hence a bias in the sample.

True as this is, it does ot affect the aceuracy of the result;
the survey shows that less than ten people want to kill the
paranoid statistician, and this is quite correct. The 'bias’ does
not invalidate the result.

Consider a second kind of survey, which is made to collect
evidence on whether life exists in the universe. Since surveyors
are themselves alive, it is inevitable, if the survey is carried out
sensibly, that the evidence cellected will be positivVe: it will be
concluded that life exists. This conclusion remains true, despite
the ‘bi&s’ represented by the fiack that ghe survey cah only be
carried out in a universe where life exists.

Thé sompling of systemeé in the real universe vhiéckh
demonstrates irretrodictabilty seems to be exactly the same: the
supposed ‘bias’' does not alter the fact that the sample gives the

correct information about whether past-directed probabilities

exist.

6.6 Objection 4: 1long-term equilibrium?

Irretrodictability arises ultimately from the thermodynamic
disequilibrium of the universe. Could it be that the vast
thermodynamic disequilibrium of the universe in its present era
is merely an ‘accidental’ fluctuation from a normal state of
equilibrium? |If so, the present disequilibrium would be a highly
unrepresentative state, and would not establish the lack of past-

directed probabilities.® In this situation, the ‘anthropomorphic
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bias' described above would become much more sensible. The
situation would be that the universe is in a state of equilibrium
for almost all periods of its history, so that any properly
representative sample of processes would indicate the existence
of past-directed probabilities in exact symmetry with future-
directed probabilities. Periodically, however, vast
disequilibriums would arise, by natural chance. A sampling of
physical systems in such an era would indicate the failure of
[6.9], hence of [6.5]. It may be assumed that only in such eras
could the complex structures required for the existence of life
develop, hence any actual sampling by living creatures such as
ourselves would inevitably, but quite incorrectly, indicate the
lack of past-directed probabilities. The apparent irreversibility
of quantum theory would then quite genuinely be a mere artifact
of the possibility of formulating the theory.

This seems to be the only serious objection to the argument of
Section 6.1. Two different versions should be distinguished, one

weak and one strong. The weak version has the major premise:

[(6.12] It is not known whether the universe is merely in a

chance fluctuation from equilibrium or not,

and the corresponding conclusion that:

9This would be a special case of a '‘biased sample’, since the sample of
processes used to establish the lack of past-directed probabilities would in fact be

unrepresentative.
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[6.13] It is not known whether the ultimately correct version

of quantum theory is reversible or not.

The strong version has the major premise:

[6.14] The universe is merely in a chance fluctuation from a

normal state of equilibrium;

with the corresponding conclusion that:

[6.15] The ultimately correct version of quantum theory is

reversible.

The lack of detailed knowledge about either the origin or the end
of the present era of the universe means that this question cannot
yet be firmly decided. But it can be stated that (a) there is as yet
no observational or theoretical support for [6.14], and thus no

reason at all to think it is correct.'® (b) [6.12] seems to be the

'0There is also no guarantee that [6.15] follows from [6.14]. It is also worth
noting the points made by Penrose [1986,p.41]”against the quite unfounded idea
entertained by Gold [1962], Cocke [1967], and others that, in a closed universe
which undergoes cycles of expansion and subsequent gravitational contraction,
entropy will decrease in the contraction period, in symmetry to the way that it is
presently increasing in the present period of expansion. There is no reason to think
that gravitational collapse implies entropy decrease, and there is especially no
reason to think that it implies that the reversals of ordinary thermodynamic
processes will occur. This would imply a blatant contradiction of future-directed

quantum probabilities, and there is no reason to think that quantum theory will
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kind of skeptical view which cannot be conclusively dismissed,
but which there seems to be no pragmatic reasons for
entertaining. According to our most general observational
conception of the universe, the only plausible version of quantum
theory is the irreversible version. However, until the process of
the creation of our universe is understood, our understanding of
the reversibility of the laws of nature remains ultimately

incomplete.

.7 Epistemic past-directed probabilities.

It has been argued that there are no past-directed quantum
theoretic probabilities in temporal symmetry with the future-
directed probabilities. Nevertheless, the future-directed
probabilities may give rise, in special circumstances, to
objective past-directed epistemic probabilities. Watanabe
[1965,66,70], Aharanov et alia [1964], Cocke [1967], and Penfield
[1966] have discussed this question, although there does not
appear to be any systematic treatment of the subject. This topic
must be central in a quantum theoretic account of knowledge. In
particular, if our world is really a quantum theoretic world, and
if all present knowledge of the past is ultimately grounded in the
nomological implications that the present physical states of
systems have for past states, then substantial knowledge of the

past requires past-directed probabilities.!!

become blatantly false in the future.
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There is also a fundamental problem about the status of
future-directed probabilities, which has been noted but not
discussed. This is that the future-directed probability laws of
the form: PROB(p(t+at)ly(t))=p have an implicit second
conditional, which is that a measurement for which ¢ is an
eigenstate must be made. Unless such a measurement is made,
there is no actual chance of ¢(t+At) occurring.

If quantum theory is to generate absolute probabilities of
future events from present conditions (and not merely
probabilities which are furthur conditional on events of
measurement occurring), it must also recognise absolute
probabilities of events of measurements occurring in the future.

Here | will just note the orthodox view of this problem. The
orthodox view does not seem satisfactory at a fundamental level,
but it is pragmatically adequate. The orthodox interpretation
maintains a distinction between ‘classical’ concepts and quantum
concepts, and holds that while the formal quantum theory is
primarily about the gquantum concepts, classical concepts are
necessary for any understanding of the practical application of
quantum theory'2. Measurement is & key ‘classical’ concept in
this regard, and a corresponding ‘classical’ understanding of what
measurements are is presumed. Although it is hardly transparent
what ‘classical’ should be taken to mean here, it seems that our
ordinary understanding of the processes of making measurements

allows for the possibility of it being physically determined at

! 'Including past-directed necessities, which are special cases of probabilities.

1256e Jammer [1974], Murdoch [1987].
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the present time that a measurement of a certain kind will be
performed at a future time. If this is so, then there will be cases
when all the conditions necessary for absolute probabilities of
future events to arise are satisfied.

It is even more important that there are cases where it is
physically determined at the present time that a measurement of
a certain kind was performed at a past time. Indeed, orthodox
quantum theory depends not only on this, but on the idea that the
results of past measurements can be presently determined. The
practical basis for this assumption is obvious enough, but the

theoretical basis is not clear.
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CHAPTER SEVEN

A DYNAMIC MODEL OF TIME

| turn now to the development of a formal model of time flow
suited to a probabilistic world, in line with the intentions
expressed in the Introduction. The model proposed here is a
development of the dynamic model proposed by McCall [1976]. But
after acknowleding a considerable debt to McCall, | must stress
that | reject his theory on a number of fundamental points. The
model proposed here will be shown to arise out of the adoption of
natural solutions to certain fundamental problems with McCall's

theory.!

1 Reichenbach [1953], Capek [1961), Whitrow [1961], Bondi [1952] have also
suggested, like McCall, that the idea of indeterminism supports a dynamic view of
time. McCall's theory owes something to their speculation, particularly to

Reichenbach's. But although these other writers have articulated their intuitions
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Section 7.1 begins with a very preliminary sketch of the model
that will ultimately be defended. In Section 7.2 McCall's theory
will be sketched, and the basic framework of concepts made
clear. In following sections, important features of McCall's model
will be criticised, and it will be shown how the adaptations
necessary to solve the problems with his theory leads to the

theory described in Section 7.1.

.1 Preliminary sketch of the model.

Envisage first of all a simple sort of probabilistic theory, which
determines absolute (single-case) probabilities of future states
of systems given their complete present micro-states (plus
relevant present facts about their environs). Assume that this
theory postulates a finite universe which at any moment is in a
definite complete micro-state, and that this universe as a whole
can be regarded as a system governed by the probabilistic laws.
(This theory is, of course, non-relativistic, since it requires a
physically real world-wide present state: the problem of placing
relativistic constraints on the dynamic ontology described here
will not be discussed until Chapter 9.)

The idea is to give a model of this probabilistic theory in
which time is ‘dynamic’. The broad idea is as follows. Firstly,

there is presumed to be something that presently exists. This

on the subject, they have not developed substantial theories, and | will not

discuss their work here.
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consists of (i) a concrete physical universe in its present
momentary state, plus (ii) the physical probabilities of future
states, as determined by the present state plus the probabilistic
laws of nature, plus (iii) the physical possibilities of past states,
these possibilities being determined by the present state plus the
laws of nature. (No nomological past-directed probabilities are
assumed, although there might well be objective epistemic past-
directed probabilities, as described in the previous chapter.)

Note that (ii) requires a strongly realistic theory of physical
probabilities. The logical framework for such a theory will be
described in a later section. Probabilities will be explicated as
genuine physical properties of physical entities. Physicists find
it hard to imagine probabilities as physical things in this way,
but this seems to be only because they are accustomed to thinking
of simpler kinds of physical properties, such as mass or electric
charge. Probabilities are of a much more complex logical type
than such properties. This complexity makes them hard to
imagine, but it does not prevent them from being physically real.
At any rate, a formal model will later be proposed, and | trust it
will prove logically coherent.

This entity, which has components (i), (ii), and (iii) described
above, is therefore regarded as the complete entity which has
present existence. Following McCall's suggestive terminology, it
will be called the universe-tree. The laws of nature will allow
for many nomologically possible universe-trees.

Note that the present universe-tree is extended in time. For

part (ii) of the universe-tree consists of probabilities of states
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at times later than the present moment, while part (iii) consists
of possibilities of states at times earlier than the present
moment. These represent presently existing properties of times
earlier and later than the present moment. Hence other moments
participate in the object which presently exists. The fact that
these probabilities and possibilities obtain in the present
universe-tree simply means that there are present facts about
earlier and later moments.

It must be recognised that the term 'present facts' means facts
that have the present mode of existence. The central feature of
the dynamic ontology is that it recognises three temporal modes
of existence, namely past, present and future modes of existence.
Let us now turn to these.

Since the ontology is supposed to be dynamic, we are required
to recognise not only the existence of the present universe-tree,
but also that there have been other universe-trees which existed
in the past, and others again which will exist in the future. Since
the past and future are being treated realistically, elements must
be provided in the formal model which correspond to the entities
which have past and future existence. These are past and future
universe-trees: hence we are committed not only to the existence
of a present universe-tree, but to the existence of a whole
temporal sequence of universe-trees. (See Fig. 7.2)

There are three kinds of items in the temporal sequence: past
universe-trees, the present universe-tree, and future universe-

trees. It is crucial to recognise that these different kinds of
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items have different modes of existence, viz. past, present and
future existence, respectively. This'is crucial to ‘the nmature of
the existence of the temporal sequence: it means that the
temporal sequence does not itself have present existence, but
rather, has a mixed mode of existence, being partly past, partly
present, partly future. This mixed mode is reflected formally by
the logical type of the sequence. It is vital to recognise this
mixed mode of existence if certain logical problems are to be
avoided.

The model now provides, in an obvious way, for a semantics for
past- and future-tensed propositions. If P is a proposition, then
the past-tensed proposition: it was the case that P is true just
in* cese P holds of @ past universe—tree . Similarly, i& will be
the case that P is true just in case P holds of a future universe-
tree.2

These tensed propositions, which are about past and future
parts of the temporal sequence of universe-trees, must be
contrasted with another kind of "‘tensed’ proposition, which | will
call untensed propositions. Untensed propositions are about the

present universe-tree. That is, they take truth-values with

2|t will be seen that this preserves the idea that there is a ‘unique past’ and a
‘unique future’, in the sense that any past-tensed proposition: it was the case
that P is either true or false, and similarly any future-tensed proposition: it
will be the case that P is either true or false. But the truth of these propositions
isnot determined by the present universe-tree,at least not unless physical
determinism holds. This construal of semantics is a serious departure from
McCall's [1976] (and also Thomason's [1970]) theory, but | argue below that

McCall is confused on this point.
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nespect to the singlie Universe=trees, im contrest to tensed
propositions, which take truth-values only with respect to
temporal sequences of universe-trees. Untensed propositions are
about facts in the present universe-tree, and this includes facts
at moments other than the present moment. It is the temporal
extension of the present universe-tree that provides for such
propositions.3 It is natural to wonder why untensed
propositions about times other than the present moment are
required in addition to tensed propositions. This is really just the
question of why universe-trees are temporally extended.® The
answer is that they must be temporally extended if there are to
be present facts about times earlier and later than the present,
and that on any satisfactory view of the world there must be such
facts . This point will be discussed in detail in Section 7.9.

The basic idea, then, is that what exists presently is a
universe-tree, which consists of a present instantaneous micro-
state of the entire universe, plus the probabilities and
possibilities which this micro-state generates via the laws of
nature. What makes the model dynamic is that this entity
chienges. Change is Fepresented thr.c‘augh the relations of the
present universe-tree with past and future universe-trees. In the

abstract, these relations are that the past universe-trees have

31t will be seen that what McCall [1976] and Thomason [1970] regard as tensed
propositions are in fact untensed propositions.

4since the temporal extension is just a result of presently existing facts about
times other than the present moment, and such facts immediately generate

propositions about those times.
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changed to the present universe-tree, and that the present
universe-tree will change to future universe-trees. The key
problem that concerns us is the physical basis for change. It will
be remembered from the Introduction that we desire a physical
theary of timerflow. Wihat this-means is thet the dgnami® feature
should not be added to the physical ontology through an arbitrary,
'metaphysical’ postulate: instead what we require is that it
corresponds to a respectable element of physical reality,
postulated by the physical theory. What is it in the physical
theory that provides for the interpretation of the dynamic
feature, i.e. the relations generated by change?

My proposal is to identify change with the actualisation of
probabilities. This interpretation depends upon the idea that the
concept of actualisation of probability is implicit in the concept
of physical probability appropriate to the physical theory in
question. In another way of putting it, the notion of physical
probabilities of future events cannot be understood unless the
idea of the actualisation of these probabilities is already
understood. The idea of actualisation of probabilities is that
something must happen to render one possible probabilistic
outcome actual, and the other possible outcomes non-actual. For
instance, if there is a probability of 1/3 that a system X has the
state sy in one minutes time, and a probability of 2/3 that it has
the state s, in one minutes time, then it is implied that either s
will be actualised or s, will be actualised, in one minutes time.

It may seem that this procedure is circular, for it seems that



245

change is interpreted in terms of actualisation of probability, and
then the idea of actualisation of probability refers back to the
idea of change. This kind af circularity is inevitable, but not
vicious. It simply reflects the fact that to add the idea of change
to a conceptual scheme which does not already include it
necessarily invelves the addition of & mew primitive cencept. |
am not therefore proposing to define change without introducing a
primitive concept. My claim is only that the primitive concept is
already well-established in physical theories: for it is implicit in
the concept of actualisation of probability, which is an element
of the concept of physical probability. (More on this in Section
7.10).

The physical probabilities are all future-directed, and this
corresponds to the temporal direction of change. More precisely,
the temporal direction of actualisation of probability is
identified with the direction of change as follows: the state (of
the world) U, changes to the state U, just in case the
probabilities in Uy are actualised in the outcome U,.

I will call the probabilities that support physical time flow in
this way dynamic physical probabilities. The model developed in
this chapter should show, at least, that such physical
probabilities are possib]e.5 A furthur step is to argue that the
probabilities that arise in quantum theory can be interpreted as

dynamic physical probabilities. Two important facts supporting

SNote that | certainly do not maintain that all probabilities are dynamic physical
probabilities. On the contrary, most probabilities referred to in everyday life

seem tometobe merely epistemic probabilities.
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this interpretation are: (i) The conclusion of the previous
chapter that the fundamental quantum probabilities are future-
directed. (ii) The fact that, in the orthodox interpretation of
quantum theory, the full quantum state of a system provides
maximal present information about the probabilities of future
results of measurements.®

However, although | believe that this interpetation of quantum
probabilities will appear sensible enough, the subject cannot be
resolved before other foundational problems afflicting quantum
theory are solved, so | will not attempt to offer conclusive
arguments on the subject. See Chapter Eight for some furthur
comments.

The general framework for the dynamic model should now be
clear. In the following section the key concepts and features of
the model will be discussed in more detail. These will be
illustrated largely by examining the key similarities and

differences between McCall's [1976] theory and my own.

SFor without (ii) there is no possibility of interpreting the conditional
probability law: PROB(s 1lsg) = p as generating an absolute, single-case
probability: PROB(s 1) = p from the satisfaction of the condition So- | must thank

Peter Milne for stressing this point to me. See later in this chapter, and also Milne
(1986].
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7.2 McCall's dynamic model.

Let us first of all return to the idea of what a theory or model of
time is about. The fundamental point, as stressed in Chapter One,
s that e Theoewy lof time s & thedry of the mature 6f éxistémce.
This point is largely neglected in the scientific approach to time,
where the concerns are primarily with metrical or topological
features of time (or space-time). These are genuine concerns of
course, but they are only a part of the story. It may appear to
many scientists that the metrical or topological aspects of time
are thie reael sciemtific concerns, wheres the theery of existsmce
is properly a philosophical or metaphysical concern. This division
between scientific and ‘'metaphysical’ questions should be
rejected, sihee the task of sciemce is toeeonstruct good models of
reality, and the theoretical framework for existence is a genuine
part of this model, albeit one of its more abstract reaches.

There are two main historical rivals in the Western tradition
for a theory of existence, which have come down from the time of
Heraclitus and Parmenides: the dynamic view, and the static or
bloc universe view. Since the dynamic view is only properly
understood in relation to the bloc universe view, we will begin by
considering the main features of the latter.

The bloc universe view is that there is but a single category of
existence. This an ‘eternal’ category, which never changes in
content, and includes all events that in normal language we would

say have occurred in the completed history of the world. i.e. all
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the events that are occurring, have occurred, and will occur. This
class is picturesquely represented by a Minkowski diagram. In the
bloc universe, there is no special moment which is present or
noy. The bloc universe is just a collection of events, which are
spread out in time in a way which is ontologically no different to
the way in which events are normally thought to be spread out in
space. This view is appropriately said to spatialise time, since
the temporal dimension is treated as ontologically the same as a
spatial dimension. Any distinction between time and space is
found only in the functional roles they play in the laws of nature.

I itk 1 @c univerEe, ObjEcts are: Yenmporally extended just Bs
they may be spatially extended. The physical body of a bloc
universe person, for instance, is extended through his or her life-
time. A certain bloc universe body might stretch from 1920A.D. to
2000A.D., and would be 80 years long in the temporal dimension in
the same way as it might be an axe-handle wide in a spatial
dimension.

In the Bloc Wnivense there is no real ehamge; there are only
functional relations between differqnt variables or properties.
For instance, a physical body might ‘change’ its position with
respect to time in a certain way. This just means that there is a
certain kind of functional relationship between position and time
for the four-dimensional wormlike object in question. |In the
same sense, snakes can be said to change their longitudes with
respect to their latitudes, or birds to change their plumage with

respect to their species.
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Equally, there is no such thing as past existence or future
existence in the bloc universe. There are just the temporal
directions or relations, earlier than and later than. If our own
world were a bloc universe, then it would be false to say at the
time of writing that the sinking of the Titanic is past, all that
could be truely said is something like: the sinking of the Titanic
occurs earlier than the moment of writing. The latter statement
does not imply the reality of temporal modes of existence, only of
temporal relations between events.

This view of time gives an ontological framework that is very
simple and seems logically convenient for many scientific
purposes, and as noted in the Introduction, it is rather popular
with scientifically-minded philosophers. But it is hardly the
view assumed in our practical understanding of the world. Our
practical view is that time does not simply exist like other
things: rather it is the arena of existence. This is brought out by
saying that objects persist through time. We normally assume
that there is a world of objects which presently exists, and that
the state of this world changes in time. The aim here is to show
that a formal model which treats existence as dynamic is
possible.

The fundamental idea behind the model is well emphasised in
McCall [1976]. He firstly illustrates the static view of time by
sketching a number of different kinds of bloc universes (his
Models A, B and C). The essential feature of these is very simple:
they do not suffer change. He then proposes a dynamic model (his

Model D), which he describes as follows:
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The dynamic feature of Theory D, which differentiates it from the other
[static] theories, consists in the following. The complete state-description of
the universe, i.e. the universe-tree, is different at different times. (p.343).

By the 'complete state description’ (the universe-tree), McCall
means to indicate the complete entity that presently exists.
That this is ‘different at different times' means that what
presently exists changes. McCall emphasises that this change is
something that simply has no reality in the bloc universe, and
hence that the notion of change is a new primitive notion which is
simply not available in the set of concepts adequate to describe
the bloc universe.

That the present universe-tree undergoes change necessarily
gives it relations to other universe-trees. Presumming that time
neither begins nor ends, then if Uy is the present universe-tree,
there must be another universe-tree, Ug, from which it has
changed, and there must be another universe-tree again, U,p, into
which it will change. | will represent these relations as: Uy has
become Uy, and U; will become U,. Given these relations, and
that U, is the present universe-tree, then Uy is a past universe-
tree, while Uy is a future universe-tree. The reality of change
generates 'has become' and ‘will become’ relations between the
present universe-tree and other universe-trees, and these other
universe-trees comprise the real past and future. These other
universe-trees are past or future in the sense of having past or
future modes of existence. The reality of change means that the

present universe-tree must be located in a temporal sequence of
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Uuniverse<trees.

Given this basic framework, there are three main parts left to
fill in to generate a specific model. Firstly, a specific theory of
the internal structure of the universe-trees is needed. Following
this, a theory of what change amounts to, and furthur details of
how it is te be fiermally madelled, is needed. Thindly, the &l in
which the model provides for a semantics of temporal language
must be sketched before the model has any practical application.
| will quickly review McCall's position on these three points, and
| will then turn to a number of problems with his theory.

(1) The nature of the unjverse-tree, McCall describes the

universe-tree as having "the form of a tree, the space-time
manifold which forms the trunk containing all past and present
events (relative to the time in question), and the branches
representing all physically possible courses of future events.”
(p.342). The most important points about McCall's universe-trees
are as follows. First they are temporally extended - they contain
elements at each moment of time. Secondly, a priveledged
moment within the universe—tree,‘_the ‘present moment’, is
defined. It is the latest moment before branching occurs. Thirdly,
the branching is confined to the future, and represents the
existence of physically real future possibilities, as befits a
universe with a presently indeterminate future. The past in
contrast does not branch, being presently determinate. Fourthly,
and most importantly, the things that exist at all the different

times in the universe-tree are fully concrete objects, events,
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states, or whatever. This makes each McCall universe-tree a bloc
universe, although of a somewhat unusual kind, since they have a
complex topological structure of ‘branches’ of histories at times
later than a certain moment.

(ii) Change. One such universe-tree comprises all that

presently exists: this continually changes. The mechanism for
change is simple enough. Change occurs through the process of one
of the range of future possibilities becoming an actuality. Hence
the notion of the actualisation of possibilities is taken as a
primitive. This actualisation of possibilities corresponds to a
progressive ‘pruning’ of branches of the universe-tree, giving rise
o mew univerge-trees. [This 'pruning’ represents -ihe
disappearance of future possibilities from present reality, and
at the same time it represents a progression of the present
moment forwards in time (since the present moment is defined
as the moment before the universe-tree begins to branch.)

It must be noted that this theory of change is quite
substantial. What it determines in particular is a certain logical
structure for the temporal sequence of universe-trees that
change gives rise to. This can be seen by considering other
mechanisms of change that might have been postulated instead.
For instance an alternative theory might postulate that change in
a given universe-tree gives rise not to a single new universe-
tree, but to two new universe-trees (i.e. that two future
possibilities rather than just one are always actualised). This
would give rise to a ‘branching’ temporal sequence of universe-

trees, rather than the usual linear temporal sequence.7 | am not



253

suggesting this branching model as a serious possibility, only
pointing out that it would give another possible kind of model.
This alternative possibility shows that McCall's rules governing
change have substantial content.

McCall's rules for change determine that the temporal sequence
of universe-trees is linear, and also that each later tree in the
sequence is an object which literally forms a part of each earlier
tree. This structure of temporal sequence of past and future

universe-trees is depicted below.

Flg %

A temporal sequence of universe-trees.

"There would be no problems combining this idea of 'multiplying futures’ with
McCall's postulate of the determinateness of the past since each individual
universe-tree would have a proliferation of futures in its temporal sequence, but a

unique temporal sequence of past universe-trees.
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For' conyenience | will henceTorth Use the terms U, Ug, Ug,
Uo,..for universe-trees, and | will represent the type of
temporal sequence depicted above as: ...Uo—>U1—>U2—>...'It is
important to note that in the temporal sequence there is a special
universe-tree picked out as the present universe-tree.® The
part of the temporal sequence earlier than the present universe-
tree comprises the past, while the part of the temporal sequence
later than the present universe-tree is the future. It is realism
about change that requires realism about past and future.

(iii)_Semantics., McCall proposes the following semantics for

past- and future-tensed statements. Let t be the moment in the
present universe-tree which is the present moment (defined to be
the latest moment before branching occurs in the tree.) Then the
future-tensed statement: /t will be the case that P is true just
in case P holds at some time in every branch of the universe-tree
whicly s l'ater then t The branching of the universe-tree means
that such future-tensed propositions can fail to take truth-
values, for it can simultaneously fail to be the case that P holds
in every later branch, and fail to be the case that not-P holds in
every branch. Hence McCall's semantics allows future-tensed
statements to fail the classical law of the excluded middle.®

The past-tensed statement: it was the case that P is taken to

81t will be pointed out later that McCall does not properly recognise the
temporal sequence of universe-trees.
9An earlier semantics along these lines is provided by Thomason [1970]. See

Fitzgerald [1985] and Yourgrau [1985] for some pertinent criticism.
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be true just incase P holds at some time in the present universe-
tree earlier than t. The past-tensed statements obey the law of
the excluded middle.

This is the essence of McCall's theory. In following sections |
will consider a number of key problems with it. These problems
may seem rather diverse at first, but in fact they all have a
single common source: a systematic confusion by McCall of the
notions of past and future universe-trees with the notion of the
earlier and later parts of the present universe-tree. Let us

therefore begin by making this distinction clear.

.3 Past/future in the temporal sequence versus earlier/later in

the universe-tree.

The most notable feature of McCall's model is that time plays two
different kinds of role in it. Firstly, it exists within the object
that presently exists, the universe-tree, because the universe-
tree is temporally extended. Secondly, it is represented in the
temporal sequence of um’verse—trees._m the first role, time is a
dimension much like space - McCall's present universe-tree is
actually a certain kind of bloc universe (with a complex branching
structure of space, or space-time). In the second role, time
appears as change. Time thus has a kind of double aspect in this
model, and one of the main problems is to explain how these two
aspects can be thought of as combining into the single thing,

‘time’. Unfortunately McCall does not discuss this problem,
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because he doesn't recognise it: he is systematically confused
about the distinction in question. His confusion on this point is
fundamental, and 1eads his treatment astray on key points.

The temporal sequence of universe-trees represents the
temporal modalities of exXxistence, i.e. past, present and future. In
contrast, the earlier and later parts of the present universe-tree
represent presently existing facts about earlier and later
times.!'% The mistake McCall makes is to misinterpret the
earlier and later parts of the present universe-tree as the past
and future. For instance, he continually calls the ‘trunk’ of the
universe-tree the past. But it is not the past, in the sense of
being that which has past existence. What has past existence are
past universe-trees. McCall similarly calls the later part of the
universe-tree the future, but it is not the future. The future is
the class of future universe-trees.

This confusion has dire consequences for most of the rest of
his theory. The main faults in his treatment, which will be
discussed in detail in following sections, are these: (i) McCall's
semantics for tensed statements is wrong, because he takes
tensed statements to be about the earlier and later parts of the

present universe-tree, wheras they should be interpreted as

10Earlier and later are relations between moments of time; past, present and
future are modes of existence. Relations of earlier and later are what constitute
McTaggart's ‘B-series’, while attributes of pastness, presentness, or futurity
characterize elements of his 'A-series’. The temporal sequence of universe-trees
thus corrosponds to the A-series, while the temporal sequence of facts that

comprise the present universe-tree correspond to a B-series.
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statements about past and future universe-trees. (ii) McCall fails
to explain the reason for making the present universe-tree a
temporally extended object. Prima facie this is an unexpected
feature of the universe-tree, because since the present universe-
tree is just what exists presently, it is naturally imagined that it
should be a momentary object. (It seems at first sight that it
should comprise just the world-wide state at the present
instant). In fact, as will be argued in Section 7.9, the temporal
extension of the universe-tree is a decisively sucessful feature
of the model: but of course there is no value in having this feature
unless the point of it is utilized. (iii) McCall's theory of the
internal structure and content of universe-trees will be shown to
be badly mistaken. The mistake stems from a misunderstanding of
what the earlier and later parts of universe-trees represent. They
do not represent the actual past and future, as McCall assumes,
but only what is presently physically determined about the past
and future. (iv) McCall fails to give a coherent account of the
temporal modalities of existence, because he does not recognise
how they must be represented in the model. This means that his
theory is incomplete. (v) McCall alsd fails to give an adequate
account of the nature of change which gives rise to the relations
between universe-trees in the temporal sequence.

These points will be elaborated in detail in following sections.
As a preliminary to the discussion, it will be necessary to clarify
some furthur points about the notion of temporal sequences of
universe-trees, since this notion plays a central role in the

semantics of tensed propositions.
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7.4 Temporal sequences of universe-trees.

The notion of a temporal sequence of universe-trees is implied by
the notion of a presently existing universe-tree which suffers
real change, as discussed above. Temporal sequences will be
symbolised in the form: (..Ug—>Uj—>Us—...)!1. This represents
that U4y is the universe-tree in the sequence which is present,
while the sub-sequence of universe-trees: (...—>UO) preceeding
Uis past,and the sub-sequence: (Uo—..) following Uy is ruture.

The first important point to note is that a temporal sequence
is composed of parts of three different ontological kinds: a past
part, a present part, and a future part. This is very important in
appreciating the kind of existence which a temporal sequence
has. In particular, a temporal sequence does not simply have
present existence. It has a mixed mode of existence, being partly
past, partly present, partly future. In a formal model, this will be
reflected by the fact that the logical type of the temporal
sequence is a certain mixed tgpe.‘2

It is important to realise that the temporal series has this

"1The model can easily be generalised so that the temporal sequence is
continuous rather than discreet. | presume a discrete sequence only because it is
easy to represent.

12The classical logician may well baulk at this idea of three different types of
existence: but to do so is just to reject the notion of the dynamic ontology out of
hand, since it is founded on introducing these three temporal modalities or types of

existence as primitive concepts.
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mixed mode of existence, since the following kind of argument is
sometimes put forward when this feature is overlooked. It is
first of all observed that the dynamic model requires that the
temporal sequence of U;'s exists. This is assumed to mean that
it exists presently, which can be so only if each U; presently
exists. But this immediately leads to incoherency in the model -
for instance it means that Uz above is both future (by virtue of
being in the future of the presently existing Up) and present (by
virtue of existing as a part of the sequence). It is concluded that
the dynamic model is incoherent.

However this argument is flawed, because although the
sequence of Uj's exists in a clear sense, it does not presently
eXist, but has a miXxed mode of existence. When the mixture of
modes is taken into account, no inconsistency arises.

The temporal sequence of universe-trees is generated by the
change which occurs. The key problem which concerns us here is
that this change in the present universe-tree also generates a
kind of ‘second-order’ change in the temporal sequence of
universe=trees. Foriclear!y, as the present universe~tree changes,
the temporal sequence of universe—t_r’ees changes as well, since
the universe-tree which is present in the temporal sequence
becomes a later tree. This second-order change is easy enough to
deplct. First-erder gchemnge 1s depleted w@as simply:
.Up—>U1-Up—.., ie. first-order change is what the temporal
sequence of universe-trees represents. The second-order change

generated by this first-order change can be depicted:
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o U=U5.0) = (elg-U 20960 = (LUg-U 1oUp-0)

filligk 72

A temporal sequence of temporal sequences.

This depicts a temporal sequence of temporal sequences. To
simplify the representation of temporal sequences, let us use
TO to represent the sequence: ( .Ug-oU;—-Up—-.), T! to
represent: (..Ug—oU1—-Up—..), and so on. Then Fig. 7.2 can be

represented more concisely as:
WTo0TlsT2

Here the bolding of T! (in Fig, 7.2, the shadowing of:
(.UpoUy-Up>.)) indicates that this temporal sequence is, in
some sense of ‘present’, the present temporal sequence. Clearly
if the notion of a temporal sequence of temporal sequences is to
make sense, this notion of there being a present temporal
sequence must be explicated: this is the main problem that will
concern us. Before turning to that, note that this proliferation of

temporal sequences continues indefinitely into higher and higher
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orders. For we can define: Sl = (. Ti" 1= Tis Ti*1 ) and
construct the sequence: ...SO=>S‘ﬁS7-..., and so forth.

This infinite proliferation is not vicious in itself: the
proliferation of higher-order logical objects from lower objects
is normally inevitable in any logical scheme.!3 But what badly
needs to be explicated is the sense in which, in the second-order
temporal sequences: .. TO=>T1:>T2..., the element T! is present.
For it will be remembered that being present has so far just
been taken as a modality of existence of individual universe-
trees: clearly the temporal sequence T! cannot be present in this
primary sense; ginee it is Hot a8 Universe-tree. In faet, as we have
already seen, since the temporal sequence T is in fact an object
which is part past, part present and part future, in the primary
sense of those terms, it cannot possibly be said to be present in
that sense. So how is the notion of the ‘present temporal
sequence’ to be understood?

This problem is solved defining the appropriate second concept
of present, call it present,, from the first-order concepts of

past, future and present. Present, may be defined as follows.

[7.1] The temporal sequence: T! = (.UgsUjoUy—..) is
present, just in case the partial sequence: (..oUg) is
past, the universe-tree Uy is present, and the partial

sequence: (Up—...) is future.

13E.g. any sequence: <0, 0y, 0,,.> allows the definition of a higher order
sequence-of sequences: <<01, 02,...>,<00, 02,...>,<00, 0],...>, ...>, and so on

indefinately.
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Appropriate second-order concepts of pasty and futurep, can be
similarly defined: the temporal sequence: TO = ( UooUgoU =)
is past, (as it is in Fig. 7.2) just in case there is some i>0 such
that the partial sequence: (...—>Ui_1) is past, Uj is present, and the
partial sequence: (U]-+1—>...) is future. Similarly, the temporal
sequence: T2=(..Uj»Up—oUz—..) is future, (as it is in Fig. 7.2)
just in case there is some i<2 such that the partial sequence:
(Uj+q—...) is future, U; is present, and the partial sequence:
(..—Uj-q) is past.

These definitions show that the second-order concepts of past,
present, and future, are reducible to the primitive first-order
concepts. This is crucial, since it means that we do not require
an endless proliferation of primitive concepts in the model: the
first-order concepts of past, present and future suffice.

Clearly this result extends to all the higher-order concepts of
change. The third-order concepts, presentz, pastz, and futurez
may be defined from present,, past,, and future, in exactly the
same way as the latter have been defined from past, present and
future. This shows how in general the n-th order concepts
presenty,, past,, and future, are ultimately reducible to the
first-order concepts of past, present and future.

The proliferation of temporal sequences does not therefore
entail a disastrous proliferation of primitive notions. In the
following sections, | will refer not only to past, present or future

universe-trees, but sometimes also to past, present or future
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temporal sequences of universe-trees: the discussion here shows

that this is legitemate.
7.5 Semantics of tensed propositions.

Tensed propositions will be symbolised using the tense operators

P, Nand F, defined as follows:

P(P) means that it was the case that P
N(P) means that it is now the case that P

F(P) means that it will be the case that P

The general framework of the dynamic model clearly means that

the semantics for these tensed propositions must be as follows:

emantics ensed proposijtions
It was the case that P is true just in case there was at least
one past universe-tree in which P is true.
It is now the case that P is true just in case P is true in the
present universe-tree.
It will be the case that P is true just in case there will be at

least one future universe-tree in which P is true.

It will also be useful to introduce a more general class of modal
operators, Ty, where t is an index over times. The interpretation

of these operators is:
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[7.3] T{(P) means that the proposition P was true, is true, or

will be true, when t is the present time.

The semantics for Ty is given by:

[7.4] T¢(P) is true just in case P is true in the universe-tree in

which t is the present moment.

This construal of semantics is very different from McCall's. For
McCall takes the tensed propositions P(P) and F(P) to be
propositions about earlier and later parts of the present
universe-tree. But this is a misunderstanding of the model.
McCall makes this mistake because he does not properly recognise
the existence of past and future universe-trees in the first place.
Only intermittently does he recognise the existence of temporal
sequences of universe-trees. On page 343 he depicts part of
such a sequence in the process of explaining how change is
represented by his model. But in other places, particularly his
treatment of the semantics of tensed statements, he fails to
recognise the existence of past and future uUniverse-trees,
imsitead @alling the- earilier Band later parts of the presemt
universe-tree the past and future. This inconsistency in McCall's
treatment is brought out by the following comments of Smart
[1986]. Smart says:

McCall's picture suggests to me that there is a super-universe which is like a

pack of ..playing cards, one above the other, cards higher in the pack
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portraying a longer unbranched 'trunk’ than those lower in the pack.. In
correspondence McCall has kindly commented on my interpretation of him, and
has said that in one important respect it misses the spirit of what he intended
to convey. He holds that the universe at a time t is not a slice of some super-
universe, something analogous to a card in a deck. The universe at time t
consists of just the universe at t, and the universe at t'.. does not exist at all.
My worry is this: if the universe now is an entity, how can the universe at
some other time be a non-entity? After all, McCall seems to be able to say
things about it." [Smart,1986 p.83]
Presuming that Smart has given an accurate summary of McCall's
reply, hie werry is entirely justified: how cen McCall be ‘a‘realist
about the past and yet hold that the past "does not exist at all"?
McCall has in fact given quite the wrong reply to Smart's original
question, because he has failed to appreciate the need for the
existence of temporal sequences in his model. The proper
response to Smart's proposed ‘super-universe' is to admit that it
does indeed exist, although it is not quite as Smart imagines it to
be. The 'super-universe’' is the present temporal sequence of
universe-trees:. but as described in the previous section, this is
an object which genuinely changes. It is not an atemporal bloc
universe, as Smart presumes. The recognition of such higher-
order objects which suffer higher-order versions of change, as
outlined in the previous section, is obviously essential to
understanding the dynamic model.
Having concluded that McCall's construal of the semantics for

tensed statements i wreowg,, let us retwrn. t® eur OwWnL accoumt: It
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is seen from [7.2] or [7.4] that tensed propositions P(P), N(P),
F(P), and T{(P) can be logically identified with classes of
temporal sequences of universe-trees. For instance, P(P) can be
regarded as the class of temporal sequences in which P is true in
some past universe-tree. T{(P) can be regarded as the class of
temporal sequences inh which P is true in the universe-tree which
has t as its the present moment.

Two important notions are presumed in this semantic theory.
First, the notion of the present moment in & universe-tree.
Secondly, the notion of & proposition P being true in & universe-

tree. These will be considered in the following sections.

.5 The present moment.

The concept of the present moment in a universe-tree has been
referred to repeatedly above. The idea is that each universe-tree
in the temporal sequence represents what the state of the world
was, is, or will be, at a moment. The moment in question has the
special status within that universe-tree of being the present
moment. | will begin by reviewing some elementary formal
features of this concept, and | will then turn to the specific
interpretation of it that McCall's theory offers us.

In the first place, each universe-tree must have exactly one

present moment:
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[7.6] For each universe-tree there is exactly one moment

which is the present moment in that universe-tree.

There will generally be many possible universe-trees which have
the same present moment, hence there must exist a many-to-one
function from universe-trees to moments which picks out the
present moment in each universe-tree. | will call this the

present-moment function,and symbolise it by II.
[7.7] T(U) =t just in case t is the present moment in U.

Moments of time have a primary ordering represented by the
earlier than relation. This ordering (the '‘B-series’ ordering) is
independent of the flow of time, since it is characterises time in
the bloc universe as well as in the dynamic universe.!4 The
universe-trees in the temporal sequence are also ordered by the
relations of change (such es: Ug became Uy, and U; will
become Ujy). Given thet there is e present moment defined for
each universe-tree, the ordering of the temporal sequence
generates a second ordering of moments of time in an obvious
way. This second ordering is normally required to correspond to

the 'earlier than' ordering, in the sense of the following condition:

14 The earlier then relation orders the moments of time as they exist within

the temporally-extended universe-trees.
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[7.8] The temporal series of universe-trees must be ordered
in such a way that U, is in the past of U, only if the
present moment of U; is earlier than the present

moment of Uo.

This should be regarded as a 1logical condition on the
interpretation of the present moment. One of its implications is
that, as change occurs, the present moment becomes later and
later.

Another obvious formal condition is that any temporal
sequence of universe-trees be complete in the sense of including

one (and only one) universe-tree for each moment of time:

[7.9] For every moment t, there is exactly one past, present, or

future universe-tree in which t is the present moment.

The primary concepts of past, present and future apply not to
moments of time, but to universe-trees in temporal sequences:

the furthur concepts of past moments and future moments can

be defined as follows:

[7.10] The present moment of each past (future) universe-tree
is a past (future) moment. Or more formally: If U is past

(future) and TT(U) = t, then t is a past (future) moment.

Notice that while the earlier than relations among moments are
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eternal facts, whether a moment has the property of being &
future moment or being a past moment or not can change. For as
time passes, future moments cease to be future, and moments
that were not past become past. Note also that by [7.8] and [7.10],
every moment later than the present moment is a future moment,
and every moment earlier than the present moment is a past
moment.

Whet has' beén Said sd fer indicdtes some Father elementary
formal properties of the present moment. Any adequate
interpretation must satisfy these requirements. Let us now
consider whether the interpretation which McCall's theory offers
is adequate.

McCall's interpretation of the present moment is a part of his
larger theory of the nature of the universe-tree, which was
sketched in Section 7.3. Briefly, McCall's universe-trees have a
‘trunk’ of earlier events or facts, an instantaneous world-wide
state at the present moment within the tree, and a branching
structure of later events. The present moment is defined as the
latest moment in the universe-tree before branching begins.

This interpretation satisfies the formal requirements
represented by [7.6] - [7.10] above. The structural feature of
‘being the latest moment before branching’ is objective enough,
and it objectively picks out a unique moment in each universe-
tree. Furthurmore, McCall's rules for change means that his
present moment changes in the appropriate way as the universe-

tree changes, i.e. it becomes later as we move through into the
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future. But although it satisfies these formal requirements, it
fails to satisfy another requirement which is vital for an
adequate interpretation. | will call this the requirement of the
ontological specialness of the present.

The idea of ontological specialness is roughly that the present
moment, or more accurately, what exists at the present moment
in the universe-tree, must be 'real’ in a way that what exists at
other moments is not real. The point is that the earlier and later
parts of McCall's universe-trees have been made too real, and
this robs the present part of his universe-tree of the uniqueness
it should have.

What exists in the earlier and later parts of McCall's trees are
events whieh gre @s' fiully conerete @s those that exist in the
present part.!> This makes each universe-tree a full-blooded
bloc universe (with a single spatial ‘branch’ of events up to a
certain moment, and a number of spatially distinct branches at
times later than that moment). This overdose of reality means
that the present moment within the universe-tree lacks any
special ontological status. Consider what the present moment
within the universe-tree is supposed to be. It is supposed to be
something quite ontologically special: in an intuitive sense, it
should pick out the most 'real’ part of the universe-tree. The
nature of this ontological specialness is brought out by

considering the idea of "telling the time'. Within a given universe-

15The problem is worse, not better, for the later branched part of the trees,
where there are numerous incompatible events which are all supposed to be fully

real.
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tree, there should be a single moment which is what the time
presently is when that universe-tree has present existence.
When inhabitants of a universe-tree are looking at an accurate
clock, for instance, the clock ideally should tell them what this
unique present time is. But this is not so in McCall's universe-
trees, because in his trees there are fully real people at all sorts
of different temporal locations, whose clocks give them all sorts
of different perceptions of the time. For instance, in McCall's
model, a fully real Napoleon exists at the first moment of 1800 in
the present universe-tree: this Napoleon will be quite mistaken
about what the present time is.

McCall's defininition of the present moment within his
universe-tree has some good features: it is objective, and it
changes in the appropriate way as change occurs to the universe-
tree. But these formal features do not in themselves make this
interpretation of the present moment an adequate one. We can see
this by noting that the moment picked out by a second structural
feature, being the moment two hours earlier than the first
branch, is equally objective, and also changes in the appropriate
way. But clearly it cannot count as the present moment as well.

This problem with McCall's present moment points to a
fundamental inadequacy in his conception of the universe-tree.
The problem is a very useful one to focus on, for it must be faced
by any conception of the universe-tree: how is the universe-tree
to be conceived so as to make the present moment ontologically

specigl enough? | will now suggest a modification of McCall's
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theory which solves this problem. The modification gives a
completely different theory of the universe-tree, and it seems to
be the only plausible kind of theory there can be (it will later be
generalised when | present my own theory of the probabilistic

universe-tree).

7.6 Modification of McCall's theory: the possibilistic universe-tree.

The modified theory is very simple, given by the following two
postulates: (i) The present part of the universe-tree is the
concrete instantaneous world-wide state at the present moment
of time (just as in McCall's theory). (ii) The earlier and later
parts of the universe-tree consist of the possibilities of past
and future events that are entailed by the present part of the
universe-tree and the laws of nature.

The first postulate means that the present part of the
universe-tree is a fully real, concrete entity (as in McCall's
model.) This will provide for such physical things as people and
clocks existing at the present moment, and for these people or
clocks having a unique ‘present time'. This gives the present
moment the requisite ‘concreteness’ or ‘reality’.

The second postulate means that the earlier and later parts of
the universe-tree do not contain concrete events, but merely
‘possibilities’ of events. These rather ghostly ‘possibilities’ allow
the present part of the universe-tree to remain ontologically
special, because they do not compete with its ‘'reality’. For

instance, if the present moment in the present universe-tree is t,
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then there can only be people gctually telling the time at the
moment t: at moments other than t there can presently be only
possibilities of such events as people telling the time.

This sounds nice enough, but it is hardly satisfactory unless a
precise theory of what the possibilities being talked about here
can be given. There are two useful approaches to understanding
these possibilities. The first is to consider what the purpose of
having them in the model is: by considering the kind of role they
are required to play we will see what kind of things they
represent. This leads on to the second approach, which is to
identify the Jogical t'ype of things these possibilities are.

A few words on the subject of logical type are in order.
Understanding the logical type of an object is very important: it
should be compared with understanding the physical dimensions
of a physical quantity, which is so necessary for the precise
understanding of scientific concepts. For instance, in classical
physics the concept of energy was only clearly understood when
it was realised that energy is a quantity with the dimensions:
(mass-distence?-time~2). The problem of identifying the
dimensions of a physical quantity in this way is in fact exactly
the problem of identifing its logical type, as is immediately
apparent when the ontology of classical physics is formally
analysed. Therefore, if possibilities are considered to be
physically real, as they are here, then identifying their logical
type should be seen as identifing the kind of physical entities

that they are. This is the key step to viewing possibilities as
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physically real (as it was to viewing energy, momentum, etc, as
physically real). Once it is achieved, the claim that possibilities
can be understood as physically real ‘entities’ becomes
respectable. It will be no surprise to the logician that
possibilities (and as we will later see, probabilities) turn out to
be rather high-order entities. Many philosophers refuse to
contemplate the reality of any but first-order entities, so there
will be resistance in many philosophical quarters to the very idea
of physically real higher-order entities such as possibilities (or
probabilities).!'® But it seems to me that a great lesson of
modern science is that if you can make a coherent mathematical
or formal model of something, then that thing is possible and
imaginable, regardless of any '‘philosophical’ prejudices against
it. Hence | offer no apology for treating higher-order entities as
physically real.

The discussion of semantics in the next section will show
clearly what the role of possibilities in the present model is.

This will prepare the ground for the formal analysis of the logical

16| am taking particular objects to be first-order entities. Properties such as
‘having mass such-and-such’, ‘having electric -charge such-and such’, are of the
same order as classes of first-order entities, hence second-order. Realism about
these therefore requires admitting second-order entities as primitive in nature.
The nominalist baulks at this (for reasons that are a mystery to me), but does not
offer, to my knowledge, anysucessful alternative way of understanding physical
theories realisitically. (Even Quine [1981,p.182] disavows a nominalistic view of
physics for this reason). It will be seen that realism about possibilities and
probabilities goes a step furthur still, involving recognising certain third-order

entities as primitive in nature.
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type of possibilities, which will be presented in a later section
again. For the moment the reader is asked to accept these
possibilities as primitive entities. These possibilities are to be
thought of as possibilities of propositions obtaining at times.
They will be symbolically represented in the form: ¢(P,t), which

has the following interpretation:

[7.12] o(P,t) means that it is physically possible that the

proposition P holds at time t.

The idea that such possibilities exist within the universe-tree
really just means that such possibilities are determined relative
to individual universe-trees. That is to say, relative to a
universe-tree U, the proposition that: ¢o(P,t) takes a truth-value.
Hence they are unlike the tensed propositions, P(P), T{(P), etc,
which we have seen have truth-values only relative to temporal
sequences of universe-trees. This will be examined in detail in
the next section, where we return to the topic of the semantics
of propositions about universe-trees. To conclude this section |
will point out some implications of the present model.

The physical possibilities can also give rise to physical
necessities. For if both: o(P,t) and: not-o(not-P,t) hold!’, then
it is not only physically possible, but physically necessary, that
P holds at t. This necessity will be symbolised: (P,t), and is

interdefinable with possibility:

7The negation a proposition P will be symbolised: not-P. Standard truth-

functional semantics for logical connectives (not-, and, or) is assumed.
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[(7.13] (P,t) just in case: (0(P,t) and not-o(not-P,t)).

and:

[7.14] o(P,t) just in case: not-(not-P,t).

Since possibility and necessity are interdefinable, either might
be taken as primitive; possibility has been assumed as the
primitive because this is generally more convenient.

The possibilities contained in the universe-tree are just those
fixed by the instantaneous state at the present moment plus the
laws of nature. Hence the present part of any universe-tree
determines, via the laws of nature, the whole of the universe-
tree. Equally, specifying the class of nomologically possible
universe=trees s to speecify the layvs of nature:

Different types of natural laws will be reflected in different
kinds of universe-trees. For instance, (i) where the laws of
nature are deterministic towards the future, universe-trees will
contain no ‘branching’ of possibilities at times later than the
present moment. That is to say, for any t later than the present
moment, and any P, it will either be the case that: (o(P,t) and
not-o(not-P,t)), or it will be the case that: (¢(not-P,t) and not-

o(P,t)). (More concisely, either: (P,t), or else: (not-P,t)).!8

18Note that in the present model, ‘branching’ is not literally a branching of the
space or space-time manifold of the universe-tree itself, as in McCall's model.

The ‘branching of possibilities’ means nothing but the co-existence of: o(P,t) and:
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(ii) Where the laws of nature are determinsitic towards the past,
there will similarly be no branching of possibilities in the earlier
part of universe-trees. (iii) Indeterminism towards the future
will require branching of possibilities in the later parts of at
least some universe-trees. Indeterminism towards the past will
require branching of possibilities in the earlier parts of at least
some universe-trees.

We see therefare Uvet the “Dranching’ ©f Ghe universe=tree is
something determined solely by formal aspects of the laws of
nature, and this alerts us to another key mistake of McCall's.
McCall specified that while there can be a branching of future
possibilities, there can be no branching of past possibilities, and
he justifies this claim as follows:

If possible futures are admitted as a part of complete state-descriptions, what
reason, other than an arbitrary one, can be given for the exclusion of possible
pasts? Answer: a metaphysical reason reflecting the common belief that the
past is unique. [1976, p.349].
But given the distinction between the past/future of a universe-
tree and earlier/later parts of a um‘vgrse—tree, this is mistaken.
The past (like the future) is ‘unique’ independently of the content
of the present universe-tree. Its ‘uniqueness’ results just
because the past is a definite temporal sequence of past
universe-trees: this has nothing to do with the content of the
earlier part of the present universe-tree. McCall's postulate about

the earlier part of the present universe-tree gaurantees only that

o(not-P,t).
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the present instantaneous state determines all past states -
hence it is really an arbitrary postulate that the laws of nature
are deterministic towards the past. It is entirely misplaced.
Having made it clear how different the present model of the
universe-tree is from McCall's, let us turn to the semantics it

supports.

7.7 The semantics for untensed propositions.

The semantics for tensed propositions, given in [7.2] and [7.4],
clearly presupposes that there is a more fundamental class of
propositions, namely the P's in: P(P), F(P), N(P), and T{(P). These
will be called untensed propositions. Wheras the tensed
propositions take truth-values with respect to temporal
sequences, the more fundamental untensed propositions take
truth-values with respect to individual universe-trees. Untensed
propositions are clearly intended to be about facts that hold in
individual universe-trees. The semantics of untensed
propositions is fundamental, proviang the foundation for the
semantics of tensed propositions.

Untensed propositions are of two distinct kinds, corresponding
to the two kinds of facts that hold in universe-trees.

(i) First are what will be called concrete propositions. These
are about the facts which obtain in the present instantaneous
part of the universe-tree (i.e. the ‘concrete’ part of the universe-

tree). Some suggestive examples from natural language are: it is
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raining, Monkey 1is drunk, Mr. Palmer is Prime Minister.
Examples from physics might be: system X has an electric charge
of -1, or: the universe contains more than 10 electrons. These
are presently true or false according to whether or not the facts
to which they refer obtain at the present moment in the present
universe-tree. Notice that these propositions can generally
Ehelge their frufh-velues &as the Umiveree-tree changes. For
instance, Mr.Palmer was at first not the Prime Minister, and then
he became the Prime Minister.

(ii) The second kind of untensed propositions will be called
time-indexed propositions. These are generally about the facts
which obtain in the earlier or later parts of the universe-tree. In
the present model, these facts are just the possibilities
described in the previous section, hence the time-indexed
propositions are of the basic form: o(P,t). Note that these
propositions also change their truth-values. For instance, it may
have been possible last year that Mr.Palmer would not be the
Prime Minister in January, 1990; this possibility is no longer
actual.!®

It is assumed that there is a class of atomic concrete
propositions, which will be denoted: P, P, Py, ... these give rise
to the wider class of concrete propositions through the standard

logical operations (truth-functional connectives, quantification).

191n a wider sense, it is logically possible (and undoubtedly, nomologically
possible) that Mr. Palmer is not Prime Minister in 1990, since there are logically
possible universe-trees (nomologically possible universe-trees) in which he is not
Prime Minister in 1990. But these universe-trees are not physically compatible

with the existence of the present actual universe-tree.
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There is also a class of atomic time-indexed propositions, which
are of the form: o(P,t), where P is any concrete proposition, and a
wider class again is generated, from the joint class of these
propositions and the full class of concrete propositions, by
standard logical operations. This gives the full class of non-
tensed propositions.

Each non-tensed proposition takes a truth-value in each
universe-tree, hence a non-tensed proposition can be represented
by the Clesis @ Universe-trees Mn which df 19 trué | will hot
describe the framework for a formal semantics of this kind, since
it may be easily inferred from well-known systems of formal
semantics. | will also not discuss the concrete propositions,
since these are @lea viery familier Whal are interestimg &re tire
time-indexed propositions, ¢(P,t). The interpretation of these
needs to be made clear.

Clearly: o(P,t) is intended to mean that it is physically
possible at present that the proposition P could be true when the
present time is t. When t is a past or future moment, o(P,t)
therefore has implications about the past or future. | will try to
bring out clearly what these implications are.

For brevity | will henceforth refer to temporal sequences of
universe-trees as histories. The term history suggests an
atemporal item (a bloc universe history), but of course, in our use
of the term, a history is a temporal sequence with a present
picked out, and consequently a past and a future as well. It is, so

to speak, a ‘bloc universe history viewed from a particular
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temporal perspective.

Two important classes of histories need to be defined: (i) Z is
the full class of nomologically possible histories. The class Z is
determined by the laws of nature. (ii) zP.l is the subclass of
histories in Z in which P is true at t (i.e., in which P is true in the
universe-tree in which t is the present moment.)20 zP.t thus
represents a particular type of history, namely, the type of
history in which P actually happens at time t.

It is correct to read the proposition: 0(P,t) as meaning that it
is presently possible?! that the history of the universe is such
that P actually happens at the time t. This can in turn be taken
as attributing a certain property to the history-type: zPE
Namely, the property that it is presently possible that the
history of the universe is of type ZP. U This will be symobolised
as: POSS(2F-1).

P0OSS(.) is a rather high-order property: a property of types of
histories. Reanalysing: o(P,t) as: P0SS(zP.!) makes clear the
sense in which this proposition, although it is true or false of
individual universe-trees, is at the same time about the history
of the universe-tree, hence about the 5ast or future.

It may seem that it is rather arbitrary to analyse: o(P,t) in

this way. Why not, for instance, leave it as: o(P,t), and interpret:

20For an example, suppose P is true in Uy, but false in U]*. Let:
T0=(...U 0V -Uy—.), and TOX_(..U o—U1*-Ujy—..), and suppose that T© and
TO* are both in Z. Then 2P/! contains TO but does not contain TO*.

21|n the sense of itis nomologically consistent with the present state of the

universe.
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o(,) simply as a primitive function which maps proposition-time
couples, ((P,t)'s), to propositions (o(P,t)'s)? The point of
reanalysing it as: P0SS(zP 1) is simply to render a certain feature
of it transparent. The analysis as: P0sS(zP.t) is no more formally
correct than the analysis as: o(P,t), but it is a more convenient
representation for the purpose of perceiving what the proposition
is about.22 |t should be noted that whether we analyse the
statement as o(P,t) or as POSS(ZP't), we are committed to
objects of the same order of logical complexity.23 POSS(.) is a
property of a class of histories, hence of the order of a class of
classes of histories. ¢(,) is a function from proposition-time
couples to propositions; propositions are classes of universe-
trees, hence of the same logical order as histories, hence o(,) is
of the logical order of a mapping from classes of histories to
classes of histories, hence also of the order of a class of classes
of histories.24

The reason that: P0SS(zP.1) gives a more transparent analysis

than: o(P,t) seems to be that we have no intuitive understanding

22Compare with the analysis of kinetic energy as (i) l/2-m-v2, (i1) p2/2m. These
are formally equivalent, but they make differe‘ﬁt relations transparent. When we
want to depict the dependence of energy on velocity and mass, we use (i); when we
want to depict the dependance of energy on momentum and mass, we use (ii).
23Compe‘re this with the fact that: 1/2'm'v2 and: p 2/2m have the same physical
dimensions.

24Of course, the proposition ¢(P,t) considered as a logical entity is just of the much lower
order of a class of universe-trees, like all the non-tensed propositions. What we are
considering when we analyse the proposition o(P,t) is how it is constructed from parts. P.

Tichg makes the idea of constructions clear in his [1988].
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of what the function o(,) represents, while we do have an
intuitive understanding of what the property POSS(.) represents -
namely, the possibility that the history of the universe is of the
type such-and-such. The analysis: Poss(zP:t) allows us to
identify something as being ‘the possibility’, namely, the
‘possibility property’, POSS(.). It is a possibility of something,
namely, a type of history. This fits our natural language model
reasonably closely. We cannot easily gain such an intuitive
understanding of the function: ¢o(,): this is a function from
proposition-times to propositions, but how on earth is it to be
imagined?

In the following section a furthur reason for analysing
possibility as POSS(zP.l) is given: this is that it allows the
simple idea of possibility to be fitted naturally into a far more
complex system of concepts, the concepts of probabilities. (It
will be seen why the plural is used). Viewing possibility in the
context of probabilities will give us a far more systematic grasp
of the subject.

It is seen, then, that possibilities are about past and future in
the sense that they represent properties of types of histories.
The curious thing is that these properties are actual in the
present. |.e. types of histories presently have properties. These
properties are just what the dynamic laws of nature imply. This
is because those laws postulate ‘connections’ across time
between the present instantaneous state and past and future

states.
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This approach to representing the physical ontology gives a
unified and systematic view, for it means that laws of nature are
represented through facts (of a rather high order) which obtain in
the present. (There are some more comments on this in the final
section.)

To conclude, note the relation between McCall's (or Thomason's
[1970]) construal of past and future tensed propositions, and our
time-indexed propositions. McCall construes: P will be true in
the future as we would construe: There is some future time t
such that (P,t). This is not a tensed proposition but a time-
indexed one: it is rendered more formally as: (It)(t>T & (P,t))
(where T is the function defined in [7.7] which maps universe-
trees to their present moments, > is the relation defined on
moments with the universe-tree of being future with respect to,
and is necessity as defined in [7.13].) Similarly, on McCall's
construal, P was true in the past is our time indexed
proposition: There is some past time t such that (P,t).
(Formally: (3t)(t<m & (P,t))). Hence, what McCall calls past and
future tensed propositions are really propositions about what is
presently necessary about the past and future. McCall and
Thomason [1970] fail to adequately justify their treatment of
past and future tenses (see Fitzgerald [1985], Yourgrau [1985]),
and given our present understanding of the subject, it seems that
their treatment is quite unjustifiable.

It should also be noted that McCall’'s claim that the
indeterministic model supports a non-classical logic, which fails

the law of the excluded middle, is wrong. This failure was
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supposedly based on the fact that, where a proposition P is
neither determined to be true at a (future) time t, nor determined
to be false at t, the proposition that P will be true at t has no
firlitlh—vefug BUt this felse, Wwhethetr £ Will héa Wride Bt © is
construed as: T{(P) or (following McCall) as: (P,t). For: T{(P) is
true or false depending upon whether P is true of the universe-
tree at t in the temporal sequence, and the fact that it is
undetermined by the present universe-tree is irrelevant to this,
while: (P,t) is simply false under this supposition, since it is
not presently determined that P will true at t. The peculiarity is
of course that both: not-(P,t) and: not-(not-P,t) can presently
be true (this is really the feature that McCall's view that the
‘indeterminist’ logic is non-classical turns upon), but this does

not imply the failure of the excluded middle.

.8  The probabilistic universe-tree.

We have now arrived at a model very similar to that promised in
Section 7.1: all that remains is to adgl_ appropriate probabilities
to the ontology, over and above the simple possibilities that we
already have. The probabilistic universe-tree consists of (i) a
concrete physical universe in its present momentary state, plus
(ii) the physical probabilities of future states, as determined by
the present state plus the probabilistic laws of nature, plus (iii)
the physical possibilities of past states, as determined by the

present state plus the laws of nature.
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The addition of probabilities adds a great deal more structure
to the universe-tree. Propositions about probabilities will
normally be symbolised: PROB(P,t)=p, which is read: there is a
probability of p that P will be true in the universe-tree at t. The
model now obviously supports non-tensed propositions of three
basic kinds, viz. concrete propositions, P, and two kinds of basic
time-indexed propositions: ¢(P,t) and: PROB(P,t)=p.

The problem that faces us is the interpretation of the
probabilities. They will be analysed here as properties of types
of histories, i.e. as being of exactly the same logical type as
possibilities. It should be recognised that this analysis only
determines the logical type of probabilities, i.e. the 1ogical place
they have in the ontological scheme. It does not determine the
content of the properties that constitute probabilities, in the
sense of specifying rules for assigning probabilities in practical
situations. The latter problem has proved very difficult, and it is
not required that it be solved here. A few comments will be made
onit at the end of this section.

The analysis we already have of possibilities indicates what
our analysis of probabilities will be‘,. because possibilities are
just a special case of probabilities, being definable in terms of

probability thus:
[7.15] o(P,t) =df. PROB(P,t)=0.

PROB(P,t)=p is naturally read as saying that there is @&
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probability p that the history of the universe is of a certain
type, .namely Ghe tyee in whkeh P s e ab time t. Thig history-
type is just that represented by: zP-t, and the probability can be
represented as assigning a certain property to this history-type.
Clearly every degree of probability, p, gives rise to a distinct
such ‘probability property’. (For the propositions: PROB(P,t)=p and:
PROB(P,t)=q, where p=zq, are incompatible just because they
assign two incompatible properties to the history-type zP-1.) The
‘probability property’ corresponding to the degree of probability p
will be represented as: PROB| (where p is a real index ranging
from O to 1.) This analysis therefore allows us to rewrite:

PROB(P,t)=p as: PROB(ZP:Y).

[7.16] PROB(P,t)=p =4, PROB(ZP:1).
The similarity with the analysis of possibilities as: P0SS(zP:1) is
obvious. Indeed, [7.15] allows us to identify the possibility
property, POSS(.), as a disjunction of probability properties: this

disjunction is appropriately symbolised: PROB,o. PROB.g is
defined by:

[7.17] PROB,o(ZP-1) =4¢ (3 p)(p=0 & PROB(P,t)=p).
It follows that:

[7.18] POSS(zP:Y) =4 PROB,o(ZP:Y).
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The set of probabilistic facts obviously represents a far more
compleX structure than the set of possibilistic facts, since the
latter is so simply modeled in it. But they are facts of the same
logical type. On the analysis which represents them as:
PROBD(ZP't), probabilistic facts consist of assignments of
probability properties, from the continuous range of the PROBD's,
to types of histories. The class of probability properties has a
very rich structure, because the set of PROBp's form a continuum
supporting the rich structure of interrelations represented by the
axioms of probability theory. The structure which the set of
probabilistic facts confers on the 1logical space is
correspondingly rich. By comparison, the structure conferred by
the much simpler set of facts about possibilities is very
poor.23

To conclude, | will make some comments on the interpretation
of physical probability. Probabilities have been explicated as
physically real (high-order) properties of types of histories.
This only tells us their logical type, not what kinds of properties
they are. That is, it does not determing the interpretation of the
PROBp's. (Analogously, the fact that energy has the physical
dimensions: (mass-distence?-time~2) does not determine what
energy is. )

Explicating what probabilities are requires spelling out the

23The probabilities can be imagined as possibilities to which ‘degrees’ (between 0
and 1) have been assigned. It is from these 'degrees’ that the richness of the

structure of probabilities arises.
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implications or connections they have with other areas.2% There
are two different types of implication: (i) implications internal
to the theoretical ontology, (ii) implications for experience. Let
us consider these in turn.

(i) In the first place probabilities have implications for other
probabilities, e.g. if: PROB(P,t) = p, then: PROB(not-P,t)=1-p. It is
necessary to understand these implications to some extent if one
is to understand the nature of probabilities, but alone they
provide only a certain formal structure for the set of
probabilistic propositions or facts. There are also implications
for ether areas of the theoretical ontology; for instance, j'f it is
presently true that: PROB(P,t)=1, this implies that: T{(P) (i.e. that
the proposition P is true in the universe-tree in the present
temporal sequence of universe-trees which has t as its present
moment.) More generally, the laws of nature directly relate
probabilities to propositions about the states of systems, by the
laws of the form: Q = PROB(P,t)=p. Probabilities therefore play
an integral part in the theoretical ontology, reflected by the role
they play in structuring the nomologically possible universe-
trees.

But this does not give an adequate understanding of how to
empirically judge facts about probabilities. The laws: Q =
PROB(P,t)=p formulated in physical theory may provide a means of

judging probabilities after the laws have been confirmed, but

26A rationalist might claim that probablities are grasped directly, by some sort of
primitive rational intuition; but this would seem to mean that there is no way of

explicating them at all.
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how are the laws to be confirmed in the first place? To judge the
accuracy of our hypotheses about probabilities obviously requires
some grasp of the implications of probabilistic statements for
experience. Hence we must accept that probablistic statements
have implications of the second kind, i.e. implications for
experience.

(i) Such implications for experience are widely recognised,
and for practical purposes, well understood. For instance, if a
theory predicts a single-case objective probability of 107100 ¢
an event E occurring, and in a solitary experiment E occurs, then
the prediction of the theory would be dismissed as incorrect by
any reasonable scientist. More generally, belief in propositions
about probabilities have implications for the degrees of
expectation we should rationally have. It is clear that
probabilities are taken to have a powerful range of implications
for observations that we make, and scientists generally agree
objectively on these implications. The epistemology of
probability may be a difficult subject, but nevertheless there are
well-known procedures for confirming and disconfirming
probabilistic statements. If this were not so, quantum theory
would not have been confirmed. There is no reason to think that
the concept of probability is any less respectable than any other

concept in science.
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7.9 The need for temporally extended universe-trees.

The temporal extension of the universe-tree is perhaps the most
distinctive feature of the model; but why does the universe-tree
need to be temporally extended? This is an important question
which has been noted a few times in the discussion, but has not
gyet been properly discussed.

The temporal extension of the universe-tree at first seems a
peculiar feature. Would it not be far more natural to have the
universe-tree consisting of just the world-wide instantaneous
state at the present moment, and nothing more? | will show here
that this would be inadequate, and that the temporal extension of
the uhiverse-tree is hecessary. The reason that it is necessary is
to allow for the existence of present rfacts about past and future
times. Such facts are required by the ‘commonsense’ view of the
world as much as by the theoretical scientific view,27 but | will
only consider the situation for the scientific view here.

Dynamic physical laws entail, at the very least, conditional
propositions about the possibilities of earlier and later states
given present states. For instance a theory might entail that
given the total state of the universe is U at time lg, it is
physically possible that the proposition P is true at t. And it
might also entail that: given the total state of the universe is U

at time tp, it is not physically possible that the proposition P*

27For instance, it is a present fact in the actual world that New Zealand and

Germany were at war in 1940.
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is true at t. Clearly a theory must entail that some processes
are impossible, as well as that some are possible, if it is to have
any notable content.

Suppose that: given the total state of the universe is U at
time to, it is physically possible that the proposition P is true
at t; is indeed a physical law; that the present time is tg, and t
is a future time; and that the present state of the universe is
indeed U, Then there will presently <exist a real phisicel
possibility that P will be true at t.

This possibility, being physically real, must be represented in
the model of the physical ontology somehow. One way would be to
represent it directly as a primitive fact: o(P,t), as done in the
theory of the possibilistic universe-tree. |In this case we
automatically have a temporally extended universe-tree, since it
contains a substantial fact about a moment later than the
present. However, it might be thought the existence of the
possibility might be represented in the model in some other way,
which does not generate a temporally extended universe-tree. But
it is easy to show that this cannot be done.

The feature we have noted means that natural laws make it a
physical fact that in the universe-trees in a certain class (the
class in which: o(P,t) is true) it is true that it is possible that P
holds when the time is t. In the remaining class (represented by
not-o(P,t)), it is a physical fact that it is not possible that P
holds when the time is t. Hence the laws provide an ontological
basis for a partition of the space of nhomologically universe-trees

that corresponds to the proposition: 0(P,t). It doesn't matter how
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this partition is represented (by ‘primitive facts' about
probabilities, or in some round-about way), the partition is
physically real, hence the propositions of the form: o(P,t) are
supported by the physical ontology. And the existence of these
propositions is all that is all that the 'temporal extension of the

universe-tree' involves.

.10 Some concluding comments.

(i) The representation of the laws of nature, In the dynamic
theories that | have argued for, the laws of nature have existence
in the universe-trees. They are represented by the internal
structure of the universe-trees; this structure determines the
possibilities and probabilities of past and future events. Strictly
speaking, (a) the full set of the laws of nature are represented by
the class of nomologically possible universe-trees; but it is also
interesting that (b) the laws of nature that can possibly come
into play in the future of & given universe-tree are fully
represented in that universe-tree, (by the part of it which is
later than the present moment). Hence, on this representation of
physical worlds, the laws of nature that have any real application
to a world at a moment are represented as a part of what
presently exists. Laws of nature become facts that have present
existence. It must be noted, however, that there is something
about ‘reality’ that remains outside the set of present facts: this

is the reality of change, or equivalently, of the past and the
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future. Change, by its very nature, cannot be represented as
existing in the present. However, certain features of the
mechanism of change can be represented in the future: these
features are what the temporal extension of the universe-tree
represent. To represent change itself, however, the model must
include more than just the present as real: it must also

recognise a past and a future.

(ii) Change is introduced as a primitive concept. It must be

recognised that the notion of change which the dynamic theory
employs is introduced as a new primitive concept, which has no
place in the static theory of existence.

The concept of change can be explicated in two equivalent
ways, using two different sets of primitive concepts not
available in the bloc universe: (a) the relations became and will
become, or (b) the properties of being past and being future.28
Taking universe-trees to be the entities that suffer change, these

are interdefinable as follows:

Uis past just in case U became the present universe.
Uis future just in case the present universe will become U

(U is present just in case U is the present universe).

28The concept of 'present existence’ is also required, but it is required in the
bloc universe too. What has ‘present existence’ in the bloc universe is just the

whole bloc universe.
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Ujbecame U; just in case U; has past existence, and when
U; had present existence, Uj had future existence.

Uj will become Uj just in case Uj has future existence, and
when Uj will have present existence, U; will have past

existence.

The primitiveness of the new concept of change must be
stressed. The critics of the dynamic ontology often seem to
demand, for instance, that the concepts of past and future
should be explicated in terms already available in the bloc
universe theory (which are essentially the bloc universe concept
of existence, and the temporal relations earlier than and later
than.29) The fact that this explication is impossible is then
taken as a reductio of the dynamic theory. But it is really only a
healthy sign that the dynamic theory is genuinely different from

the static theory.

29¢or instance, it might be supposed that X has future existence is just
equivalent to: X exists at a later moment of time. But this must be rejected. See
Section 1.25 and 1.26.
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CHAPTER EIGHT

THE ROLE OF PROBABILITIES IN QUANTUM THEORY

Two main presumptions about the role of probabilities in quantum
theory have been made in preceding chapters. The first was in
Chapter Six, where the main argument relied on the premise that
quantum theory postulates objective probabilities in nature. The
second was in Chapter Seven where a model was given which
represented probabilities as transition probabilities between
definite states of physical systems (or of the entire universe),
with the implication that quantum probabilities are of this kind.
The first presumption is on much firmer ground than the second,
but the unsolved problems of interpreting quantum theory pose
problems about both. | will first argue that an interpretation
which treats quantum theory as the fundamental theory must
make provision for objective probabilities sufficient for the

argument of Chapter Six. | will then consider the second
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presumption, and the kind of view of quantum theory that it relies
upon. | should stress that the model constructed in Chapter Seven
is not an attempt to say anything substantial about interpretation
of quantum theory, but is intended primarily to show that a
coherent model of time flow is possible, and that probabilities
can be naturally accommodated in such a model. This is not the
only way for probabilities to be modeled, nor is there much
evidence at present that quantum probabilities should be
interpreted in this way. But | will argue that it is not an
implausible view. First, however, the objective status of

probability in quantum theory.

.1 The objectivity of quantum probabilities.

The reason for thinking that quantum probabilities are objective
is simply that the theory seems to be fundamental, and
probabilistic laws are central to the theory. These laws are
generally given by the rule: PROB(ly> | l¢>) = l<ylp>12, and without
them quantum theory would have little empirical content. But
exactly what such laws mean is controversial. They are often
taken to represent transition probabilities between states, but
this needs considerable elaboration. Firstly, the role of
‘'measurement’ must be recognised in the transition from |¢> to
ly>. The probability is conditional on a measurement being made
which has ly> as an eigenvector. Secondly, it is not generally true

that the measured system makes a transition to the state |y>. It
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is only true when the measurement constitutes a preparation, as
for instance when a polarizing filter is used to prepare particles
with a certain polarized state. Thirdly, although it is common to
refer to the state vector, |y>, as the quantum state, in fact it is
unclear what the state vector characterises. These problems
derive from fundamental foundational problems of quantum
theory, and make the understanding of the role of probabilities in
the theory difficult. Indeed it is obvious that a full understanding
of what quantum probabilities are requires a full solution to the
interpretational problems that presently plague the theory, for
these problems are largely centered on the process through which
probabilities come into play. This is evident in the way in which
different views on the interpretation of the theory give rise to
different roles in the theory for probabilities. For instance, to
consider three very different kinds of interpretation: (i) The
orthodox positivistic view tends to treat the theory as a
formalism for making predictions about the results of
measurements or observations. Here the rule: PROB(ly> | lg>) =
l<ylp>|2 may be taken as somewhat indirectly expressing a
probabilistic relation between observation events. (ii) On the
fully realistic interpretation proposed by Maxwell [1988], wave
packet collapse is a generic process in nature for which the
dynamics are intrinsically probabilistic. The rule: PROB(ly>llg>) =
|<\|f|(p>|2 in this case expresses objective transition probabilities
between physical states of quantum systems. (Considerable
elaboration of the orthodox version of the theory is involved in

describing the conditions for wave packet collapse however.) (iii)
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The Everett-Wheeler ‘'many-worlds’ interpretation is on the face
of it a deterministic interpretation of the theory. The idea is
roughly that a measurement gives rise to a proliferation of
universes, one for each possible result of the measurement. The
role of probabilities is a tricky point in this theory, but | will
soon argue that they must be preserved as probabilities about the
expected results of measurements from the point of view of
physical observers within the universe.

I will first argue that each of these interpretations, insofar as
they do justice to quantum theory, provides probabilities
sufficient for the argument of Chapter Six. | will then consider
the possibility of deterministic interpretations of the theory. (i)
This interpretation provides probabilities relating observations
to each other. The argument of Chapter Six assumes probabilities
of transitions between states, but it is readily seen that it could
be reformulated in terms of probabilities of the corresponding
observations instead. l.e. we could wunderstand:
PROB(@(t+At)ly(t))) = p to mean that the probability of observing
¢ at t+At given the observation of y at t equals p. The argument
proceeds with little change.

(i) Maxwell's realistic interpretation is perfectly suited to
the argument of Chapter Six.

(iii) The many-worlds interpretation is problematic for the
argument of Chapter Six because it seems to render quantum
theory deterministic. However, insofar as it fails to provide an

interpretation of the quantum probability laws it fails to be an
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adequate interpretation, and insofar as it provides for such
probability laws it legitimates the argument of Chapter Six.!
The interpretation is described roughly by saying that upon a
measurement being made, the universe ‘branches’ into a number of
separate parts, one for each possible result of the measurement.
Since this branching is deterministic, it is difficult to see how to
make sense of the idea of relative probabilities of results of
measurements.2 But this is only because it is difficult to see
how the notion of observation itself is to be accommodated in
the theory. The evidence for quantum probabilities is provided by
relative frequencies of observations of specific results of
measurements: how are such observations to be accommodated
with the fact that all measurement results are actual? If they
are not accommodated, then there is no place to fit probabilities
into the theory, but the failure to make sense of observation
means the interpretation is inadequate. The usual line, however,
is to maintain that there are observers existing in specific
branches from whose points of views measurements have specific
results. But this must allow for the interpretation of
probabilities of results of measure;nents as probabilities for
observers to experience themselves as being in branches where
certain results obtain. Hence the theory remains a probabilistic

one. With the appropriate interpretation, the future-directed

Tt is also very doubtful that the many worlds-interpretation is an adequate
interpretation for the reasons noted by Earman (1986, p.224-5].
2For instance, how could the probabilities of two possible results of a

measurement be 1/3 and 2/3 respectively, if both results happen?
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probabilities of quantum theory must be assigned their normal
values, and the argument of Chapter Six against the existence of
past-directed probabilities will clearly proceed.

These three examples of interpretations of quantum theory
illustrate how insensitive the argument of Chapter Six is to
questions of interpretation. This is obviously because those
three interpretations all render quantum theory a probabilistic
theory. But this is so on any interpretation of the theory, even a
genuinely deterministic interpretation: quantum theory, like
thermodynamics, simply is a probabilistic theory because it
entails probabilistic laws. The possibility of a ‘deterministic
interpretation’ does not alter this fact, because a deterministic
interpretation does not render quantum theory deterministic:
what it does is to render the fundamental theory deterministic.
This simply implies that quantum theory is not the fundamental
theory (because if it was, the fundamental theory would be
probabilistic, not deterministic). Hence what a deterministic
interpretation changes is not the result that quantum theory is
irreversible, but the meaning of this result. If quantum theory is
not a fundamental theory, then the fact that it is irreversible is
of limited consequence for the symmetry of physical time.

To see this clearly, consider the possibility of a deterministic
hidden-variable interpretation. Consider a quantum system in a
state: lp> = Zajlyj> on which a measurement A with eigenvectors

lyi> and corresponding eigenvalues A; is performed3. Orthodox

3For simplicity it is presumed the measurement has discrete and non-

degenerate eigenvalues.
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quantum theory tells us that the probability of any result, A, is
equal to lailz, which | will represent as: PROB(y;lo) = |a]-|2. These
probabilities certainly exist in the weak sense that they give rise
to correct statistical predictions. But what has been doubted is
whether these probabilities are to be interpreted as objective in
nature. The alternative is that there is some underlying
deterministic reality to each quantum state which would
determine the result of any measurement A before it was
performed. This would mean that the state vector [¢> is an
incomplete representation of the fundamental micro-state, in a
way similar to that in which which thermodynamic states are
incomplete.

The implication of such a result for my argument in Chapter
Six, that quantum theory is irreversible, is not obvious. In the
first place, the new deterministic theory must go considerably
beyond the content of what is presently regarded as quantum
theory, and may well depart from the present theory in certain
predictions4. To this extent, the deterministic theory is a quite

distinct theory, and not simply an interpretation of the quantum

4For this point, the failure of the proposal of Daneri, Loinger and Prosperi
(1962], as noted by Earman [1986,p.223], is important. For such a proposal
might remove probabilities from quantum theory by theoretically simplifyingit,
roughly by dispensing with the ‘projection postulate’ which generates the
probabilistic laws governing wave packet collapse, in favour of purely
deterministic evolution at all times. The trouble with this, as Earman notes, is
that the purely deterministic Schrédinger evolution just cannot produce

measurements.
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formalism. The new deterministic theory would provide a
reinterpretation of what the present quantum formalism is about,
in the same kind of way that sub-atomic particle theories provide
for a reinterpretation of what atomic chemistry is about. It is
most plausible to regard this new interpretation of the present
quantum formalism as the ‘'deterministic interpretation of
quantum theory'. Let us call this theory QT-D, and the complete
deterministic micro-theory DT. Since QT-D employs essentially
the same formalism as quantum theory, it postulates the same
set of future-directed probabilities: PROB(y;le). Hence it remains
a probabilistic theory, and must still be judged reversible or not
according to whether it satisfies the CPR.?

The only difference may be that the new fundamental theory,
DT, may provide reasons for introducing past-directed
probabilities satisfying the CPR into the QT-D. But there would
have to be some very special reasons for this to be the case, and
at any rate, the version of QT-D that applies to the actual
universe would remain irreversible in the same way as the
version of classically-based thermodynamics that applies to the
actual universe is irreversible (see Chapter Five).

The new interpretation therefore will not alter the fact that
quantum theory is irreversible: what it would alters would be the
meaning of this irreversibility. Very simply, QT-D would not be a
fundamental theory, hence its irreversibility would not directly

reflect on the symmetry of physical time. DT would be the

SRemember that thermodynamics, as an inherently probabilistic theory, must

also be judged reversible or not according to the same criterion.



304

fundamental theory instead, and the symmetry of physical time
would depend upon whether DT were reversible. Without knowing
precise details of DT it is, of course, impossible to say whether
it is reversible or not.

The problem posed by the possibility of a deterministic
interpretation is therefore really just the problem that quantum
theory might not be the fundamental theory. This possibility is
admitted from the start, and does nothing to undermine the
analysis of Chapter Six.

It is also interesting to consider the likelihood of such a
deterministic interpretation, because it is thought by many
present writers that Bell's theorem provides strong arguments
against this possibility. This is a conclusion | would welcome,
but in fact | am skeptical of it. My reasons are skepticism about
the possibility of evidence for the postulate of counterfactual
definiteness, without which Bell's theorem has no implications
against determinism (see Earman [1986, Ch.XI] for an excellent
discussion and furthur references.) The present success of
quantum theory is consistent with the possibility of a more
fundamental deterministic theorgl;le. But this is the kind of

possibility that must simply be lived with.

SThere are reasons for believing quantum theory (no doubt in a more complete
form than is presently known) to be fundamental, but these reasons just have to
do with the very general sucess of the theory. If, on the contrary, it turns out
that quantum theory is not fundamental, then it is not possible to tell from purely

quantum theoretical results whether the fundamental theory is deterministic or

probabilistic.
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[ will now turn to a more speculative topic: the representation
of quantum probabilities as transition probabilities between

states.

8.2 The nature of quantum probabilities.

The model of probabilities provided in Chapter Seven represents
probabilism in nature obtaining by means of simple transition
probabilities between states of physical systems. Can quantum
probabilities be construed in this way? Maxwell [1988] provides
the framework for a realistic interpretation of quantum theory
which treats quantum probabilities in just this way.

The first main point about Maxwell's interpretation is its
treatment of the 'wave-packet collapse’ which occurs upon
measurement. The probability: PROB(¢ly) = p comes into play,
according to orthodox quantum theory, as the ‘collapse’ of the
quantum state from y to ¢ upon an event of measurement. The
orthodox theory is most inadequate in its treatment of the
concept of measurement, which it leaves as an unanalyzed
primitive. Critical of this aspect of the orthodox theory, Maxwell
desires an interpretation in which measurement is not an extra
primitive: instead the operation of measuring devices is to be
analysable in terms of purely physical micro-processes. The main
reason for this is rather convincing: measurements involve
interactions between physical systems which are being measured
and physical measuring devices which measure, and this

interaction is fundamentally at the micro-physical level, and
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should be explicable in terms of micro-physical laws. | will call
this the thesis of complete micro-physical analysability of
measurements. Of course there are other possibilities (for
instance some form of mentalism,e.q. Wigner [1963]), but these
all seem to have troublesome peculiaries of one kind or another. |
think it is fair to say that these various alternatives have arisen
largely in response to the difficulties of establishing an
interpretation which delivers the complete micro-physical
analysability of measurements, and not because they have much
intrinsic plausibility. At any rate, the complete micro-physical
analysability of measurements seems a desirable goal of an
interpretation, so let us consider its implications.

The reason that measurement is troublesome in the first place
is that it involves the strange phenomenon of wave function
collapse. On the desired interpretation, wave function collapse
(or whatever represents it) must become a generic phenomena in
nature, governed by fundamental physical laws. This implies
what | will call spontaneous collapse of the wave function. By
this is meant that the states of quantum systems must
sometimes ‘collapse’ to component states purely as a result of
their intrinsic physical evolution, without the collapse being
provoked by interaction with an external system. The reason for
spontaneous collapse is very simple. A system measured by a
measuring device undergoes wave function collapse as the result
of the interaction with the device. Hence the combined measured-

plus-measuring system undergoes collapse as well (see Earman
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(1986,p.219-222]1)7. This collapse is without external
provocation (for anything that counts as external provocation may
be included in the measuring device: otherwise the postulate of
micro-physical analysability of measurement fails). It is
therefore an unprovoked ‘wave function collapse’ which is
governed by micro-physical laws. This is what is being called
spontaneous collapse of the wave function.

Perhaps a word about the dynamics of such a collapse is in
order. Maxwell treats the dynamics for quantum systems as
falling into two distinct parts, the deterministic Schrodinger
evolution and the probabilistic wave function collapse. His
achievement is in trying to show that there might be specific
micro-physical laws governing the latter, which is only described
very roughly by orthodox quantum theory.® This separation of
two distinct dynamic principles has a long history (beginning
with von Neumann's distinction of Type 1 and Type 2 processes),
but is frequently objected to. One reason for complaint is that
the principles governing probabilistic evolution are not precise
enough to represent a dynamic theory, but Maxwell's theory is an
attempt to solve exactly this probleh, so this charge cannot be

brought against him. A second objection is that it is implausible

70n Maxwell's interpretation, the combined measured-plus ~-measuring-system
may lack certain properties peculiar to a quantum system (e.g. lack of phase
relations among its parts). But it is a quantum system in the wider sense of being
a physical system governed by quantum theory.

Bsee also Penrose [1986] suggests that wave function collapse is a gravitational

phenomena.
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that physical systems are governed by two distinct dynamic
principles. This is convincing, for the separation of dynamics into
two separate types must really be just a convenient way of
representing what is a single dynamic principle. But the only
practical way of formulating what this single principle is may be
by separately formulating two distinct dynamic principles
(dynamic and probabilistic respectively) and concocting a
suitable mathematical combination of them.® | will not
consider this problem any further here.

Supposing generic spontaneous collapse of the wave function in
nature as Maxwell does solves two important problems. First it
allows for conditional probabilities which are not further
conditional on measurements being made. This means that
conditional probabilities in quantum theory can be understood as
in Chapter Seven, without the need to worry about the further
complications of secondary conditionals about measurments
mentioned in Chapter Six. Secondly it allows a mechanism for the
quantum state of the whole universe to undergo collapse, which
cannot be asummed in the orthodox version of the theory. The
interpretation of quantum theory that results consequently fits
the dynamic model presented in Chapter Seven very well: the
universe as a whole can be attributed a definite quantum state
(relative to a specific frame of reference if necessary), and it

undergoes probabilistic change to new states.!® Of course it is

20Others (see Pearle [1976]) have considered directly modifying the
Schrodinger equation to obtain effects that might serve for ‘wave function

collapse’, but with little positive result.
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necessary to interpret the nature of the quantum state before a
specific theory results, and Maxwell makes a definite proposal in
this regard also, but the general fit of Maxwell's type of
interpretation with the model of Chapter Seven is independent of
these details.

This type of interpretation is the simplest realistic
interpretation | know of which seems to have a real chance of
being adequate. It is a controversial proposal which needs
development in a variety of ways (particularly in the formulation
of the dynamics of wave function collapse), and it may turn out to
be wrong. However it fits nicely with the dynamic ontology of
Chapter Seven and renders it plausible that quantum theory
requires such a dynamic ontology, and hence that a good scientific
theory requires time flow. Of course, without a conclusive
solution to various foundational problems of quantum theory the
question of the correct model for quantum theory cannot be

conclusively answered.

10The separate principles for deterministic and probabilistic evolution is a little
troublesome. One possibility is that all change (movement between universe-
trees) be taken to be probabilistic, and the deterministic Schrédinger evolution be
regarded simply as a part of the system for determining the probabilities that
exist in the universe-tree. At any rate, the Schrodinger equation is already fully
represented by the class of possible universe-trees, and there seems to be no
need to interpret it in a dynamic way. (This fits well with orthodox scepticism
about the reality of the deterministic evolution due to the fact that it is not
directly observable - which for instance allows the Heisenberg and Schrodinger
pictures of that evolution to appear equally valid). Another possibility is to take

Schrodinger evolution as producing continuous change of the universe-tree.
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CHAPTER NINE

PROBLEMS WITH RELATIVITY THEORY

Relativity theory poses a famous difficulty for the dynamic
ontology proposed in Chapter Seven. The difficulty arises from
the denial, in the orthodox interpretation of relativity theory, of
any physically real relations of simultaneity between spatially
separated events. Consider two space-like separated events, E
and Ep. The dynamic ontology requires that at some time E is
present. But when E is present, then according to relativity
theory there is no physical fact about whether E5 is present or
not. In the context of the ontology presented in Chapter Seven,
this would mean that the notion of the present universe-treeis
not a physical notion, since there is no physical reality to the
co—presentness of spatially separated events. For this reason,

physical time flow is widely considered to be incompatible with
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relativity theory, and this has convinced many to embrace a
static rather than dynamic view of time.! This is the most
serious scientific problem for a dynamic view of time, and a

number of possible responses to it will be considered here.?

.1 The 'metaphysical' postulate of simultaneity relations.

A possible response by the defender of dynemic time fis to
maintain that relations of simultaneity among distant events
obtain ‘metaphysically’, despite relativity theory.’ This is
possible because the physical content of relativity theory implies
only that there are no physical observations that provide
evidence for relations of simultaneity, and it is concluded that
there are no such relations only because they would be physically

superfluous.4 That it is possible to maintain the existence of an

Isee for instance Godel (1949], Quine [1960, p.172], Costa de Beauregard
(1963], Grinbaum [1963,p.329], Williams [1951], Putnam [1967], Fitzgerald
[1969].

2Mccall's [1976] theory of time flow requires world-wide simultanaity, and he
devotes a section to the discussion of relativity theory. However, he does not
discuss the problem posed by the physical laﬂék of simultanaity relations: he
appears simply to assume that simultanaity relations exist ‘metaphysically’.
McCall tries to establish some connections of his theory with quantum theory, and
at least sees his assumption of indeterminacy in nature as legitimated by the
latter, but in fact his theory of flow is clearly a metaphysical theory, and not a
physical theory of the kind that | desire, hence the elaboration of his theory on the
content of physical theory may be of little concern to him.

3 E.g. Prior [1972] p.322-3.

4"The introduction of a 'luminiferous ether' will prove to be superfluous in as
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absolute frame consistently with relativity theory is illustrated
by the consistency of the pre-relativistic theory of the
‘luminiferous ether’ in which moving objects contract and expand,
and so forth, to generate all the relativistic phenomena. The
reason the ‘ether’ hypothesis has been abandoned is not because it
is inconsistent with the phenomena, but because a simpler form
of explanation has been found in which the ether is redundant.
Because of its physical redundancy, the hypothesis of an ether
(equally, of relations of simultaneity) is regarded as
‘metaphysical’ in the positivistic sense of that term.

The ‘metaphysical’ postulate of real simultaneity may be
acceptable to writers such as Prior who are content with a
metaphysical theory of time flow, but it is against the spirit of
the physical theory of time flow. | am concerned to find a place
for time flow in the physical ontology, and one does not have to
be a positivist to find the ad hoc postulate of relations of
simultaneity as ‘'metaphysically’ real but physically indetectable

highly unsatisfactory. So let us consider other possibilities.

much as the view here to be developed will not require an 'absolutely stationary

space’ provided with special properties...”, Einstein [1905].
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9.2 Is the denial of simultaneity relations compatible with quantum

theory?

There are a number of problems in combining relativity theory
with quantum theory which throw doubt on the interpretation of
the former, and might mean that an interpretation is needed in
which physical simultaneity relations are postulated after all.

(i) Maxwell [1984] and [1988] argues for a quantum theory in
which there are physical relations of simultaneity. Moreover,
Maxwell's theory implies certain deviations from the predicitons
of orthodox quantum theory, and would be physically preferable to
the latter if these were verified. And although Maxwell's theory
implies the existence of physical simulatanaity, this does not
conflict with the observational implications of relativity theory,
because it remains physically impossible to observe what the
actual relations of simultaneity are.>

At first this sounds like the same kind of 'metaphysical’
postulation of unverifiable simultaneity relations that was
considered in the previous section, but in fact the situation is
very different. The reason is that empirical evidence for the
existence of simultaneity relations does not have to involve the
direct observation of actual relations, or even the possibility of

such observations. Maxwell would argue, that since his theory

It is generally accepted that quantum theory entails the impossibility of
faster-than-light transmission of information, given the impossibility of faster-
than-light velocities of material particles, because of such proofs as Jordan
(1983], Ghirardi et alia [1980].
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entails simultaneity relations, evidence supporting his version of
quantum theory provides evidence for the existence of
simultaneity relations. This is a case of an empirical theory
which entails the existence of facts of a certain kind
(simultaneity relations), while at the same time entailing that it
is physically impossible (by relativistic covarience) to observe
what the actual facts (of simultaneity) are. There are many such
situations in science where it is required that facts of a certain
kind must hold, though it is unknowable even in principle what the
specific facts are.® Hence Maxwell's position of maintaining an
absolute frame of reference, while denying that it can be known
experimentally what this frame is, cannot be immediately
rejected on methodological grounds.

This illustrates an interesting possibility - of physical
eyvidence for e exXiStenee o Simultamelty Feletions censlstént
with the observational implications of relativity theory - but
there is somé.doubt about this aspect @f his theory. FoF it seéms
likely that the unverifiability of actual simultaneity relations
will eventually be reflected in unverlflabmtg of the aspect of his
interpretation that gives rise to them. However, since his
interpretation is highly speculative anyway, | will not discuss

this furthur here, but merely conclude that his arguments show

6E.g. a theory of processes occurring in the center of the sun might have the
result that (i) at a moment t there is a definite state of a given region in the
center of the sun, but (ii) it is impossible even in principle for this state to be
known because there is no possible physical mechanism for the necessary

information to be recorded.
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that there may be some possibility that quantum theory requires
the assumption of simultaneity relations consistently with the
observational implications of relativity theory after al1”.

(ii) More generally, any interpretation of quantum theory which
treats wave packet collapse as a realistic phenomenon has a
problem with the relativistic denial of simultaneity, since it
appears that the collapse must be instantaneous across spatially
extended wave packets. This is particularly so if ‘collapse’ is
used to provide a mechanism for the non-local quantum
correlations (which have been empirically verified by Aspect et
alia [1982], Shimony [1978]). This is a deep problem which seems
far from being solved.

(iii) There are deeper problems still with the unification of
quantum theory and general relativity. Until some real progress
is achieved in this area, the scope and meaning of relativity
theory in the quantum realm remains unclear.

In summary, relativistic quantum theory is poorly understood,
and the it is unclear whether simultaneity relations are needed or
not in the context of quantum theory. There is certainly no
conclusive argument as yet to reject the existence of physical
simultaneity relations necessary for the universe-trees of the
dynamic model. However, there is perhaps somewhat less

evidence for the existence of such relations than against them,

“Note that there is only consistency with the observational implications of
relativity, but not with the relativistic principle that all physical laws are valid in
all inertial frames, for in Maxwell's theory, wave packet collapse is not frame

invarient.
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and it would clearly be an advantage if a dynamic model could be
provided which did not require such relations. This possibility

will be considered next.
9.3 Are simultaneity relations necesary for a dynamic model?

That time flow requires world-wide simultaneity has been
accepted by almost all writers8: a notable exception is Cépek
[1966]. Capek develops a remarkable view that relativity theory
actually requires a dynamic conception of time. He accepts that
relativity unifies time and space, but rejects the orthodox
interpretation that this requires the spatialisation of time.
Instead "the relativistic unification of space with time is far
more appropriately represented as a dynamisation of space
rather than a spatialisation of time.” (p.515). And of the static
conception of time he says: "Despite its superficial plausibility
and widespread popularity, hardly any other view is more
incompatible both with the spirit and the letter of the relativity
theory.” (p.519).

His argument that relativity theorgﬂrequires a dynamic view of
time is very interesting. He firstly denies any reality to
simultaneity relations among distant events, and stresses that
there is no world-wide 'now’ or present, such as is required by

the universe-trees of Chapter Seven. But he does not see such

8Including McCall [1976, sec.3]. McCall just assumes the existence of

simultanaity relations, and displays no concern for their physical reality.
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simultaneity relations as necessary for dynamic time. Instead, he
bases a theory of dynamic time on a merely local conception of
‘now’, the 'here-now’. The reason is that relativity theory
supports an objective distinction between the past and future
parts of the world-lines of specific objects. The idea, as far as |
can make it out, is that there is time flow for each specific
object in the world considered individually, although not for the
world as a whole, since in this respect the world cannot be
considered as a whole.

Two parts of his argument are usefully separated. First is
what may be called his relativistic theory of time flow, which is
roughly that time flow is real for each object considered
seperately. Second is his argument that relativity theory
demands this interpretation of time. The latter argument seems
strained. What is interesting is former, which implies the
possibility of a relativistic theory of time flow. Unfortunately
Capek does not develop his proposal for relativistic time flow
very far: he certainly does not say enough to indicate how an
explicit model of relativistic version of time flow might be
developed, and the idea of ‘dynamic  time' he is working with
remains vague. What follows is an attempt to develop the
implications of his idea.®

If time flows for each object individually, then presumeably
from the point of view of each object in the world there is a

different set of past, present, and future events. This might be

91 do not imply that Capek himself would approve of this development of his
ideas.
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accommodated by having a distinct universe-tree for each object.
What do these universe-trees contain?

Let us consider first the hypothesis that the state of the
object at the present moment is the only present real event (for
the universe-tree of that object). This means that the present
part of a universe-tree for an object consists entirely of the
state of that object at that moment. What do the earlier and
later parts of the universe-tree contain? Since they contain
facts (including probabilities) about the present parts of past
and future universe-trees, they contain just facts about past
and future states of the object in question. Therefore they
contain nothing about any events except events in which the
object in question participates. This of course may include
interactions with other objects, but does not include any events
which may occur to objects at different places. Let us assume
therefare that the universe-tree for an object X at a moment {t
contains (i) the event occuring at the place of X at the moment t,
(which is the present part of the universe-tree) (ii) probabilities
of events occurring at the place of X at past and future moments
(which gives the earlier and later parts of the universe-tree for
X).

There are at least two serious problems with this. Firstly, the
probabilities of past and future events involving X depend not
merely upon the present state of X, but also upon other objects in
the vicinity of X which may interact with X. Therefore the state

of the larger universe must be taken into account in determining
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the earlier and later parts of the universe-tree. How is this to be
done? Secondly, the world is composed of many different objects,
but in the model being considered there is no single universe-tree
for 'all reality’: there is only a collection of different universe-
trees, one for each object. This seems to imply that to each
object there corresponds a distinct reality. This contradicts the
normal understanding that there is a single unified reality in
which everything participates.

The first problem shows that a universe-tree for X must
contain more than just the events involving X. A larger class of
events is required to determine the probabilities of future events.
This class need not be a class of present events, in the sense of
events occuring at the present moment: but it must at least be a
class of presently determinate events. What might this class
be?

There are three obvious requirements on this class. First it
must be independant of reference-frame if it is to be physically
real given the constraints of relativity theory.'® Second it
cannot include events which clearly lie in the future. Third it
must suffice to determine probabilities of events indefinitely far
in the future. The smallest, and | think the only plausible, class
fulfilling these requirements is the class of events comprising
the surface of the backward light-cone from the '‘here-now’ of
the object in question (see Fig. 9.1). | will call this the class of
PD events (presently determinate events), or the PD class. It

must be attributed a special ontological status in the model. This

10T his rules out any world-wide class of 'simultaneous’ events, for instance.
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status is weaker than that of being present, since the PD events
are in fact clearly pastevents.!! But it is stronger than being
merely past, since some past events may be undetermined by the
present universe-tree, while the PD events are all determinate.
The physical basis for interpreting this class of events as
‘presently determinate’ from the point of view of the object
concerned is not particularly clear, but it does not contradict
relativity theory, so let us consider the implications of the idea.

The introduction of the PD class into the universe-tree
generates a full set of probabilities for all past and future events
in the universe, and thus it solves the first problem. But the
second problem, of the lack of ‘unification of reality’, remains.
Let us consider this problem in the context of a simple universe
which contains only two objects, X and Y.

From the ‘point of view' of X there is a present universe-tree,
say Uy. This universe-tree represents the ‘reality’ that presently
exists for X, or from X's point of view. This reality includes
some facts about Y, but it is a strange set of facts. In particular,
it does not determine what the present universe-tree for Y is.
This reflects the fact that from X's pdint of view, there is in fact
no such thing as the present universe-tree for Y, since the lack
of simultaneity relations means that there is no such thing as
the present state of Y (only the presently determinate state of

Y). Yet being committed to the existence of ¥, we are committed

1shown by the case of a universe-tree for a photon: the previous trajectory of
the photon is included in the PD class, and of course this trajectory must be

considered to be in the absolute past of the present here-now of the photon.
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to the existence of a present universe-tree for Y.

What this means therefore is that (i) there is a present
universe-tree for X and a present universe-tree for VY, but (ii)
there is no simultaneous reality to these universe-trees. This at
first sounds contradictory, and it is at least very mysterious, but
| am not certain it is incoherent. What it implies is that there is
no single all-encompassing point of view from which the the
dynamic relativistic universe can be regarded. Instead there are
only a number of distinct points of view, one for each individual
object that exists within the relativistic universe. We might say
that any point of view from which the universe appears
dynamicis necessarily the 'point of view' of an object within the
universe. There is no ‘external’ (or objective, or frame-
independant) point of view of the universe which represents its
dynamic nature.

This is a radical 'subjectivisation’ of reality: there is no single
reality, only ‘reality as it appears from a point of view'. This
subjective view of reality jars with our normal idea of what
‘reality’ means. The normal idea is that there is at least one
single objective point of view of reality which represents all.12
But must this be so? Is it possible to accept that the dynamic
relativistic universe is metaphysically very different from a

bloc universe in that there simply is no single objective point of

125ych & point of view seems to be provided, for instance, by a complete
Minkowski picture of the universe in some specific frame of reference. But of

course this requires that the universe is taken to be a bloc universe, and hence

that there is no time flow.
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view from which the universe can be described completely? This
is obviously a speculative idea, which will set the logical
intuitions of most people protesting, and of which | am entirely
unsure myself. Therefore | will not try argue for it any furthur
here, except to note the following points. (i) It seems to be the
only way to treat time as dynamic given the relativistic denial of
simultaneity relations. This of course might be an indication that
dynamic time is inconsistent with relativity, but: (ii) the
existence of distinct consciousnesses in the world seems to
provide a model for both the idea of a ‘points of view of reality’,
and of dynamic time. The actual existence of many different
consciousness within the relativistic universe thus seems to
provide a model for a dynamic relativistic universe, and hence to
show that such a thing is not only logically coherent, but actually

real.
9.4 Summary.

In summary, relativity theory poses a serious problem for the
dynamic theory of time, and it 1's“as gyet unclear what the
resolution will be. There appear to be two possibilities
favourable to the dynamic view of time: (i) that despite the
observational validity of relativity theory, the orthodox
interpretation that this implies the abscence of simultaneity
relations is incorrect, and such relations are physically real after

all. (ii) A more radical solution, suggested by Capek [1963], that
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a dynamic view of relativistic time is possible. Perhaps | might
add that: (iii) If a more detailed analysis shows that relativity
theory is indeed inconsistent with time flow, the truth of
relativity theory could be rejected, on the grounds that the
evidence for time flow is far more convincing than the evidence

for relativity theory.
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APPENDIX 1.1

THE SPATIALISATION OF TIME THROUGH THE USE OF
SPATIAL DIAGRAMS

"Discussion of Zeno's paradoxes, as of much else, is aided by
graphing time against distance. Note then that such graphs are
quite literally a treatment of time as spacelike.”

Quine [1960,p.372].

Physicists constantly use graphs or diagrams to represent
relationships between different variables. The diagramisation of
time is particularly popular, and particularly useful, as Quine
notes. From the beginning of our scientific educations we
encounter diagrams representing the behaviour of systems with
respect to time. It becomes second nature to the physicist to
draw a line on a page and call it the 'time line’, and to plot such
things as the distances, velocities, energies and so forth against
it. The Minkowski diagram is perhaps the most celebrated of such
visual aids, and is used extensively in thinking about problems in
relativity theory. In fact because it is so widely used, the
Minkowski diagram has become a popular informal representation
of the ontology of relativistic physics. But | will argue that to

take it as a representation of the ontology is a mistake, for
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although the spatial representation of time in diagrams is useful
for problem-solving purposes, when it comes to thinking about
the nature of time itself the representation of time by space is
dangerousg. The/re@son, | will argue, is that it incerrectly leads to
a transference of the ontological properties of space to time.
This transference seems to come about through a presumption
that the spatial dimension can be used to give an analogue
representation of time. Because there is nothing about space
that is an analogue for the flow of time, it is easily concluded
that time flow cannot be represented in the scientific model of
time, and is non-existent.

Led ! me first indicate wWhet I mesn by an emalogue
representation, or anglogue diagram. An analogue diagram is one
in which the elements of the diagram have real properties of the
same kind as the thing being represented. For instance, @
miniature scale model of a ship counts as an analogue diagram in
respect of certain spatial or topological relations among parts of
the ship. A colored copy of a painting counts as an analogue
representation of the painting in respect of the arrangement of
colours. Also, the representation of spatial relations by a two-
dimensional spatial diagram (think of a map or floorplan) can be
an analogue diagram in respect of space, as long as the number of
spatial dimensions in the object depicted are available in the
diagram, which would normally be two-dimensional (a piece of
paper.) Otherwise, as in many physical diagrams, two or more

dimensions of the object must be compressed into one dimension
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of the diagram, as for instance when we depict a cube thus:

2

Here there is a failure of the spatial analogue between object and
representation, in the obvious sense that there is no proper
analogue in the picture of the real distances between all the
edges of the cube. However, in this case there is still a pretty
close analogue in many other respects.

The point | want to make is that any kind of spatial diagram
to represent the flow of time must automatically fail to be an
analogue diagram because there is no analogue of time flow in the
diagram. This becomes vividly apparent when a real analogue
representation of time is considered. The best example of this is
a film of a temporal process being shown in real time. The
stretch of real time in which this répresentation (the film) is
viewed is of course not the time of the original process, but only
refers to it through diagrammatic conventions. But since the time
of the representation is real time, it obviously provides a
peirfect ‘analogue. Fepresentation @r. the streteh of tHme that is
being represented.

We feel immediately how different this analogue

representation of time is to a spatial diagram of time. The extra
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feature of the analogue representation (the film) that
differentiates it from the spatial diagram seems to be that what
appears on the movie screen, in real time, changes. Let us say
that Frame; of the movie depicts State, of some physical
system, Frame, depicts State,, and so forth. Then the temporal
relation between State, and State, is depicted analogously in
the movie by the temporal relation between Frame and Frame,
as the movie runs through in real time. The film is fundamentally
dynamic,exactly because it is an analogue depiction of time, in
contrast to the static spatial diagram.

The point is not, of course, that representations have to be
analogue representations to be any good. Modern physics in a
sense is the triumph of using purely mathematical language to
represent physical phenomena, where there is no analogue
between the representation (sentences and equations) and the
things depicted. | also believe that a perfectly adequate
mathematical/linguistic representation of time flow can be
given, so there is no necessity to offer analogue diagrams of time
(see Chapter 7). A1l | am suggesting is that the use of static
spatial diagrams to represent time has misled people about the
nature of time, for roughly this reason. The spatial dimension
used to represent time is a partial analogue of time, in that there
is an analogue in it for certain features of time: linear ordering,
continuity. But there is no analogue at all for the dynamic
feature of time, the flow or movement of time. This lack is

seized upon, and rather than being perceived as counting against
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the truth of the diagram, the fault is transferred instead to time
Ikselr 1t s inferred that shece i no real dynamiic Teakture of time,
since no such feature is (nor can be) exhibited in the spatial
diagram.

This may seem a simplistic kind of mistake to make, but |
think it can be seen in operation in many of the criticisms of time
flow. For instance, there is a widespread scepticism about the
idea of the temporal modalities of existence, (past, present, and
future existence) required by the dynamic view of time. This
seems to be inspired by the fact that in any static diagram of
time, (where time is plotted against the state of the world at
that time), we can easily point to any two moments
simultaneously, and see that the diagram represents them as
real together. Where, in the diagram, are the modes of reality or
existence that are required by the dynamic view?

But this problem dissolves in the dynamic representation,
where there is always just one part of the depicted process that
we can point to at any time as presently real, namely the one
depicted on the movie screen at the present moment. This makes
us far less ready to concede that nothing in the depiction of time
can represent time flow, because in this analogue depiction it is
our direct experience that something does represent time flow,
namely the real flow of the film itself as it is shown in time. Or
again, if someone said that there could be no representation of
real change in the representation of time (or temporal

processes), we could easily reply by asking them whether the
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scene depicted in the running movie was really changing or not.

Or again, consider the following argument against time flow,
which has some resemblance to McTaggart's famous argument of
[1908]. Time flow requires that all actual events are at first
future, then present, and later past. But any event is past with
respect to some later event, present with respect to a
simultaneous event, and future with respect to some earlier
event. Therefore every event is past, present and future. But
past, present and future are incompatible qualities. Therefore
the dynamic view of time, which treats past present and future
as modes of existence, leads to & contradiction, and is
incoherent.

The trouble with this argument is that events are not past,
present or future merely with respect to other events: they are
past, present or future per se. (Their pastness, presentness or
futurity of course changes.) This is easily perceived when the
dynamic representation of time is considered, because here the
pastness, presentness or futurity of the event depicted
corresponds to the pastness, presentness, or futurity of the
object that depicts, i.e. the image on'the movie screen. Suppose
that Frame; and Frame, of the film have been shown, and are
past, while Framez is presently displayed. Clearly the showing of
Frame, is absolutely past: there is no temptation to say that it
is future with respect to Freame;, and to conclude that it is
therefore future. It can only be said that it was later than

Frame,.

In the static diagram this point is easily overlooked, because
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the diagrammatic objects that represent events at different
moments all exist simultaneously, and this makes it natural to
look for qualities of pastness, presentness and futurity as merely
relative qualities,since there are no absolute qualities depicted
which correspond to them.

For a final example, consider the common argument that any
representation of real change requires an infinity of temporal
dimensions. Suppose to begin with that we depict the sequence of
temporal states of the world, and indicate which state is
present or now,as in the following diagram, where each point on

the ‘time line' represents a state of the world:

% .(time)
T
NOW

This does not yet represent the dynamic nature of time, because
there is no representation of the fact that the present changes.
To represent change, another time dimension may be introduced,

as depicted in the following diagram:
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time,

time—

Here the dimension time, has been added so that the change of
the now can be represented - it is seen that as time, gets later
and later, the now gets later and later (along the dimension
time).

But even apart from the peculiarity of having two time
dimensions, we are no closer to representing change. For the
‘change’ of the now on the dimension time relies on change of a
second ‘'now’ in the second dimension time,. But no representation
of change of the now of time, has been given: hence we need to
postulate a third time dimension, timez, to represent this. Thus
we get an infinite regress of dimensions of time, without ever
getting any closer to anything truly dynamic in our
representation.

This problem dissolves when the analogue representation of
time is considered. Consider the film, depicting a process, which
plays in real time. Here change in the depicted process is
represented by real change in the representation- i.e. the
changing of the image on the screen. Real change is genuinely

depicted without a need for an infinity of time-dimensions, and
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without paradox. Of course one might object that using time
itself in the depiction of time flow is circular, since it gives no
analysis of what time flow is. This is true, but the point being
made here is simply that a depiction of time flow is possible. In
Chapter Seven a logical model of time flow is given, which
comprises an analytical representation of time flow.

If we carried movie projectors around with us, and whenever
someone demanded to see a representation of time flow we
showed them a movie running in real time, a great many popular

objections to the cogency of time flow would evaporate.
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APPENDIX 4.1

THE DEPENDENCE OF REVERSIBILITY ON INTERPRETATION.

In Section 4.6 it is argued that the time reversal transformations
for & theory T are Wwell defined «@nce 8 definite Lilass of
fundamental varigbles have been chosen. It is assumed that t
(time) is always a fundamental variable, and if the other
fundamental variables are vy,.,vp,, then the time reversal
transformations are: t—-t, vi—ovy, .., Vh—oVp.

This raises the important problem of how the class of
fundamental variables is determined. What are the rules for
choosing the class of fundamental variables? Some rules are
needed to ensure mathematical completeness and consistency:
basically, the class of fundamental variables must be adequate to
define all other variables, and must have no redundancies. But
this requirement does not suffice to determine a.unique class of
fundamental variables for a given theory. For instance, it seems
normal and natural in classical mechanics to take time (t), force
(F), position (r) and mass (m) as fundamental variables.
(Specifying the values of these variables for a particle over
period completely defines the instantaneous state of the particle
at each moment). But an odd new variable, such as: 3 = m + dr/dt
(mass plus velocity) could be defined, and the alternative class of
t,F, r,and B would be just as mathematically adequate for the

definition of the theory (since mass is extractable from B by the
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equation: m = B - dr/dt). How are we to decide between two
alternative classes of variables which are both mathematically
adequate?

Since the class of fundamental variables determines the
ontology, this is really the question of how the interpretationis
to be decided upon. There seems to be no answer to this question.
So long as two alternative interpretations are adequate in certain
respects, there seems to be nothing else (except our own
convenience) that we can use to decide between them, and so in
the end the choice of interpretation appears to be a conventional
matter.

This raises a very serious problem, alluded to a number of
times by Earman (see his [1974], p.24.) Suppose that there are
two different sets of variables, V and W, which are both
mathematically adequate to serve as sets of fundamental
variables for the definition of a certain theory. Let V be a class
of variables: t, vy,.., v, and in terms of these variables let the
theory be formulated as: Tyll,¥j...¥p) Let W bes class af
variables: t,wy,..,wpm, and in terms of these variables let the
theory be formulated as: Ty (t,wy,..,W). The adequacy of the
twa imterpretations: means of course Shaty Ty (VN[ Yo =
Tl s pry ).

Now on the assumption that V is the appropriate class of
fundamental variables, the time reversal transformations are:
t--t, vi->vy, ..., VoV, and the time reversal of the theory

appears as: Ty(-t,vy,.,vp). On the other hand, if W is taken as the
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appropriate class of fundamental variables, the time reversal
transformations are: t—-t, wi-w, .., wa—owpq, and the time
reversal of the theory appears as:TW(—t,w1,...,wn). But what if it
turns out that Ty(t,vy,..,vp) = Ty(-t,vy,..,vp), so that Ty(t,vy,..,vp)
is formally reversible,while: Ty (t,wq,...wp) 2 Tw(-t,wq,.,wp),
so that Tyw(t,wq,..wp) is formally irreversible? The
reversibility of the theory T would then appear to depend upon the
interpretation taken: if the choice between the two
interpretations (V and W) is merely conventional, then
reversibility would be @ merely coAventional miatter.
Reversibility would effectively become merely a feature of the
formalism chosen to express the theory, rather than an objective
feature of the ontology (there would be no unique ontology). It
need hardly be emphasized what a serious problem this would be
for the notion of reversibility.

A simple example will show what a real problem this is.
Consider the Newtonian law: F = m-d2r/(dt)2 as a simple theory.
In this formulation, the fundamental variables are naturally
enough taken to be, &, F, r and m. The time reversal
transformations are thus: t—-t, F>F, r-r, m-m, aﬁd the theory
is reversible, since its time reversal is: F = m-d2r/(d(-t))2, which
is identical to the original theory, F = m-d2r/(dt)2. However, this
law could be formulated in an alternative set of fundamental
variables: consider the set t, F, r and B, where B is the new
variable defined above by: 3 = m + dr/dt. Since m = B - dr/dt, the
theory is now formulated as: F = (B-dr/dt)-d2r/(dt)2. The time

reversal transformations for the new set of fundamental
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variables are: t—-t, F>F, r-r, 3—>pB3, thus the reversal of the
theory is: F = (B-dr/d(-t))-d2r/(d(-t))2, which is: F =
(B+dr/d(t))-d2r/(dt)2, and clearly quite different to the original
theory. Hence, on the adoption of this alternative set of
fundamental variables, the theory is irreversible.

The only possible solution to this problem is that, for some
reason, the second choice of fundamental variables is inadequate,
and can be ruled out. If this is not so - if it is mere convention
that chooses between the two sets of fundamental variables, or
two interpretations - then the whole notion of reversibility is on
the rocks.

What could be wrong with the second interpretation? The first
thought is that the variable B is not defined independently of
other fundamental variables, particularly time. It will be
remembered from Section 4.6 that the feature about fundamental
variables that persuaded us to adopt their time reversal
transformation as the identity transformation was that they are
independent of time. Because of this, they cannot depend upon
the metrisation of time, and hence altgring the metrisation (time
reversal) must leave them unchanged.

But why is it claimed that B is not defined independently of
time? It cannot simply be that it is introduced by the formulae
(conceptual definition): B = m + dr/dt, becaﬁse this could be
equivalently taken as a conceptual definition of mass in terms of
B, randt, rather than of B in terms of m, r and t. That is to say,

someone committed to holding that B3 was really fundamental and
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m was not would run the same argument against m.

But | think there is still something in this notion that B is not
defined independently of time. The point seems to be that B is
not defined in practical terms independently of time, while mass
is. Take a particular particle at a particular moment. |In a
Newtonian world, it has a definite and objective mass, which is
independent of the metrisation of time. But does it have a
definite value of 3 independently of the metrisation of time? No,
for the only way we have of measuring the value of B is by
measuring its components m and dr/dt, and the latter depends
upon the metrisation of time (including the direction of the
metrisation). Thus B cannot be taken as fundamental, if being
‘fundamental’ implies taking a value independently of the
metrisation of time.'

It would be difficult to spell this argument out in a completely
formal or general way, and | will not try to do so here. Instead |
will assume that it contains the central truth of the matter, and |
will try to encapsulate this truth in the following additional

condition for the adequacy of a set of fundamental variables:

1Al’terna’tivelg, one might take B as ‘fundamental’, but hold th_at since its values
reverse on time reversal, the correct time reversal tansformation is: B—- 8,
rather than 8 — . But | will continue to assume that the reversal transformations
of fundamental variables must be the identity transformation. The key point is that
we must look to the epistemology of B, i.e. the proceedure for measuring it, to

realise that: 3—- B is the appropriate transformation.
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Translatability Condition. If V = {vy,..,vp) and W = {w,.,wmp)

are both adequate sets of fundamental variables (for a given
theory), then for each i, there is a function Fi such that it is
logically necessary that : vij=F;(wy,..,wm). (Where the
functions F; are expressible, we can formulate definitions of

the vi's in terms of {wy,..,wm))

This is a very strong condition: it means that time need play no
part in the conceptual definitions relating vj's to wj's. This
Would rFule @Ut the possibility that both tF M and '« F,r,B-arme
adequate sets of fundamental variables, since 3 cannot be defined
in terms of just F,r and m. (Equivalently m cannot be defined in
terms just of F,r and B).2

In this form the condition may be too strong, but it has
considerable plausibility. For consider an object which takes a
momentary state at 8 moment t, expressed, in the system of W-
variables, by a set of values assigned to these variables. If the
system of W-variables is equivalent to the V-variables, then this
set of values alone must suffice to d_gztermine the description of

this state in terms of V-variables. But this is so only if

21tis interesting to note that this postulate rules out t,F,r and p (momentum) as
an adequate set of fundamental variables, given that {,F,r,m is an adequate set,
since t occurs in the definition: p = m.dr/dt. And this is fortunate, since (i) t,F,r
and p do not suffice for the definition of t,F,r,m, since although generally
m=p/(dr/dt), where dr/dt = 0, m is left undefined by this equation, (ii) taking
t,F,r,p as the fundamental variables of classical mechanics would make it an

irreversible theory.
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translations of the form required by the above condition exist.

However, although | think the proposed condition is defensible,
it is too difficult to go into properly here, and | will not try to
elaborate on it further. Instead | will assume that it is along the
right general lines, and consider its implications.3

The problem of dependence of reversibility on interpretation is
solved by this condition. Suppose that t,vq,.,vy and t,wy,.,wn
meet this condition, and are adequate to define a theory: T =
Ty(t,vy,..vp) = Tywlt,wq,..,w). It is easily shown that if:
Ty(tvy,..vp) = Ty(-t,vy,..vy) (e T is reversible in the form:
Ty(t,vy,...vp) ), then: Ty (t,wy,.,wm) = Tyw(-t,wq,.,wp) (T is
reversible in the form: T, (t,w,..,wm).) PROOF: Suppose:

)Tyt ¥ 1a¥p) = T W e, W)

(2) Ty(t,v1,...v0) = Ty(=t,vy,.,vy), and

(3) vj = Fij(w,.,wm), for each i.
Then:

(4) Ty(t,v1,.,90) = TYUF 1AW 4, W), Fr(W W)

(3, substitution)
(S) Ty (W, Wen) = TY(UF (W e, W) (W s W)
(1 and 4)
(6) T =t W §pens Wiy )8 TipletF (M (s W F g (W 7 i )

(5, subst.)

3| realise the proposed condition is speculative, but it will be seen that some
condition along these general lines is necessary if the problem of relativity of
reversibility to interpretation is to be solved. | think my formulation of this

condition therefore illustrates what the problem is.
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(7) Tv(_t,F ‘| (W 1 ,,Wm),,Fn(W l ,,Wm)) = Tv(_t,v 1 ,,Vn)
(3, subst.)
(8) Tw(t,W 1 ,...,Wm) = Tw(_t,w 1 JI...,\Nm) (1,2,6,7).

Thus the new Translatability Condition on interpretations
guarantees the desired result that if a given theory is reversible
in one adequate interpretation it must be reversible in all
adequate interpretations. | will call this the independence of
reversibility from interpretation.?

So much for the successful side of the Translatability
Condition - let us now consider some problems that remain. The
main problem is that the Translatability Condition only tells us
whether possible interpretations are compatible; ie. it
effectively partitions the class of possible interpretations into
equivalence classes. But there is still no indication as to which
class of interpretations is correct. For instance, the
Translatability Condition means that the Classical interpretations
based on the classes of fundamental variables: t,F,r,m and t,F,r,
are incompatible, i.e. they give rise to different theories. But
which is correct? This is a vital qu”estion, since if the first is

adopted, classical mechanics is reversible, whereas if the second

“The translatability condition is really a special case of the following more
general condition: Where at least one v; has a definition: F,-(W,,...,Wm) (i.e. a
definition in which t plays no part), then, for each i: F,'(t,w,,...,wm) =
F,-(—-t,w,,...,wm).This is a more general condition that appears to gaurantee

independence of reversibility from interpretation, although | will not prove this

here.
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is adopted, it is irreversible.

| have no answer to offer to this problem. Physicists usually
have clear and strong intuitions about interpretations - all would
choose t,F,r,m rather than t,F,r,3 as the fundamental variables for
classical mechanics, for instance. For the moment it seems that
we can only hope that these intuitions have an objective basis. If
they do not, then not only our concept of reversibility, but
probably our whole concept of physical ontology is under serious
threat.

My comments in this Appendix are clearly not complete, but |
hope they at least provide some illumination of the depth of the
problem. | feel, along with Earman but precious few others, that
the questions raised here about the time reversal transformations
are fundamental, and need to be given proper answers before a
firm foundation for the subject is provided.® In the meantime
we have no choice but to trust our intuitions.

The following appendix has a close connection with this one,

discussing the time reversal transformations for quantum

mechanics.

SSee Oddie (1986, Ch.7] for an extended discussion of what is essentially the
same problem of relativity of truthlikeness, structure, confirmation, etc, with

respect to interpretation.
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APPENDIX 4.2

TIME REVERSAL FOR QUANTUM STATES

Although the time reversal transformation for quantum states is
well agreed upon, it has a disturbing peculiarity, which has never
been very satisfactorily explained. Very briefly, the obvious
transformation to effect time reversal of the quantum state
vector, ly>, is the linear, unitary operator which transforms:
t—-t, and operators: r-r, p—»-p. | will denote this operator by
R*. (Or in line with the treatment of reversal in Chapter Four, if:
¥(t) gives the state function for a system as a function of time,
then: WR*(t) = W(-t).) But adopting R* as the time reversal
operator has a problem. Quantum theory postulates that the state
vector obeys the Schrodinger equation: Hly> = idly>/at. But it is
easily shown that such a state transformed by R* instead obeys:
HiyR*>= -jalyR*>/at. (See any standard text). Thus the adoption of
R* as the time reversal operator for the quantum state vector
means the Schrddinger equation fails for time reversed state
vectors.

The solution is to modify the operator R™ to an operator: R =
KR*, where K is an operator which carries out complex
conjugation. The Schrddinger equation holds for time reversed

state vectors under the adoption of R as the reversal operator.
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What is problematic is why the transformation R is chosen
instead of R™. It may appear at first that the operator R has just
been chosen conventionally as the time reversal operator with the
explicit aim of rendering the Schrodinger equation reversible.
This would mean that the reversibility of the Schrodinger
equation is not objective, but merely depends upon a conventional
interpretation of the time reversal operator. If this is so it is
hardly a scientific fact that the Schrdodinger equation is
reversible.!

Davies [1974] passes off the switch from R™ to R by
cryptically observing that "Nevertheless, a solution of the
Schrodinger equation is not itself observable, and the symmetry
is restored by simply reversing the sign of i.." (p.156). He then
observes that R is anti-unitary, so that l<yR|pR>| = [<ylp>l, thus "R
leaves the physical content of quantum mechanics unchanged”. |
will try to bring out what underlies these comments.

Firstly, let us think of the time reversal of |y> as the
description of |ly> as it would appear in a reversed time metric.
What properties must this time reversed version of |ly> have?
Intuitively (and a little crudely put):<(i) it should have the same
energy as |y> itself, (ii) it should go through the reversed
sequence of ‘positions’, (iii) it should have the inverse of the

momentum of [y>. It turns out that the object represented by |yR>

TInto the bargain there is the mathematical peculiarity that R is non-linear.
Watanabe [1955c] makes an interesting attempt to reformulate the quantum state
function so that the time reversal operator becomes linear, although | do not think

there is any hope for his proposal to succeed.
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has exactly these properties (or rather, the appropriate expected
values for the measurements of them). This is what is implied by
the identity: [<yRIeR>| = [cylp>].

What this fundamentally means is that the state function, ly>,
is not being taken as the fundamental physical object - for if it
were, we would have to interpret directly what its time reversal
would be, and we could only arrive at the answer that it is given
by: lyR*>. Instead, what is being taken as physically real are the
values of observable quantities such as energy, position, and
momentum, or more exactly, the probabilities (or probability
amplitudes) for the system to be found to have various values of
these quantities.

This clearly results from the interpretation that we are
taking of quantum theory. The interpretation implicit in the
treatment of time reversal means that the state vector |y> is not
being treated as real in itself, but is taken as a mathematical
device representing some other reality. The controversy over the
interpretation of quantum theory means that there is no complete
consensus about what the ‘reality’ that |y>. represents is. But
there is enough consensus for physicists to agree on the nature of
the time reversal operator R. This agreement seems to imply that
what is taken as real are the values of the probability
amplitudes for the outcomes of certain measurements, and this
makes it obvious why the state function |y> is not taken as
directly real itself. This of, course, squares perfectly with the
orthodox views of quantum theory.

This position reinforces the view taken in the previous



346

appendix: reversibility is dependent on interpretation. The
interpretation that renders the Schrodinger equation reversible
(giving R as the reversal operator) is not chosen arbitrarily, as
first seemed, but is chosen to reflect the desired interpretation,
roughly that values (or expected values) of observables such as
energy, position, momentum, etc, are primarily real, and the state
function itself only an indirect representation of them.

But although this is reasonably convincing, problems remain to
be answered before we can be satisfied with this treatment. In
particular, why is it thought that, in the time reversed frame of
reference, energy and position are invariant while momentum
reverses? The obvious reason is the analogy with classical
mechanics, which provides so much of our insight into many
aspects of quantum mechanics. But is the analogy a good one
here? A serious disanalogy between classical and quantum
theory on this point is that, whereas in classical mechanics the
concept of the time reversal of a measurement makes good
sense, in quantum mechanics there is no readily apparent sense to'
it. To make a classical measurement of mass, for instance, we
might observe an object displacing. the pointer of a spring-
balance by a certain amount. This event would constitute the
same observation of mass whether we considered it ‘forwards' or
‘backwards’ in time. (l.e. we could run a film of this measurement
event or process in either direction, and we would make the same
inference about the mass of the object from what we saw.) |
think a little thought about the reversibility of classical physics

will show that this holds for any classical measurement
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whatsoever. (Many processes will be exceedingly hard to interpret
when considered in reverse, but in principle, the idea of
measurement makes sense in either direction of time in
classical physics.)

But along with most others, | cannot easily imagine what
‘'measurement in reverse’ means in quantum physics. This brings
into doubt whether the time reversed state vector can be
considered to have well-defined properties of energy, momentum,
and so forth. If not, then it is incorrect to characterise the
reversal operator as R.

This is a problem which cannot be solved without a definitive
interpretation of quantum theory. The lack of such an
interpretation has understandably dissuaded some from the
discussion of time reversal in quantum theory.? However
rather than abandoning the discussion, | continue it under the
assumption that the orthodox interpretation of the reversal

operator is correct.

2E.g. Earman [1974] p.280. See also Penrose [1979] p.583-586 for a related
problem about the interpretation of the time reversal of a quantum process that
includes a measurement. Note that the irreversibilitythat | claim for quantum
theory does not depend upon any theory of the irreversibility of measurement,
but only upon the contention that quantum theory is irredeemably probabilistic. Of
course, probabilities are traditionally thought to arise only from measurements,

but apart from being implausible, that makes no difference to my claim.
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