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Abstract

I argue that we should understand the flow of time using three ideas: information,
emergence, and perspectives. Doing so produces an account that has a strong
naturalistic basis but does not rely on fundamental physics. Instead it focuses on
the theories that describe the realm of our experience; this allows us to justify our
intuitions about time but removes the worry of subjectivity and avoids reducing

flow to a psychological illusion.

I will develop a metaphysical account of time’s flow that defines it as the localised
becoming of events and argue that this should be understood via a perspectival
ontology. From inside of time the world is presentist and from the outside it is
eternalist. The principal focus will be on the importance and ineliminability of the
presentist perspective; it is this perspective that allows us to understand how we

have an open future and a fixed past, which is a crucial element of flow.

I will show that the internal perspective, along with the open future and fixed
past, is an essential element of physics despite common assumptions that physics
is perspective independent. Evidence for this will be found by looking at the role
that information plays in physics and showing how this is an important factor in
how we understand and interpret theories such as thermodynamics and quantum
mechanics. I will analyse a number of these instances and provide new ways of

thinking about how they use information.

This will support the major conclusion of this project: that the fixity of the past
is due to localised records that allow us to make inferences about it. Likewise the
future is open because there is no epistemic structure which fixes it, only prob-
abilistic claims. Epistemic concerns like this are frequently dismissed as trivially
subjective; but I will show that they are, in fact, an essential element of many of
our physical theories and have important metaphysical consequences that cannot

be ignored.

In particular, this model will provide a way to understand how flow connects to
the well established view that time asymmetry emerges out of fundamental physics,

and the wider emergentist project that shows we live in a levelled reality.
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1 Introduction

1.1 Time and its Flow

The flow of time is one of the most immediate and inescapable aspects of our
experience. It is hard to imagine time without this feature. Yet providing a fun-
damental metaphysical account of it has been wrought with difficulty; even the
metaphor of time as dynamic and moving immediately starts a troubling regress
concerning what time is flowing with respect to (if not time itself). What is more,
an investigation into time’s flow must also account for the demands of physics, an
arena that has frequently been seen as highly unfriendly to the claim that time
flows. Some aspects of physics seem to deny that flow is a coherent notion at all;
at best it seems physics may just have no use for it. It has become common to

accept that the flow of time is just a psychological illusion in a static universe.

But even if we cannot find flow at a fundamental level of reality we need not
abandon the project of finding a coherent account of it or give up on explaining
how flow fits into a complete picture of reality. Nor need we relegate the question
to psychology to look for explanations of an illusory phenomenon. If we are to
successfully provide a metaphysical account of time and its flow then we should
tread the line of attending to physics while also drawing lessons from how we
experience time (which is our main evidence for the phenomenon of flow). The
way to do this is to focus directly on the places where these two things come
into close contact. There are three elements to this: first, the ways in which
we learn about the world through observation and inference, and how we use the
information we gain to predict the future and retrodict the past. This forms a basis
for how we experience time. Second, the limits that our perspective - our position
at the present moment, at a certain point in space, and with certain resources
available to us - puts on our abilities to do this. And third, our placement at an
emergent, macroscopic level of reality. So to find flow in physics we should look to
emergent, perspectival elements of physics where measurements and information
play an essential role, and examine how these physical theories are used to predict

and retrodict. Doing so can give us a handle on the features of the world that



our subjective experiences are derived from, and identifies places where the flow of
time plays an important objective role in physics. It will reveal that, far from being
superfluous, flow can help us understand how different parts of reality are related.
Experience tells us where to look, but flow can be found in the world described by

physics.

When we try to pin down our experience of flow more precisely we find a number
of features. Certainly we have different attitudes towards the future (we hope,
fear, plan and predict) than towards the past (on which we reflect, remember,
mourn and celebrate). These attitudes are dictated by the belief that the past is
fixed, unchanging, and certain while the future is open, full of possibilities, and
subject to our control. This feeling is such an intrinsic and unavoidable part of
how we experience the world that we rarely have any cause to doubt that this
is in fact a metaphysical truth of the world. This belief, and the accompanying
attitudes, can largely be attributed to the knowledge asymmetry (at the very least
these things are closely connected). When we look around us we find detailed
and abundant information about past events while the future is left to uncertain
prediction. The connection between the epistemic asymmetry and asymmetries of

causation, counterfactuals, deliberation and agency has been widely recognised.

It is difficult, however, to turn this into a more precise definition of what we mean
by the flow of time. But a rough gloss of what we might take it to be is as follows:
reality changes from moment to moment and flow is the dynamic element that
transforms one moment to the next. More specifically it transforms an indeter-
minate future into a determinate past. The difference between past and future is
essential to the transformative aspect of flow; it is not simply that there is reality at
one moment and another reality the next. From the present we anticipate what is
coming and watch one of the possibilities being transformed into actuality. These
connections between moments are lawlike and specify how systems can evolve over

time; this distinguishes time from space.

The project of this thesis, then, will be to show how we can connect our meta-
physical claims about the flow of time - along with the open future and the fixed

past - to the emergent epistemic structure in the world that allows us to make



inferences about the past and future from a limited present perspective. This is
the motivation for the title of this thesis - learning about time from the inside out:
from our temporally embedded position we learn about the past and the future by
using our scientific theories to predict and retrodict, and this is where we should
look to find the flow of time. The aim of this is to fulfil our intuitions about time
and draw on our immediate evidence of temporal flow (our experience of it) but
do so in a way that removes subjectivity from the equation and locates flow in the
way that measurement and information are used in physics. The result is flow that
appears primarily at a macroscopic level of reality; but appears as an objective and
necessary element of reality. This account provides a middle path between aban-
doning flow to the realm of psychology or insisting that flow is found in our most
fundamental theories. This is an option that has received little attention; there
are no accounts of time’s flow as an objective yet emergent phenomenon despite
the well-established parallel project on how the asymmetry of time emerges from

a fundamentally symmetric world.

For a metaphysical account of flow I will use the concept of becoming. Originating
with Broad (1923), becoming is a metaphysical notion that is meant to capture the
dynamic property of time while avoiding the more troubling implications that the
word ‘flow’ brings with it; it is the coming into existence, occurrence, or happening
of one moment after another. I will particularly look at localised temporal becoming,
which is a more recent development of the view that extracts Broad’s notion from
the growing block context in which he introduced it and pairs it instead with a
primarily eternalist ontology (although as I will argue this rough gloss is potentially
misleading).! Using this as a basic notion of flow I will explore what becoming really
amounts to and how it connects to the metaphysical claim that the future is open
and indeterminate. I will argue that the past is fixed because there are records
of it all around us, while the future is metaphysically indeterminate because it is
only possible to make probabilistic claims about it. Flow comes into the picture
when from one moment to the next more information becomes available and settles

questions about the possible future.

!The updated view has come from a number of authors including Arthur (2019), Savitt (2002;
2006), Ismael (2016a), Dieks (2006), Dorato (2006).



The three elements that go into this project - information, perspectives, and emer-
gence - each require justification. Of the first, information (which I take broadly
to encompass general epistemic features as well as more technical definitions of in-
formation), I have already said that the epistemic asymmetry is closely connected
to the way that we experience the flow of time and the beliefs we have about the
past and the future. Epistemic claims like this are frequently dismissed when we
are looking for metaphysical answers because they are taken to be trivially subjec-
tive; they tell us about our own abilities or ignorance and not the external world.
Any accounts that do recognise a connection between information and time’s flow
relegate this to psychology. A common method for understanding how an illusion
of flow arises is to model human agents as information gathering and utilising sys-
tems (IGUSs). The idea being that the way a physical system can use memory to
deliberate and act creates the illusion of asymmetric flow. This has a basis in the
physics through the limits on IGUSs that come from it being a physical system; but
flow is a product of how the different parts of the system work together to create a
continuous subjective experience.? Despite the physical basis for phenomenal ex-
perience the effects themselves are psychological and not metaphysical. However,
properly understanding how epistemic claims are made through physics will show
that the metaphysical implications of information should not be so easily dismissed.
The process of learning about the past and the future from the present is such a
commonplace part of physics that it is often overlooked. Likewise the structures in
the world that can be used by us either to gain knowledge or process it are assumed
to be of operational use, but their role in physics beyond that is neglected. But by
acknowledging the role that information plays in both developing and interpreting
theories we can see how flow is present in physics and it can help us understand

the way our theories represent reality.

I will now look at emergence and perspectives in turn and show how both ap-
proaches connect to and support the use of information in interpreting physics,

and how each may offer novel insights into the nature of time. The use of these

2See Callender (2017) for example; Callender as calls time the great informer due to how
dynamical laws take us from past to future. Less explicitly, similar ideas are found in Ismael
(2023). The use of IGUSs has also picked up traction in quantum mechanics where it can be used
to model observers’ experiences of measurement - although not in connection with time’s flow
(Gell-Mann & Hartle 1994).



concepts has become more common and they have been increasingly well developed;

yet they remain controversial in many ways.

1.2 Naturalised Metaphysics and Emergence

Flow is first and foremost given to us as an aspect of our experience. If we want to
avoid subjectivity then paying careful attention to the physical processes involved
will objectify the intuitive insights we might gain from our everyday experiences.
The highly influential program of naturalised metaphysics has discredited an appeal
to intuition. Intuition is too subjective and is moulded by the limited portion of
reality that we have access to. Our personal experience cannot capture the lessons
that science teaches us about a world that extends far beyond us. We should

abandon intuition in favour of science. As Ladyman and Ross put it:

“Since scientific institutions are the instruments by which we investigate
objective reality, their outputs should motivate all claims about this

reality, including metaphysical ones.” (Ladyman & Ross 2007, p. 30)

Sticking closely to science and showing how all metaphysical claims are motivated
by at least one piece of physics (where physics is prioritised due to having the most

universal scope of all the sciences) brings scientific rigour to metaphysics.

However, Ladyman and Ross also strongly advocate that we recognise that not all
of science is fundamental physics. We use a vast array of higher level theories both
within physics and in the other sciences that offer novel insights into the nature of
the world. These theories have just as much methodological rigour and frequently
identify structure in the world that is missed by lower level theories. This is counter
to the strong reductionist view, which I take to be the view that all of science re-
duces to fundamental physics and only fundamental physics can tell us about the
ontology and foundational nature of reality; higher level theories are useful but
merely pragmatic abstractions or approximations to physics. Naturalised meta-
physics has revived the program of emergence and provided compelling support
for taking higher level theories seriously when it comes to drawing metaphysical
conclusions. The resultant emergentist metaphysics argues that, while science is

unified and it remains important to examine the intertheoretic relations between

10



levels (in this sense emergence is compatible with a weaker and non-eliminative
form of reduction), we should accept macroscopic objects into our ontologies and

recognise the explanatory value of higher level theories.?

Emergent theories are particularly useful for explaining our experience. Even if nat-
uralised metaphysics has discredited appealing to experience-based intuition when
doing metaphysics, it remains important to give an account of the level of reality
that we have direct access to. The world of our experience is a legitimate level
of reality; we do not experience a world of fundamental physics but an everyday
macroscopic reality governed by theories such as classical mechanics and thermo-
dynamics.* When it comes to explaining our experience of time, then, it is these
theories that we should look to. The approach described here satisfies naturalistic
metaphysics by closely relating all its metaphysical claims to relevant aspects of
physics, even if it uses experience as a guide to which aspects of reality to focus

o1.

So far the most thorough application of physics to questions about time is the
debate on time asymmetry.® Alongside projects attempting to find the direction
of time in fundamental physics, there is a highly successful program where asym-
metry emerges at higher levels (most commonly in thermodynamics and connected
areas such as quantum decoherence). This has been developed in great detail and
connected with other asymmetries such as those of causation, counterfactuals, and
agency. This program is both reductionist in that it aims to unify all the tempo-
ral arrows by reducing them to thermodynamics, but also emergentist in the way
it describes how the asymmetry of thermodynamics emerges out of a fundamen-
tally symmetric theory. It shows how a distinct and substantive phenomenon -

time asymmetry - appears at higher levels. Asymmetry is ineliminable and highly

3The emergentist program did not begin with Ladyman and Ross but their work has been
influential in rejuvenating it. The emergentist program has received increasing attention and has
now been substantially developed. Emergence has also come to mean something different in the
philosophy of physics literature than it does in, for example, philosophy of mind. It is a weaker
concept much more closely related to reduction.

4Even then there may be a disconnect between formal scientific theories and a folk theories of
the physical world.

50f course much of this predates the formal campaign for naturalised metaphysics by Ladyman
and Ross, but they make the point that even where physics has been applied to metaphysics it
has not gone far enough.
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important for our understanding of science, but not universal or exceptionless.

The ontology and flow of time are comparatively much less discussed; the only
major and widely agreed upon application of physics to this has been the challenge
that special relativity makes for defining simultaneity and the present moment.
More recently quantum mechanics has been brought to bear on this issue with
discussions of quantum indeterminacy and the possibility of quantum becoming
(e.g. see Callender 2017). This work takes a fundamentalist approach to flow, for
example attempting to model it using theories of quantum gravity such as causal
set theory (Grandjean 2022). Little work has been done to connect the emergentist

6 But, while passage

project explaining the arrow of time to debates about flow.
could be described as symmetric, our most intuitive understanding of flow implies
flow in one direction or another. Putting these two debates together and seeing
both direction and flow as emerging side by side will provide a unified picture of

time.

What is more, the way that different theories are used to make inferences and
predictions is closely related to the emergentist project. Different levels of reality
are described by different theories and have different resources available for these
tasks. For example the introduction at higher levels of features like probability and
statistical methods significantly change what our predictions look like. This means
that using information to understand physics goes hand in hand with considering
emergence. An emergentist picture of time’s flow will take into account the full
spectrum of physical theories at different levels and how they deal with time in

different ways.

The importance of the epistemology of science for metaphysics has not gone en-
tirely unrecognised. When presenting naturalised metaphysics Ladyman and Ross
emphasise not only paying attention to physics but also the methodology of sci-
entific institutions in extending knowledge claims. This is even more clear in the

perspectival realism project (Massimi (2022) gives its most thorough and up to

6Maudlin (2007) does connect the passage of time to thermodynamics but remains committed
to a fundamentally reductionist program. The connection only follows because flow is committed
to a direction. Arthur (2019) gives similar considerations where higher level asymmetry must
follow from fundamentally asymmetric becoming.

12



date presentation). Here realism about science is built around the epistemologi-
cal project scientists engage in; our individual experiences are built into collective
knowledge through the scientific method of observation. Both these accounts are
primarily putting forward distinct ways of understanding scientific realism; 1 will
not engage with their specific proposals on this subject. However, neither really
looks at how information is used within physics itself. (Ladyman and Ross fre-
quently mention information theoretic ideas but more as a methodological process
than as a physical aspect of the world to study.) What they really offer is a guide
for how to do metaphysics more generally: what is discoverable and through what
means should be the starting point for metaphysics. But, instead of looking at
the historical and social aspects of science as a collective project, I will take this
guide much more literally; metaphysics can be derived from how physics uses and
provides information. Formal theories such as information theory as well as gen-
eral considerations about measurement and predictability make this precise and

objective.

1.3 Perspectival Physics and Perspectival Metaphysics

The latter part of the title of this thesis - from the inside out - deserves more
unpacking. Central to the arguments I will make are the epistemic methods we
apply to learn about the past and the future from our own limited perspective. We
are trapped inside of time and can only ever experience the present moment. It
is due to this perspective that we are forced to make complex epistemic inferences
about other times in our attempt to understand the world. In contrast to this,
physics is often taken to be objective and independent of any observer. This is
seen as the goal of science - to get rid of the experimenter and describe the world
‘as it really is’. As a result it is often assumed that physics supports the eternalist
view of time (where all times are equal) and is an obstacle for presentism (where
only the present exists). Presentism requires you to index facts in relation to the
present, and singling out some particular privileged moment through physics is
notoriously difficult. Part of the view of temporal becoming that I will lay out as
an account of time’s flow will be the idea that presentism and eternalism are two

different perspectives on time; presentism is the perspective from inside of time and

13



eternalism the perspective from outside of it.” Showing that perspectivalism does
not equate to subjectivity and that internal perspectives have explanatory power

that the external perspective does not will be a large part of this thesis.

Why should we take perspectives seriously, and what kind of perspectives are we
using? The use of perspectives has been gaining momentum within philosophy
of science for some time. We now have well-defended positions such as causal
perspectivalism (e.g. Price 2007) and many different perspectival interpretations of
quantum mechanics (ranging from QBism to Relational Quantum Mechanics - the
latter will be considered in chapter 6) - as well as arguments for the fundamentality
of open systems even where they have observer or perspective dependent boundaries
(Cuffaro & Hartmann 2021)®). There are non-perspectival alternatives to all these
positions, and they remain contentious, but they show that the premise is coherent
at the very least. Price summarises this nicely by saying that perspectival reasoning
asks the question “What kind of reality would look like this, from the particular
standpoint we humans happen to occupy” (Price 2007, p. 290-291). The idea being
that our account of external reality should explain why we experience perspectival

phenomena the way that we do.

All these positions come with careful justifications about how perspectivism can
deliver objectivity, although they range in how anthropocentric the definition of
perspective is. Some examples of perspectivism are explicitly subjective (for ex-
ample the agents used in QBism). I want, however, to focus on objective and
physically defined perspectives. An initial example to start with, in which a de-
bate about perspectives (of a sort) is already playing out, involves spacetimes and
the importance of differential geometric versus coordinate-based approaches. This
debate is certainly not taken to involve anything subjective. We can understand
coordinate systems as perspectives in the following way: at its most simple a coor-
dinate systems indexes claims about spatial and temporal relations to a reference

position and form of motion. Most often we use physical objects to mark different

"This idea comes from Savitt (2006). Chapter 2 will explore this in detail.

8Cuffaro and Hartmann write in relation to interpreting open systems and comparing them to
Copenhagen interpretations that “the ideal of an observer-independent reality is not methodolog-
ically necessary for science and that modern physics (especially, but not only, quantum theory)
has taught us...that there is a limit to the usefulness of pursuing this ideal.” (2021, p. 23)

14



coordinate frames; in pedagogical examples of special relativity we often talk about
a rocket’s coordinate frame versus the earth’s frame. An object’s own rest frame
often has special significance, such as defining the concepts of proper length and
time. The object is physically embedded in space and time and its position - i.e. its
perspective - is worked into the physics. Of course, in more sophisticated examples
(such as generalised coordinates) the idea of coordinate systems diverges from this
basic understanding of an embedded perspective. However, all maintain a sense of

defining the coordinates with reference to something specific.

The coordinate-based approach indexes all the claims of the theory to a reference
frame and focus on equivalence classes of reference frames; in contrast the differ-
ential geometric view focuses on invariant mathematical structure. But Wallace
(2019a) argues that both formulations peacefully co-exist in the physics literature
and the eschewal of the coordinate-based approaches in foundational philosophical
discussions is a mistake. There are a number of advantages that the coordinate-
based approach has in certain circumstances. First, it is common practice in physics

and simplifies many problems considerably:?

“While any such theory can usually be cast into a coordinate-free form,
doing so can often be complicated and can render obscure pieces of
physical reasoning that are fairly transparent from the coordinate-based
perspective.” (Wallace 2019a, p. 132-133)

Second, coordinate-based approaches help understand absolute structure in space-
time theories. For example see Weatherall’s (2016) discussion of Maxwellian space-
times compared to Newton-Cartan theory and how the identification of empirically
privileged reference frames (i.e. ones matching trajectories that material bodies

actually follow) indicates absolute structure (see also Wallace 2020).'°

9Wallace also points out the pedagogical advantages of the coordinate-based approach. “True
mastery also requires easy familiarity with coordinate-based approaches.” (Wallace 2019 p. 135)

10 Another example that Wallace (2019a) uses of where the coordinate-based approach may
have more explanatory value is Brown’s (2005) argument that the symmetries of the dynamical
laws (which capture coordinate transformations) are more explanatory than the geometry of
spacetime. Brown says: “That is the prima facie mystery of inertia in pre-GR theories: how
do all the free particles in the world know how to behave in a mutually coordinated way such
that their motion appears extremely simple from the point of view of a family of privileged
frames? To appeal, however, to the action of a background space-time connection in which the
particles are immersed...is arguably to enhance the mystery, not to remove it.” (Brown 2005, p

15



For the subject of spacetime, then, the perspectival coordinate-based approach has
clear potential value despite being inherently indexical, and there is no confusion
that relativity is subjective or observer dependent. Observers are used as a short-
hand for references frames. The coordinate frames, and even more importantly
the transformations between them, capture important structure of the theory. We
certainly should not give up the differential-geometric approach but neither should
we be scared off by the perspectivalism inherent in reference frames. Similarly, I
will apply this to time to argue that even if the eternalist picture is coherent we
should not dismiss presentist perspectives. However, the reasons Wallace gives for
taking coordinate-based approaches seriously largely focus on how they are just
as good as the differential-geometric approach and sometimes pragmatically more
useful. But I will go further than claiming just that we should take perspectives
seriously and also say that they are ineliminable. There are aspects - such as flow

- which a non-perspectival view of time cannot capture at all.

Coordinates frames only capture one element of perspectives (a physically embed-
ded position that is used as a reference). The notion of perspectives I will use goes
beyond this, and this is where perspectives connect with information: a perspective
is defined by the information available from it. Remaining in the spacetime litera-
ture, a minimal notion of this is captured by the lightcone structure, which places
a constraint on what events someone in the present could know about, and is often

discussed as an important limit on causation.!!

However, we can go beyond this
to identify many other ways in which the information available in a perspective
is constrained. What I want to retain from the example of coordinate systems is

their objectivity. An observer might be used as the reference to define a coordi-

142) Instead he advocates explaining relativistic phenomena in terms of the dynamical laws the
particles individually follow; spacetime is a geometrical abstraction of the symmetries between
coordinate systems found in the laws.

1 Another area in the literature on spacetime can also be used to illustrate the importance of
observability and practical methodology for understanding the structure of the world. Theories of
spacetime are often built around dynamical symmetries and one of the best ways to understand
symmetry relations is to look at what structure in the theory is (in principle) observable and
what is unobservable (Wallace 2019b; Greaves & Wallace 2014). Understanding what a mea-
suring device is and how features of a theory are rendered observable is a guide to identifying
and interpreting dynamical symmetries. (However, the notion of measuring device used is very
abstract and does not relate to practical measurements, the argument rests on how any device is
itself bound by the symmetry.)
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nate system but the model of the world that is picked out through it does not
depend on the observer, the observer is just a useful placeholder to understand the

perspective.

What information is available from a perspective depends not just on our embed-
ded position but also on the mechanisms of measurement and observation.'? The
measurement process has become undeniably relevant to the foundations of physics
when it comes to quantum mechanics. The measurement process, including what
information can be extracted from quantum states and how the physical apparatus
of measurement should be understood, is an integral part of all the different inter-
pretations of quantum mechanics. More and more we have come to recognise that
observability separates out which elements of a theory we can make well motivated
metaphysical claims about. Going beyond the empiricist position, this considers
not just observational data but also the process of measurement itself. This sort
of post-positivist approach looks at how observations are made, in what context,
and how they fit into the overall theory; a formal theory of measurement is used
as a tool to help us understand the theory itself and what inferences can be drawn

from it.

Defining perspectives in terms of information and observations is a useful way to
identify the use of perspectives in physics. How systems gain, lose, transfer, and
transform information can tell us a lot about the structure of the world. De-
spite the tendency to dismiss this as non foundational, operational limits on infor-
mation and observability are frequently a sign of something deeper. Either they
highlight important structure in a theory or they can indicate the importance of
non-fundamental theories. Thermodynamics, for example, has long been accused
of being subjective or non-fundamental due to its information theoretic underpin-
nings; there is extensive debate about whether the probability distributions that

it uses are a result of our subjective inability to precisely measure the microstate

12The use of perspectives here is most similar the Price’s causal perspectivalism, in which a
human perspective is defined by what information we have available and what ways we can act
on the world around us. However, I want to place far more emphasis on the physicality of this,
and not our role as agents in this perspective. It is the physical structure of information and
measurement that define the perspective under my usage, and not the agent which holds the
information. Chapter 3, and the discussion of Ismael’s (2023) view of the open future, explore
this in depth.

17



or if they represent something more objective.!® But the expansive literature on
emergence and reduction - as discussed in the previous section - has challenged the
dismissal of higher level theories and shown that they have novel explanatory value
that is not delivered by the reducing theory. Emergent theories are important ex-
amples of a sort of perspectivism (although it may not be common to label them as
perspectival). Some theories describe the world from a macroscopic perspective in
which microscopic information is either difficult (or impossible) to obtain or flatly
irrelevant; this comes with a certain set of theoretical tools and resources which are
appropriate for that perspective. Other theories give the microscopic perspectives.
And well-defined relations of emergence and reduction lay out how we can trans-
form between these perspectives just as Lorentz transformations do for coordinate
systems. Recognising the restricted domain of a theory outlines a perspective in
which that theory is valid; part of what this thesis will explore is how exactly emer-
gent theories relate to the limits on information set by perspectives. This will focus
on how emergent theories are particularly valuable for making inferences when we

occupy a perspective with incomplete and localised access to the world.

All these uses of perspectives have in common that they index the use of the theory
to some position, from which a theory is deployed to make inferences about what
will happen in the world based on the information available in that perspective.
The world may appear different from another perspective, and a different subset of
information will be available, but this does not negate the need to understand each
perspective in its own right. How the perspectives relate to each other highlights
important structure in physics that unifies the perspectival phenomena; yet the

novel contributions of each perspective are distinct.

This, I hope, goes some way to justifying the use of perspectives and illustrates how
exactly they can give us novel and foundational (even if not always fundamental)
ways of understanding the world. The assumption that physics is perspective free
is mistaken and the erroneous focus on the ‘view from nowhere’ obscures important
facts about the world. We see this mistake copied when it comes to time in the
assumption that the determinate eternalist reality explains all we need to know.

The arguments presented in this thesis will pick up on many of the strands of

13Gee Robertson & Prunkl 2023 for a discussion of this.
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argumentation used in the examples just given. Imagining time as if we are looking
down on it from above and it is entirely separate from us leads us to overlook many
of its features that may only be apparent from the perspective embedded in time
that we actually occupy. These features are indexed to this perspective but are no
less objective for it. Neither are they subjective or psychological; they are physical
aspects of the world itself independent of us. How we use these physical features to
learn about other times from our limited perspective, and our differing epistemic
access to the past and the future, can teach us about the nature of time. Flow is
integral to the way that the world presents itself to us, so to locate it in physics
we should look for the physics that governs the world from our perspective. And

in doing so we find that epistemic structure has unique explanatory value.

1.4 Plan for the Thesis

I have motivated the methodology and overarching questions of this thesis. But
how exactly will I argue for it? My aim is to show how localised temporal becoming,
understood in terms of a perspectival ontology, provides an account of flow and the
indeterminateness of the future. I will show that this should be directly linked to
emergent epistemic structures in physics such as future probabilities and physical
records of the past. The result is that, although becoming occurs at all levels of
reality, it only forms a robust account of flow at this emergent level. First I will
lay out the metaphysical half of the project (in chapters 2 and 3) and then dive
deeper into the physical justification of its more contentious claims by looking at

several areas of physics that use information and records in relevant ways.

My aim is not to definitively identify all the places we can find relevant structure
or to tie this model of time to specific theories. Instead I will consider a range of
theories and interpretations that all use information in interesting ways and sup-
port the various aspects of this project. Doing this will make it evident that the
use of information (or more generally epistemic structure) in physics is extremely
widespread; thereby demonstrating that this approach to understanding time is
widely applicable and can be pursued regardless of exactly what theories we com-
mit to. The use of information in multiple areas, each found to support the claim

that the future in unknown and indeterminate while the past is known and fixed,
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is evidence that this view is a robust and fruitful interpretation of physics. It will
also repeatedly illustrate the close links between information, emergence and per-
spectives. As a result I will frequently draw on theories that are not necessarily
compatible with each other; for example I will extensively use ideas from special rel-
ativity about the lightcone structure alongside quantum mechanics without delving
into relativistic quantum mechanics in any depth (although none of the aspects of
quantum mechanics I use rely on having a preferred reference frame). I will also use
both quantum and thermodynamical probabilities without assuming any particular
connection between them. And finally I will discuss the range of interpretations
of quantum mechanics without committing to any particular view. The value of
looking at such a broad range of theories is that it justifies the methodology I have
set out here and allows for a model of time that depends on generic, recurrent,

features of the world rather than specific theories that may be subject to change.

I will now give brief summaries of each chapter to lay out how the argument will
go:
Chapter 2 - Becoming the Block

The purpose of this chapter is twofold. It will serve as an introduction to localised
temporal becoming and lay out how it fits into the literature on the ontology and
flow of time. This will involve explicating key features of the view that are an
important foundation for later chapters, such as its commitment to localised flow
and a non-standard present. But the more incisive purpose of this chapter will be to
argue that localised temporal becoming is best understood in terms of perspectives.
Presentism is the perspective inside of time in which only the present exists (in a
tensed sense of existence), and eternalism is the external perspective in which all
moments exist (in a tenseless sense). This has been proposed by Savitt (2006) but
is often not explicitly recognised. Understanding the view in these terms - and
showing that the internal tensed perspectives are ineliminable - helps defend it
against objections that localised temporal becoming is trivial and uninteresting. I
will also argue that, based on this understanding of the ontology, localised temporal
becoming is compatible with the claim that the future is open from the internal,

tensed, perspective. This is necessary for its account of flow and further strengthens
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the view.
Chapter 3 - The Open Future and the Recorded Past

Having laid out the ontology the task remains to show that the internal perspective
- and the open future - are indispensable if we are to provide a complete description
of objective reality. I will show that what it means for the future to be open is
for claims about the future to lack determinate truth values because the present
state of the world combined with the laws is not enough to predict with certainty.
I will then turn to what constitutes a failure of predictability. Current views either
look for strong indeterminacy in quantum mechanics or accept the indeterminacy
to be merely epistemic and focused on deliberation and agency (e.g. Mariani and
Torrengo 2021a; Ismael 2016a, 2023). I will argue for a middle ground where we
recognise the physical basis of information (for example, the lightcone structure
of spacetime, probabilities in higher level theories, and records of the past) as an
objective feature of the world that leaves the future metaphysically indeterminate
in a perspectival way. Finally, I will look at the counterpart of the open future -
the fixed past - and argue that fixity must be dependent on records of the past.
Understanding both openness and fixity is essential if we are to understand the

transformative aspect of time’s flow.
Chapter / - A Non-Idealised Account of Records

The remaining three chapters will focus on examining the physical basis that I rely
on in previous chapters and on demonstrating the role of information - particularly
records - in physics. I will focus on records as there is relatively little analysis of
records compared to the well established literature on probabilities and prediction.
The most well known attempt, from Albert (2000; 2015), to explain what they are
is highly idealised and abstracted from their practical use. This does not match how
records appear in our physical theories where taking account of the details Albert
idealises away is essential to our theoretical development. A notable example of
this, discussed in this chapter, is the use of Szilard’s thought experiment, the one
molecule gas memory device, which has been extensively used in attempts to prove
Landauer’s principle. I will present a new account of what records are, building on

Albert’s basic construction but explicitly considering how they work in a complex
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and interconnected world. This new definition, which focuses on the shielding off
of noise, allows us to better understand the use of records in quantum computing
and the thermodynamics of information processing as well as providing a general
account of how naturally formed records are informative. It also establishes that

records are primarily a feature of the macroscopic world.
Chapter 5 - The Role of Records in Quantum Decoherence

Quantum Darwinism explains the emergence of the classical world from the quan-
tum by modelling decoherence in an information theoretic framework. It identifies
the key criterion of classicality as the possibility for objective knowledge of the state
shared by many observers. This differs from the more commonly used standard for
emergence in the philosophy of physics literature that relies on the instantiation of
classical dynamics. Quantum darwinism argues that intersubjective agreement is
achieved when an interaction between the system and the environment produces
redundant records of the state in the environment. The goal of this chapter is to
examine the use of records in quantum darwinism; I will use the account of records
developed in the previous chapter to explain why they are so critical in quantum
darwinism, and how understanding them allows us to relate the emergence de-
scribed by quantum darwinism to general philosophical accounts of the emergence
that focus on dynamical laws. Doing so reveals how records are part of (and indi-
cators for) the level dependent structure of reality and provides a template for how

we can understand emergence in terms of information.
Chapter 6 - The Propagation of Definite Values in Relational Quantum Mechanics

This chapter will consider relational quantum mechanics as a case study for how
the metaphysical picture of time I have developed can be applied to a specific
theory. Although I do not want to tie this account of time solely to this interpre-
tation, relational quantum mechanics - as an interpretation of quantum mechanics
formulated entirely in terms of the information available to different perspectives
- is a useful theory in which to demonstrate how we can understand the world in
terms of the model I have proposed. I will also show how the connection between
temporal becoming and records can suggest solutions to some current challenges

facing relational quantum mechanics, namely the problems around coordinating
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information over time and across perspectives.

Finally, in the conclusion I will draw together all the elements and show how the
exploration of the physics in the later chapters ties into the metaphysics of the early
chapters. This will particularly spell out the role that emergence plays in the final
picture and how this affects our understanding of the relation between presentism
and eternalism at different levels. The resulting picture claims that becoming is a
foundational part of reality but what makes becoming a substantive account of flow
is the emergent epistemic asymmetry found in physics. Moments are connected by
dynamical laws - as well as other techniques of prediction and retrodiciton - that tell
us how what exists in the present moment will change. When, at the higher level,
these relations display asymmetry then they give the sense that time is moving
forwards and transforming an indeterminate future into a fixed past. Different
levels of reality use different theories and have different access to information; this
way of understanding time is the best way to think about time’s flow in a levelled
reality. The emergence literature has pushed us to accept that there are higher
level ontologies that do not exactly map onto fundamental physics. Continuing to

treat time as flat and defined only by a single level is non-functional.
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2 Becoming the Block

2.1 Introduction

This chapter will examine a family of similar views - that I will call localised
temporal becoming - which identify time’s flow as the coming into existence of
events along a worldline. The phenomenon (flow) that it attempts to capture is
elusive and has been defined in many different ways. What can be identified as a
shared intuition is that flow is a dynamic process that relates one moment in time
to the next. There are two parts of this that an account of flow needs to grasp: a)
that reality changes from moment to moment and b) what the relationship between
moments is that goes beyond a simple ordering relation. The first part is easier to
describe. It is the sense that the world changes over time, either it is constituted
by different facts or a different state of affairs obtain; there are many possible ways
to express this. The second part is harder to unpack. There is not just change but
also well defined relations between the world at one moment and the world at the
next. Instead of just an ordering of events it seems that one moment is transformed
into the next. The categories of past, present, and future are vital to this. Time
passes because the future is transformed into the present and then into the past.!
This distinguishes time from space; there are changes over space - the valley rises
to a mountain - but not in this transformative sense. I will show how localised

temporal becoming can capture both these elements.

The exploration of localised temporal becoming so far has not clearly articulated
its ontological basis or shown how its understanding of existence contributes to its
account of flow. This has led to confusion and a number of criticisms. I will argue
that the strongest interpretation of this view takes it to be based on the claim that
the difference between presentism and eternalism is perspectival. Presentism is the
perspective from inside of time and eternalism from outside of it. The eternalist
aspect of this account has been overemphasised and this has led to a neglect of

the important role that the presentist perspective plays. The latter should be

IThis also comes with a sense of direction that I will largely put aside for now and return to
in chapter 3.

24



considered to have primacy when it comes to explaining flow. It explains how a
theory with an eternalist block can maintain that there is a genuinely open future
from the presentist perspective, and that becoming is the process of transforming
future possibilities into actuality. This is essential to understanding how becoming
captures the transformative aspect of flow that is central to our experience of time.
Our experience is unavoidably located inside of time and so it should be expected

that the embedded perspective is where we find this phenomenon.

I will first lay out what temporal becoming is and how it is being used in this
family of views. Then I will consider a range of preliminary arguments from both
physics and philosophy, many of which are standard in the literature, to see how
these motivate this position (and to set up features of the view that are relevant for
future chapters of this thesis). This will also illustrate why many of the other well-
known models of time fail. In particular this view is able to overcome difficulties
that discredit standard presentism, the moving spotlight, and the growing block.
With this firm basis I will then turn to looking at how we should treat existence
with respect to time and why understanding a perspectival relationship between
presentism and eternalism helps to defend this account of passage. Finally I will
show that the open future, which is often cited as the hallmark of temporal flow,

follows from this model.

The purpose of this chapter is to argue that localised temporal becoming provides
a coherent and meaningful account of both the ontology of time and its flow and to
emphasise the importance of perspectives in making sense of this. This will largely
focus on a fairly minimal notion of perspective at this point, using mainly the idea
of an embedded position. The connection between information and perspectives
will start to be explored when considering the open future, but the full connection
will be made in the next chapter. Understanding time as a series of tensed events
woven together by dynamic temporal becoming gives a strong basis to further
explore the role that the open future plays both in our experience of time as agents
embedded within it and in the physics that we take to describe the world. This
exploration will continue into the next chapter where I will take a closer look at
what the open future amounts to, how it appears in physics, and how it connects

to ideas about information and emergence.
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2.2 Temporal Becoming

Temporal Becoming originated with Broad (1923) in the context of the growing
block theory of time to capture the idea that each moment is continuously su-
perseded by the next as new moments are added to reality. It is also commonly
referred to as a moment (or event) occurring or happening. This has been largely
interpreted to describe time’s flow as it is a good candidate for capturing the sense

that reality changes from moment to moment.

Broad’s becoming was strongly linked to existence. The growing block describes
how a slice of reality is added at each moment, forming a block of time where the
present and past exist but the future does not. The present is defined simply as
the moment that has no moments after it. When the next slice of reality comes
into being it shifts the present onto the newest (and latest) moment. Broad’s later
work moves away from the growing block theory somewhat into a general relational
view of time (see Thomas 2019 for a historical account) but he retains the concept
of becoming, although it becomes less clear how it links to existence. Since then
temporal becoming has been picked up widely in the literature on time and used
in numerous different ways. In particular there has been a new conception of it as
a way to add dynamic flow to an eternalist block universe conception of time. A
number of different authors have made similar proposals (Arthur 2019; Dieks 2006;
Dorato 2006; Rovelli 2019; Deng 2013a; Deng 2013b; Ismael 2016a; Leininger 2021;
Oaklander 2015; Savitt 2002; Mozersky 2015 - among others). The overarching idea
of these accounts is that there is no privileged present and that all of time exists
in a block universe. And yet dynamic becoming occurs at each moment, capturing
the transition from one moment to the next. This view has largely kept the name
temporal becoming but has also been called tenseless passage (Deng 2023) and
temporal B-coming (Leininger 2021). Another name for it is localised temporal
becoming (Arthur 2019), this comes specifically from versions that consider the
tension with special relativity and localise becoming to a worldline. (Section 2.3.1.
will consider localisation in detail.) Localised temporal becoming is the name I will
use throughout this thesis as it avoids the troublesome focus on the block universe
aspect of this view (more on this to follow). I will note where temporal becoming

is taken to mean the original sense in the context of the growing block.
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The response to this parcel of views has not been universally favourable. Earman
(2008, p. 159) calls this sense of passage “thin and yawn-inducing” and Pooley
(2013) similarly dismisses it as not saying anything that is not already obvious
and widely agreed upon. Saying that events within the block occur in a temporal
sequence is trivial and gives no meaningful notion of time’s flow.? This is especially
true when becoming is taken out of the growing block model and placed in a context
where there is no difference between past and future; the transformative aspect of
flow seems to be lost. This notion of becoming is too insubstantial to add anything

to a block universe.

As T will explore in this chapter, these criticisms largely stem from divorcing the
concept of becoming from questions about existence. The original concept in the
growing block theory was given its metaphysical weight by the claim that a moment
came into being and added to the set of things that exist. This was baked into
the ontology of the growing block account and its denial of the existence of the
future. Becoming made actual this previously non-existent future (fulfilling both
the change in reality and transformative requirements of flow). However, with
the shift to applying becoming to a block universe, becoming was used much more
liberally. The connection with existence becomes somewhat muddied and the sense
of a previously non-existent future being materialised no longer seems to apply.
Becoming is reduced to events occurring with no real description of what that is
supposed to mean. There is diversity in the family of views of localised temporal
becoming about how closely they stick to the block universe conception of existence.
Pooley takes the position to be committed to the fact that the tenseless block
universe, which catalogues all the events and the temporal relations between them,
is all there is to say about reality (i.e. everything exists in the block universe and
this is the entirety of reality). Becoming is then an addition to this that does not
latch onto anything meaningful about the nature of time; the future has exactly
the same status as the past in the block universe. Certainly some authors in this
group deny that becoming has anything at all to do with ontology. Leininger

(2021) is an example of this, although she connects becoming with causal powers

2The particular authors they direct this too are Dieks (2006), Savitt (2002), and Dorato (2006)
which they take as examples of the general view.
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instead to try to give it the necessary metaphysical weight. But this is a minority
view, most do explicitly retain some connection with existence. They reformulate
becoming in terms of a new understanding of the presentism/eternalism debate
and conceive of existence in a fundamentally different way (Rovelli 2019; Savitt
2006; Dieks 2006; Dorato 2006). For these authors Pooley’s strict characterisation
of their views as committed to an essentially B-theoretic worldview is mistaken.
Section 2.5 will explore this further and it is ultimately the conclusion that I will
argue for. Finally, many versions of this view are presented in terms of tensed and
tenseless facts and the A-B debate stemming from McTaggart (Arthur 2019; Ismael
2016a; Deng 2013b). While closely analogous to presentism and eternalism - and
questions about existence - these distinctions can come apart. But I will largely
take these views to be in agreement with the camp that adopts a new understanding
of the relationship between presentism and eternalism, although these authors do

not make this explicit.

There has been no systematic examination of these views and what they agree on. 1
will not attempt to do one here and instead will proceed by drawing elements from
many of the views to present the strongest possible account. Doing so will show
that these views should not be understood in terms of the basic block universe and
that their nuanced analysis of existence can accommodate a non-existent future
coming into being. This reinstates temporal becoming as a substantial metaphysi-
cal process and responds to the worry that it is a trivial addition. I proceed with

the acknowledgement that individual authors may disagree with this reading.

Despite the differences between these views when it comes to existence and the
general unclarity on this issue, there is a clear agreement on the general features of
this account of time’s flow. There is a consensus on a localised version of becoming
being necessary (the becoming of spatiotemporally localised events rather than uni-
versal moments). The idea of a single privileged present moment is abandoned and
all times are treated as equal. And the block universe is taken to be an accurate,
although not necessarily complete, representation of time. Before looking more
closely at the connection to existence, and what this means for defining becoming
in terms of the future coming into being, it is worth justifying these features inde-

pendently and making a comparison to see how this account of temporal becoming
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fares against other prominent accounts of time’s flow.

2.3 Preliminary Arguments

This section will present three standard arguments, and one less standard one,
which commonly crop up when considering time’s flow. These have been much
debated and will be familiar to most readers but I will take the time to lay them
out here in some detail. Doing so will provide motivation for the common features
of accounts of tenseless passage mentioned in the previous section. These features
will be relied on in later chapters of this thesis so it is important to lay them out
thoroughly here. This discussion will also provide a comparison to the common
models of time’s flow that are defeated by these problems. (The other models I
will mention are standard presentism, the moving spotlight, and the growing block
models of time.?) Laying this out explicitly will form a clear foundation on which
to explore the more nuanced arguments in favour of localised temporal becoming.
It will also set up the arguments that will, in section 2.4, prove to be fatal to the
growing block view. The failure of the growing block clears the stage for a more

careful consideration of the connection between becoming and existence.

2.3.1 Universal versus Local Flow

We commonly think of moments in time as being defined universally by the re-
lations of simultaneity between events. From this follows the idea that becoming
proceeds from one universal moment to the next. However, special relativity has
shown that simultaneity is relative to a reference frame and there does not exist a
unique foliation of spacetime. B-series ordering relations of earlier and later can be
partially retained under special relativity by limiting the order to inside the light-
cones of events but a universal procession of time cannot be established. Moving

to general relativity does not help with this either. Earman (2008) discusses the

3This is not an exhaustive list. Another account is the open futures model that will be
discussed later in this chapter. There is also flow fragmentalism. This has many similarities to
localised temporal becoming and is also based on ideas from Fine (2005) (see section 2.5.2). I
will not give an in depth analysis of this view but will note in places where the views contain
similarities and where they come apart. In addition to these there are many different attempts
to modify the standard accounts to resolve their difficulties. There is not space to lay out all of
these but I will consider some particularly pertinent ones.
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possibility of flow with respect to hypersurfaces and notes that some solutions to
general relativity do admit a single global time function that is naturally privileged.
These come from, for example, matter taking the general form of a perfect fluid
with simultaneity hypersurfaces that can be defined orthogonal to its four-velocity.
But these solutions are highly specific and we have no reason to favour them over
the many other possible solutions that don’t have this convenient global time. Even
within this group of solutions there are many different options for what the general
form of matter is and sometimes it leads to two or more privileged foliations rather
than the single unique option we are looking for. Dieks (2006) also points out that
the solutions that admit unique global time functions often involve generalisations
and approximations of properties. The Robertson-Walker metric is a common ex-
ample of this that assumes homogeneity and isotropy, which do not hold on a local
scale. On top of this Dieks highlights that we do not have any experience of a uni-
versal cosmic time; the time between any two events is determined by the proper
time along a worldline and makes no reference to this privileged time. There is no
clear connection between time we experience locally and the privileged spacetime
foliation. Overall the search for a universally defined time has very few feasible

candidates and the possibilities that do exist have little to recommend them.*

Taking this further it is clear that on top of the search being fruitless it also lacks a
clear motivation. Most of our physical laws are local and do not require universal
foliations. The driving force behind attempts to reinsert it into our theory comes
from our own experience of time and the intuition that the moment we experience
is shared by everyone else in some way. But this falls apart under even a little
examination. Firstly the effects of relativity at the scale we operate on are too
small to make any discernible difference to our everyday perception of time and so
we essentially do experience the same flow without it needing to be enforced by a
universal time. And secondly our experience consists of localised happenings (or is
at least limited to a finite region around us). There is no reason to suppose that

our local experience is shared at other locations.

All in all the best way to reconcile flow with relativity is to abandon the requirement

that it is universal and allow for localised models. Localised Temporal Becoming

4See Earman (2008) and Dieks (2006) for more details on this.
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avoids this problem by using becoming that occurs along a worldline. Moments

are replaced with spatiotemporally localised events (see Arthur 2019).

Localised temporal becoming is not the only model of time to accommodate special
relativity. Presentism is commonly objected to on these grounds but Brading
(2013) suggests defining the present - and presentism - in terms of local dynamical
laws instead. Earman localises the growing block model by similarly considering
becoming along a worldline (section 2.3 will address this). Skow (2009) attempts
to do something similar for the moving spotlight view with the same method of

replacing instants with spacetime points.

2.3.2 The Privileged Present

Our human experience gives us privileged access to only the present time that we
are right now experiencing. This leads to the view that is described as the standard
view of the present (this label comes from Fine (2005)) where there is a unique
privileged present moment and absolute facts about time and reality are orientated
with respect to it. However, there are a number of questions arising about what a
present moment is and what picks a particular moment out as privileged. These
questions ultimately motivate localised temporal becoming’s abandonment of any
privileged present and the commitment to treating all times as equal (what Pooley,

following Fine (2005), calls the non-standard view).

There is no indication of a privileged present in any physical theory; theories ei-
ther describe the evolution of the universe as a whole or are limited to specific
processes that could take place at any time. Now is treated no different to here;
the spatiotemporal position we occupy is no more remarkable than any other. Here
is only special because it is the basis from which we experience the world and if
we were at any other point that would seem equally special to us. There is no
reason that this should not also be the case for time: now is the moment we are in
and hence it has precedence over any other moment for us, but this would be true
if we were at any other point. In addition to the difficulties of identifying which

moment is privileged it also seems integral to the idea of flow that this privilege

5This feature, along with the different ways to define an extended present that the next section
will consider, will be essential to the arguments of the next chapter.
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somehow shifts and moments take on being the privileged present in succession.
Presentism attempts to do this by saying that the present is all that exists and the
facts about succession are contained within the present by statements of similar
form to ‘x is not now true but it will be true’ (where x is a tensed event). This
notion of passage is laid out by Prior (1968). But this is a weak account of passage;
as Deng (2017) puts it “[w]hen we imagine time’s passing and think about it in
this intuitive, A-theoretic way, the tensed facts from more than one time enter into
the imaginative episode, because as soon as time passes ‘on’, another set obtains”
(p 1125). Time’s flow seems to carry more weight than the simple fact that the
present contains facts that will obtain. The moving spotlight is the other main
view that relies on a unique privileged present (basic formulations of the growing
block also include one but later adaptations drop the claim that there is a single
unique present) and explanations of how the present ‘moves’ through time quickly

fall into the difficulties of dual times that we will see in the next section.

An additional problem arises. As we have already seen the attempt to define
a single universal moment is fraught with complications and pursuing localised
versions of flow is our best option. But a privileged present moment cannot be
localised spatially the way that flow as a whole potentially can be; doing so would
somehow pick out one arbitrary area of space as having unique features. There is
even less support for picking out a single spatiotemporal location than there is for
picking out a single temporal one. In addition, presuming that if this privileged
present exists then it is integral to the idea of passage, we would be limiting flow

to one area of the universe while the rest is static.

A final problem with defining the present is that the way it is understood in its
everyday use is very different to the concept of an instant in science. The specious
present, an idea presented by William James (1890) and now widely used, refers
to the duration that we hold in our immediate consciousness as ‘present’. Con-
trastingly, the present in physics is an infinitesimal moment or a single point in
spacetime, Robb (1914) described this as the punctual present and it is also called
the point present. Which of these notions would be the best candidate for a priv-
ileged present? Physics seems to favour the punctual present. However, this does

not do justice to the intuitions behind a privileged present that are rooted in hu-
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man experience. Presentism seems to lean towards the specious present, if we take
seriously the examples given by Prior (1968) of the death of Queen Anne and falling
out of a punt. These are certainly not point events. But what then defines the
duration of the specious present? It seems to vary depending on the events being
considered and this is not a strong basis for a rigorous and scientific account of
flow. We are also left with the question of what meaning to give the succession of

instantaneous punctual presents within the duration of the specious present.

The alternative to the standard view of time, which has a privileged present, is the
non-standard view in which every moment is equal. This is not quite the same as
the B theory of time as it does not necessarily reduce reality to tenseless statements
about the universe. Nor is it quite the same as eternalism that argues that all events
exist statically in a block. The non-standard view leaves open the possibilities that
tense and existence are relative; each moment in time may give different facts of

the matter and all of these different perspectives are equally fundamental.

The non-standard view does not abandon the claim that there is a present, only
the claim that there is a unique present. Because the non-standard view does not
require you to single out just one moment it allows for a much broader range of
interpretations of what the present is. Spacetime is constituted by an array of
punctual presents. All of these punctual presents are equal and you can define ex-
tended conceptions of the present with this basis without worrying too much about
what this means for the internal structure of a present with non-zero duration. An
example of this would be the Alexandrov Present as discussed by Arthur (2019)
as a solution to this problem for localised temporal becoming that uses the idea
of the Alexandrov interval, also called a causal diamond. This is defined as the
intersection of the future light cone and the past light cone of two timelike related
events. This allows for the present to be defined in terms of processes with a fi-
nite duration that one might encounter in the everyday world. Two point events
such as the beginning and end of an extended event (such as the death of Queen
Anne that Prior uses as an example) define an extended present. This provides a
more rigorous scientific definition to the sort of concept described by the specious
present. Another alternative is something like Brading’s (2013) proposal to define

the present in terms of what is singled out by a set of dynamical laws. This proposal

33



has many interesting features to it but I will not consider it in depth here. The
next chapter of this thesis will rely on ideas such as the possibility of an extended

present but the precise details of how to define it are not relevant.

2.3.3 Dual Times

A recurring issue that pops up when trying to account for flow is that of doubly
representing time; this problem can also be framed as vicious circularity or an
infinite regress of time dimensions. This has been one of the strongest arguments
in favour of adopting a static eternalist block model of time and has strongly
motivated the particular form of becoming that localised temporal becoming argues

for.

The basic problem is as follows: if we take flow to mean that something about
time is moving then it must move with respect to something. Movement is defined
as change with respect to time so to posit that time moves requires either change
with respect to itself (circularity) or change with respect to second dimension of
time (regress). If we take the latter and analyse the second time dimension the
way we did the first then it requires a third level and so on, resulting in infinite
regress. This argument, laid out clearly by McTaggart (1908), has become a staple
objection to the passage of time and appears in many different variations. The
moving spotlight view is particularly affected by it as it relies on a moving present.
The problem, However, goes deeper than just a consideration of movement. The
core problem is that time is doubly represented: once as moments in the physical
world and secondly as the time which flows. The growing block exemplifies this
as it has layers of time being added to reality and hence includes both the time
represented by the layers and the time in which these layers are successively added
on. This can be interpreted as movement — though as we shall see Earman tries
to reformulate the view to avoid this — but more fundamentally it seems that the
moments that are being added are time and should not be treated as something
that is created or effected by time. In other words we should not need another set
of moments to explain how the original moments are behaving because this ignores
the nature of what moments are. How localised temporal becoming deals with this

problem will be looked at in more detail in section 2.5.
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2.3.4 Tensed versus Tenseless Existence

The final problem to consider is the distinction between tensed and tenseless ex-
istence that forms a foundation of much of the discussion about time and time’s
flow. It is central to the arguments that the rest of this chapter will make. It is not
straightforwardly a problem as opposed to a means by which to articulate different
positions. The distinction between tensed and tenseless facts is the basis for the
A /B debate. Tensed facts are ones that hold now; in other words the fact is indexed
to the time in which the statement of fact is made. The A-theorist position is that
tensed facts are essential to our understanding of time and are non-eliminable. On
the other hand, B-theorists of time take tensed facts to be reducible to tenseless
statements where ‘now’ is replaced with the specified time: ‘x at 11pm on Mon-
day the 7' of December’ (where x is a placeholder for some statement of fact, for

4

example ‘event e occurs’ or ¢ object O exists’). These two positions separate out
a dynamic view of time - in which tensed facts successively obtain - from a static,

tenseless, one with no temporal flow.

This distinction becomes a problem, rather than just a principle of a particu-
lar position, when applied to the adjoining debate about existence. Presentism
and eternalism are frequently taken to correspond to A-theoretic and B-theoretic
positions respectively. (Essentially any model of existence that posits that time
flows and there is a difference between present, past and future is taken to be
A-theoretic, including the moving spotlight and growing block views; these views
contain a commitment to the irreducibility of tensed facts.) However, these po-
sitions are primarily about existence and not facts, which is what the distinction
originally applied to. Both presentism and eternalism make claims about existence
simpliciter and do not commonly make a distinction between types of existence.
Presentism states that only the present exists while eternalism claims that all of
past, present, and future exist equally (and does away with these categories en-
tirely). The growing block view similarly claims that past and present exist but

the future does not.

Applying the tensed/tenseless distinction to existence is straightforward. Tensed

existence describes events that exist now whilst tenseless existence is a more general
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sense in which an event has, does or will exist at some specified time. Dorato (2006)
uses this idea to argue that presentism is either trivial or incoherent depending
on how the main tenet of presentism — that the past and future do not exist — is
interpreted. If ‘exists’ is understood in the tensed sense, then presentism is arguing
simply that the past and the future do not exist now in the present moment; this
is a trivial conclusion that no one would disagree with. But if ‘exists’ is taken
as tenseless then saying that the past and future do not exist means that they
cannot ever exist, for to exist at any point in time means they must have tenseless
existence. Since the presentist wishes to retain the passage of the present from past
to future it is incoherent to deny their existence so completely. This argument can
equally be applied to basic formulations of the growing block that state that the
future does not exist. Eternalism denies that that there is any sense of existence

other than tenseless.

The problem of tensed and tenseless existence is also strongly connected to the dual
times problem. The problem can be formulated as follows. At a certain time an
event e; has tensed existence and all other events e, have tenseless existence. But
from any other time e; has only tenseless existence and the event at that other time
is the one with tensed existence. Since all events should be treated equally (under
the non-standard view) every event seems to have dual existence. This corresponds
to the standard formulation of the dual times problem. There is the time series
which each event tenselessly exists in and then another time series that singles out

which moment is the present (and confers tensed existence on it).

This distinction is central to localised temporal becoming and is the starting point
for how its ontology should be understood. However, the distinction has also been

used in the growing block theory - as the next section will look at.

2.4 Against Reformulations of the Growing Block

The growing block is where the notion of temporal becoming (in its original con-
ception) has received the most attention, and where its association with existence
is most thoroughly explored. However, the dual times problem, along with the

distinction between tensed and tenseless existence, presents a serious obstacle to
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it. The conception of becoming as coming into existence must be able to avoid the
idea that time is both the moments coming into existence and the times at which
these moments are added to reality. Before moving onto a focused examination of
localised temporal becoming this section will consider one final view that claims to
avoid all of the aforementioned problems. This is Earman’s (2008) reformulation
of the growing block view, which is articulated as a response to the deflationary B-
theoretic version of temporal becoming as proposed by Dieks, Dorato, and Savitt.
He takes this reformulation to be the most defensible version of temporal becoming
that has sufficient metaphysical weight to be worth considering.® Considering this,
and showing why it ultimately fails, makes it necessary to find a new conception

of the connection between becoming and existence.

Earman presents a version of the growing block that is (he claims) compatible
with relativity, has no moving parts and has a very different account of existence.”
His model is actually a set of spacetime models, each one taking the form of a
block universe but differing infinitesimally in size. These blocks are paired with
an ordering relation, 3, defined between two models n and n’ that are part of the
total set such that n = n’ iff n can be isomorphically embedded as a submodel of
n’. In other words n comes before n’ if n’ is embedded n. This can be extended to
relativistic spacetimes as well. Earman considers both hypersurface becoming and
worldline becoming; the former can be discarded as Earman points out a number
of problems with it and because, due to our consideration of localised flow, the
search for universal hypersurfaces does not seem necessary. Worldline becoming
requires simply that we replace the set of models of Newtonian spacetime with a

set of worldlines, 7, in a relativistic spacetime, R.

Supposedly this avoids the common problems given above. Earman avoids falling
into the trap of tensed versus tenseless existence of the future by abandoning alto-

gether the claim that the future does not exist.

6 Another more recent defence of temporal becoming and the growing block can be found in
Grandjean (2022), which attempts to rehabilitate the growing block and the open future in the
context of theories of quantum gravity such as causal set theory. I will not consider this here as
it does not relate to the more emergentist line of thought that I will be pursuing or the more
specific questions about existence discussed here.

"It should be noted that Earman does discuss various problems with this view as well and
does not advocate it outright. His argument is that it is the most defensible notion of becoming.
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“The advocates of the growing block model should concede that they
cannot coherently sustain an absolute denial of the reality of the future;
that would require giving up the growth in the growing block model in
favor of some one fixed future-truncated block model. For the growing
block model the denial of the reality of the future can only be perspec-
tival, e.g. from the perspective of the world nygog as it has grown up to
T = 2008, future times are unreal but this denial of the reality of the
future amounts to no more than the triviality that the future does not

exist at the present time” (p. 144)

So Earman accepts the issues raised by the tensed versus tenseless distinction, as
well as the dual times problem, and instead has larger blocks containing future
events exist entirely separately. At one point he refers to them as being in “every
relevant sense different possible worlds” (p. 143). The problem of tensed/tenseless
existence was that denial of the existence of the future either meant that events do
not exist now (trivial) or that events do not exist at any time at all (unsupportable).
We now have that later events do not exist now but they do exist in different worlds
that are larger than our own current one. But it seems that in doing so he has
undermined the notion of existence itself. Each n’ contains, by the definition of
the ordering relation, a perfect copy of all the events existing in the smaller n of
the previous spacetimes, so if all of these spacetimes exist equally then we have
multiple copies of the universe. And each moment is represented many times over
in each of the different blocks. It is unclear how this conception of existence can
be applied to any of the familiar worries. Our tensed claims about the future are
now taken to apply to different possible worlds as opposed to the one we are in.
This seems to be a different question entirely; one not about perspectives but a

multiverse of separate universes. Deng (2017) shares this worry:

“But then further questions seem to arise at this point about how we
should understand the perspectivalism of these truths, and the ontolog-
ical status of each spacetime model in R. As Earman stresses, perspec-
tival truth is not to be understood as on the block model, signalling
that relative to each time, later times don’t yet exist. But how then?

The sense of perspectivalism in question is starting to look less familiar
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than it seemed at first sight. Moreover, it’s clearly central to making
sense of the view under discussion. When it comes to this task, Ear-
man’s formulation would appear to be of no more help than the more
familiar ‘sequence of inked columns of increasing height’ (Earman 2008,
138).” (Deng, 2017, p. 1116)

Even if one can reconcile oneself with this sort of existence there are potentially
even deeper problems with this sort of perspectivalism. Earman claims that no
extra dimension of time is required (avoiding the dual times problem) because
each block in itself does not grow, instead the next moment is a completely new
block. One could deny outright that Earman has avoided the dual representation
of time at all because firstly time is presented inside each model as the set of
moments that that model consists of and secondly time is presented as the set of
the models themselves each of which represents a new moment. Earman would
reply that this is a misinterpretation because each of the set of models is not tied
to moments of time but are simply ordered by the relation, =, which is based on
whether the model is a subset of others and is both antisymmetric and connected.
Time itself is still contained entirely within the blocks and the order of the blocks
merely represents facts about what the process of becoming does to the sum total
of reality. It may seem an unintuitive sort of flow but Earman acknowledges this
and his defence is that “animation belongs to the province of Disney” (p. 140);
what he is aiming for is to explain becoming and the different stages of reality that

make up the passage of time.

The ordering mechanism seems a dubious replacement for a time series, but it
does do the job required. A basic worry would be that is is simply disguising the
problem. We still need something to associate a block that consists of times #;....t
to reality at time ¢; and not a time ¢, where n < k. From the time ¢, this block
contains all the times that are present or past for this time; the block accurately
represents reality as of time t, and only time t;. To do this Earman relies on
Broad’s original definition of the present moment as the moment that precedes no
other moment. This means that a moment can only ever be called present if it
is the last moment in the block. So the block t;....t; itself singles out time t; as

the present by virtue of it being the final moment. This definition of the present
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transforms the ordering relation into a de facto time series; the blocks are arranged
in an order such that it forms a chain of successive present moments. But, as it is
not fundamentally posited and instead derived, it avoids the dual representation

problem.

But what has happened to the notion of becoming in this picture? Becoming
was proposed as adding a slice to reality and actualising a previously non-existent
future. It now reduces to nothing more than the ordering relation that links one
block to the next in a multiverse of different sized worlds. There is no longer any
sense of transition, nothing crosses from one block to the other. They simply stand
in an ordered relation to one another, and we can make little sense of how to make
claims about other blocks. This is no less deflationary than the B-theoretic versions
of temporal becoming that Earman criticises. It also, to return to the problem of
existence and the status of the future, gives no meaningful sense in which the
future comes into being. Future moments are simply alternate universes, each one
completely static. To accept this view requires us to accept a radically different
and largely unmotivated concept of existence in a multiverse and does not capture

anything dynamic that becoming was supposed to represent.

2.5 Existence and Time

I turn now to consider localised temporal becoming and how it can be connected
with a perspectival characterisation of the relationship between presentism and
eternalism. With this in mind, I will argue that this account is not a tenseless
block universe with a thin notion of becoming added at each moment, as critics
have claimed. Instead, it presents a novel way of understanding how moments
existing in a tensed manner are woven together by becoming, and the tenseless
block is what this looks like from the outside. The resulting picture contains
both tensed and tenseless existence but a focus on the latter obscures the dynamic
importance of the former. This focus on the view as being tenseless (as evidenced
in how it has commonly also been called tenseless passage or temporal B-coming)
was meant to emphasise the benefits of the view in how it conforms with modern
physics and rejects the idea of a privileged present. But ignoring the tensed aspect

is a mistake and the tenseless block proposed by this view is radically different to
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the basic eternalist block universe.

2.5.1 Tensed and Tenseless as Perspectives

Savitt (2006), and similarly Rovelli (2019), give a careful account of existence and
tense and propose a new way to understand the relationship between presentism
(tensed existence) and eternalism (tenseless existence). Savitt argues that reducing
to either tensed or tenseless statements always runs into difficulty. If there are only
tensed statements then we fall foul of the problems Dorato gave with presentism.
But if only tenseless statements are true then one cannot adequately explain how
existence at one time is connected to existence at another. Savitt (2006) argues that
this is because the difference between these views is not a fundamental difference
but just one of perspective. Tensed statements about existence are ones made
from within time while tenseless ones are made from outside of it. Existence can
be viewed from either perspective and there is no straightforward notion of existing
that can be made sense of without specifying the perspective.® To ask whether or
not something exists simpliciter is incoherent; the question must be whether it

exists from this perspective.’

8Savitt explores this in much greater depth. It is also worth noting that different authors use
different definitions of the word tenseless. The use here is that corresponding to Dorato. Savitt
replaces it with ‘detensed’ and uses tenseless interchangeably with atemporal. Arthur, who uses
this distinction as well, follows Dorato with the use of tenseless and atemporal as separate notions.
Savitt also switches freely between A versus B theories and presentism versus eternalism as they
are concerned with tense and existence respectively and we are here dealing with the intersection
of these notions

9Torrengo and laquinto (2019)(see also Lipman (2015) and Torrengo and Iaquinto (2020))
propose a somewhat similar idea (this also draws from ideas on perspectives on time from Lowe
(1987)). They develop a view called Flow Fragmentalism (see footnote 2). They propose that
there are tensed facts about all times that constitute absolute reality - these are not perspectival
and there are no tenseless facts - and also facts that obtain locally. The set of absolute facts
can be split into many fragments and need not be coherent across fragments (e.g. one fragment
contains ‘Socrates is now sitting’ and another ‘Socrates in now standing’). Flow is identified as
the change in which facts obtain from fragment to fragment, but all these facts are taken to
absolutely constitute reality and are not to be understood as relative. This is similar to localised
temporal becoming except that it largely ignores existence in favour of facts and it denies that
the absolute set of facts are in themselves a perspective comparable to the local perspectives
(which are viewed as derivative from the absolute set of facts). This distinction between the
absolute set and locally obtaining facts is not equivalent to the perspectival view of Savitt as the
absolute set of facts is tensed rather than tenseless. However, in many respects the distinction
between a global set of facts, and facts that obtain locally, is similar. Much of this chapter will be
arguing that eternalism is best viewed as one perspective among many and that a single absolute
set of facts should not be prioritised; this is essential to understanding why flow is an intrinsic
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The two sorts of existence are not separate or independent from one another. If
they were this would lead to the dual times problem as discussed in section 2.3.3
and 2.3.4. Once one switches to understanding tensed existence as a perspective
inside of time, this issue dissolves. Tenseless and tensed existence can never come
into conflict as they are simply different perspectives on the same thing. Positioned
at a certain time all that exists in the tensed present moment; no other moments
exist (in the tensed sense). But this is true for any moment not just of a single
privileged present. However, when looking from outside of time, and not indexed
to any specific moment, all moments exist in the tenseless sense. Existence is fully

perspective dependent.

Put in these terms neither position can deny the other side of the distinction; the
disagreement is instead about whether one is more fundamental. Fundamental
could mean a variety of things. Clearly it cannot mean ontologically fundamental;
after all these are different perspectives on the same ontology of events. There is
nothing there to indicate that one perspective is more fundamental than the other.
There are, of course, broader options for metaphysical fundamentality than just
ontological.!® T will not explore all of these options here; the aim in this chapter
is to defend a version of becoming that is closely connected to existence (the next
section explicitly lays out how localised temporal becoming uses tensed existence,
although much is preempted here), and the ontological equivalence between the
two perspectives is enough for this. The next chapter will expand on the idea of
perspectives and connect it to the information available in any given perspective.
This opens up other fundamentality relations, in particular the idea that the ex-
ternal perspective has maximal information and the embedded perspectives have

limited information - this suggests the internal perspectives could be derivable from

part of reality. Flow fragmentalism rejects this and as such, by the arguments presented here,
its account of flow is weak. Additionally as flow fragmentalism is largely formulated in terms of
facts, it is much harder to connect to physics without developing a detailed theory of how facts
are grounded. The primary aim of this thesis is to look at the physical basis for a perspectival
view of time so this would present a major challenge to considering flow fragmentalism in depth
here and I will not attempt to do so. The next chapter will point out places where localised
temporal becoming could be given a more detailed theory of how to ground truth claims, but this
would be a separate project.

OFor example grounding or supervenience relations, or Sider’s (2011) concept fundamentality.
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or grounded on the perspective with maximal information.!* Although, another
way of understanding the relation between perspectives would be that the total
set of internal perspectives cover all possible information - including information
about the relations between moments (such as probabilities and uncertainty about
the future) that is omitted from the external perspective; in this view the external
perspective would be an abstraction from the total information contained in the set
of internal perspectives and the fundamentality relation would go the other way. I
will leave these options for exploring fundamentality open and instead focus on the
more conservative claim that at the very least the internal perspectives are indis-
pensable and that they are primary when it comes to understanding flow. The next
chapter will also connect the internal perspectives to emergence and look at how
they provide novel explanatory value; hence, even if there is derivability between
perspectives, we cannot eliminate the internal perspectives and would instead have
an emergent relation between them and the external perspective. Fundamentality
would then rest on whether the emergence is strong or weak (where weak implies
compatibility with reduction - the thermodynamics literature that I use in the
next chapter generally assumes weak emergence). But this is hard to apply to the
thinner notion of perspectives used in this chapter, which just focuses on existence
and whether we are viewing it from inside or outside of time. For this ontological

question, the perspectives are on a par.'?

Borrowing from the next chapter, the most pertinent sense of fundamental for our
purposes here is explanatory fundamentality. (By which I mean nothing more than
something being necessary for a complete explanation of reality and irreducible to
any other feature). Hence the question is this: which perspective should we look

to for an explanation of the flow of time?

The basic eternalist view assumes that the external perspective should take priority

and the internal perspectives can be derived from it, as a result allowing it to

HUThere are multiple ways to spell out what this amounts to metaphysically, see previous
footnote.

12This particularly means that while becoming is essential to understanding the block at all
levels (as the rest of this chapter will show), the features which make becoming a substantial
account of the flow of time (the focus of section 2.6 and the next chapter) are emergent features.
This would make flow an emergent phenomena even if a thin notion of becoming is essential to
the block at all levels.

43



explain everything the internal perspectives can. However, this is an assumption
that is often undefended and taken for granted.'® If asked to give support the main
answer is that this view is in line with physics. Physics is often seen as taking an
objective external perspective that tells us how the world is without any reference
to observers, and the block universe reflects this. The block also does not run into
problems with special relativity and how to define a present moment (although as I
have shown there are ways to overcome this in the presentist perspective). Theories
like the differential geometry formulation of spacetime in general relativity also
seem a good fit for a block universe. But, as I laid out in the introduction, this
conception of physics as necessarily taking an external perspective is misleading.
For example, Wallace (2019) argues that it is a mistake to eschew coordinate-
based approaches to physics in preference of differential-geometric ones (which are
a natural analogue to internal versus external perspectives on spacetime). Working
in the former can help resolve problems and reveal structure that is hard to get
at from the latter. Solving any practical physical problems requires adopting a
coordinate system. The next chapter will give the arguments from physics more
attention. For now I will focus on the metaphysical justifications for the internal

perspective.

When considering an event coming into existence the tensed perspective is far more
important. This is, in essence, the perspective that any physical object will itself
take (in so far as we take physical reality to be constituted by objects existing in
space and time and putting aside questions of fundamental ontology and its relation
with spacetime). The sort of existence we are interested in is that of physical events
and these events are closely tied to the constraints of spatiotemporal laws. The
event from its own perspective occupies a tensed position and other events in the
relation of later than are in the future, and events in the relation of earlier than
are in the past. The external perspective is not one anything could ever occupy;
even if we can choose to imagine an event as if from an external perspective. This

is why the external perspective or ‘view from nowhere’ is also often referred to as

13 Although A-theorists of time have argued at length for the indispensability of tense; I direct
this comment particularly at the eternalism vs presentism debate and the assumption that an
external perspective is the default position from which to approach both physics and metaphysics.
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a ‘god’s eye perspective’.!4

That nothing can ever occupy such a perspective does not absolutely preclude it
from being more fundamental than the internal perspectives. This does not, for in-
stance, affect the ideas about the external perspective having maximal information
that are discussed above.'> But it is an important consideration for the project of
explaining features of time such as time’s flow. Going back to the introduction,
our primary evidence for flow is that it is a feature of our own experience, which
is embedded within time. The concept of becoming is also explicitly defined (here
at least) as coming into existence; this does indeed make little sense when consid-
ered from a tenseless perspective outside of time, as the critics of becoming have
identified. When taking a tenseless viewpoint we should not necessarily expect to
observe flow. This is exactly what the B-theorist does: they remove themselves
from the spacetime block and see it as static and unchanging. The tenseless block
may be a very useful way to think about time in some instances but there is a ten-
dency to carry over temporal features of our embedded experience to this external
viewpoint. One of these is the expectation to find dynamic flow when looking at
the tenseless block even though tense - and changes in tense we might label flow -
is contained within the block. To be able to see changes in tense from outside the
block we would have to be able to observe one thing at one moment and another
thing at the next; an observer experiencing ‘moments’ implies they are within time.

This is why problems of double representation so often crop up for models of flow.

Both the internal and external perspectives are necessary for understanding time.
But an eternalist assumes without justification that the internal perspective is
merely derivative and the external perspective takes priority. (Likewise the presen-

tist mistakenly assumes they can do without the external perspective and runs into

14We might question whether the external perspective is really a perspective at all as opposed
to a lack of perspective. I will refer to it as a perspective here as it emphasises its connection to
the internal perspectives. I take there to be no real weight to this question.

15 Although, it may have bearing on other ways of assessing metaphysical fundamentality. Some
approaches to understanding how science tells us about the world (for example Chang 2022;
Barad 2007; Massimi 2022) take a pragmatic approach and base the development of scientific
concepts around empirical access to the world. In these cases, the fact that we can only make
indirect inferences about the external perspective may have weight as an argument against it’s
fundamentality as a concept for understanding the world. Structural realists, such as Wallace
(2013) or Ladyman and Ross (2007), are unlikely to be swayed by this.
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difficulties accordingly.) The tenseless block proposed in conjunction with localised
temporal becoming is radically different from this. The correct way to understand
this version of a tenseless block is as just one perspective among many. And when
it comes to explaining features of time such as flow, the internal presentist perspec-
tives should have primacy. It is a futile project to attempt to explain a concept
such as flow, which clearly relates to the embedded experience, from an external

perspective. 16

2.5.2 Localised Temporal Becoming

To see exactly why the presentist perspective is more explanatory when it comes
to flow I turn now to how localised temporal becoming uses it in conjunction
with the concept of becoming; much of this was already preempted in the previous
section, but it is important to spell it out thoroughly to avoid confusion. As section
2.2 mentioned, a perspectival view of the ontology is not an explicit commitment
for all of the authors proposing this view, and a few directly oppose an ontological
reading of becoming. But for many this position is compatible with what they have
presented and helps to articulate the view in stronger terms. With this ontology
localised temporal becoming is capable of delivering both aspects of what is required
from an account of flow. To reiterate, these were: a) it captures the sense that
reality changes from moment to moment and b) it describes what the relationship

between moments is (i.e. how one moment is transformed into the next).

What this view argues is that temporal passage is the succession of tensed be-
coming. Becoming refers to coming into existence in the tensed sense. Because
becoming is necessarily tensed there is no sense in which an event already exists at
times before its own time; at each moment a new event comes into being and there
is a change in what exists. Hence the coming into being of events throughout time

constitutes the flow of time.

Where this view is commonly misinterpreted, as Pooley and Earman do in their

criticisms, is in interpreting the tenseless block in this account as the basic eternalist

160One might worry that a eternalist could reply that flow is not a feature that needs explanation.
The work of the next chapter will show that it is an important part of understanding how physics
makes predictions and retrodictions.
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block universe. Instead the last section showed that the tenseless block used in
localised temporal becoming is radically different and should be understood as just
one of many perspectives on time. Becoming is not a trivial afterthought but an
essential way of relating the different perspectives; there are many internal tensed
perspectives, one for each moment (spatiotemporally localised events), which are
woven together by becoming. The tenseless perspective is a way to view the block
of time from the outside. The internal perspective starts with the tensed becoming
of an event at its spatiotemporal location and becoming relates all the events to

each other.'”

Temporal flow must be understood as what ties together the internal perspectives.
To further illustrate how to think of this we can make a comparison to the work
of Kit Fine. Fine (2005) approaches the problem of tense with a different basis
but it carries over well into this presentation as it is informed at least by the
work of Stephen Savitt if not others working on these views. He talks about how
philosophers have commonly misinterpreted the claims that realists about tensed

features make:

“For them, it is as if the realist has wanted to assert that each time or
time-slice of the world is present but subject to the qualification that
this should only hold at the time in question; and put this way, it is
hard to see how it might amount to anything more than a triviality to
which even the anti-realist could agree. But the proper formulation of
the intended claim is that reality is constituted, at each time t, by the
fact that t is present. This is quite different.” (Fine 2005, p. 280)

The basic difference described, adjusted to fit the language of existence of events
used here, is that in the first case existence is being considered from a bird’s eye
view position outside of the static block and we can easily see that it is a trivial fact
that each event exists at the time it occurs. The static block represents absolute

reality; this is the basic eternalist view. But in the second case, which corresponds

17Arthur (2019) notes that if the block universe can be said to exist at all “over and above
the events in it” then all it is is “the metrical, topological and ordering relations among events”
(Arthur, 2019, p. 55). This gives all the necessary structure that goes beyond the tensed events
within the block. The questions of how events in the block are given structure by laws and how
this relates to the metaphysics of time laid out here go beyond the scope of this thesis.
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to the block used in localised temporal becoming, we are reinstating ourselves inside
of the block and considering reality at that time. What exists as of a point in time
is truly relative because it will be different depending on which time you consider it
from, but at each moment there is a definite (tensed) fact about what exists. This
difference in the very makeup of existence from moment to moment constitutes a

richly fundamental view of change and passage throughout time.

We can now evaluate this against our two requirements for flow. The first - change
in reality - is captured because becoming is a relation between two tensed realities.
What exists from moment to moment changes in the internal perspective. The
second aspect was how one moment relates to the next and the sense of flow as a
dynamic transformative process. In part this is satisfied by the definition of be-
coming as coming into existence; a previously non-existent moment is transformed
into an existing one. But this doesn’t seem to fully explain how one moment relates
to the next. It is also vulnerable to the objection that we are defining becoming
as occurring along a worldline, but nothing distinguishes timelike from spacelike
worldlines. Becoming seems to be a relation between any spacetime events, not
just between one moment and the next. Yet flow is specifically a temporal notion
and should not occur between spacelike separated events. To answer this we need
to look closer at how this model treats future moments and what happens when
they come into (present) existence. Without this becoming may seem like just a

structuring relation among moments rather than a truly dynamic process.

2.6 An Open Future

To see the value of the presentist perspective in providing dynamic flow I will turn
to the idea of the open future. For many (Broad 1923; Pooley 2013 and many
others) the actualisation of a non-existent open future is the key to understanding
the flow of time. The difference between the past and future is that the future is
uncertain and there are many possible ways the world could turn out to be. Why
the open future is so important and what the details of this are is a larger question
that 1T will explore in more depth in the following chapter alongside considering
why, if the future is open, the past is not. Here I will focus on the question of

existence and simply show that an open future is compatible with the ontology
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of localised temporal becoming. This claim is initially at odds with there being a
tenseless block of all events so it requires careful articulation. The following chapter
can then build on this basis to show how an open future connects becoming to the
directionality found in physics and the way that physics treats the openness of the

future.

Various models of the open future have been developed with a range of different on-
tologies. Some of these limit the open future to being purely epistemic (Lewis 1986;
MacFarlane 2003 for criticism). Others (McCall 1994) take a strongly ontological
approach where multiple futures exist in a branching future and branches ‘fall off’
as time passes. I will focus here on the more moderate view articulated by Pooley
(2013), which follows from Belnap (1992; 2003; 2012), Placek and Belnap (2012).'®
The resulting ontological picture, I will show, has no meaningful differences to how
localised temporal becoming represents time in terms of the perspectival switch
between tensed and tenseless existence. Moreover the account of flow in the open

futures model can be achieved by localised temporal becoming.

The commitment to open futures is not agreed upon by all the authors who have
advocated for localised temporal becoming. Dorato (2006) denies that there is
any sense of an open future; he takes the tenseless block to fix all relevant events.
Others do take it to be a key consideration although they do not spell out in much
detail how this follows from the ontological picture they present (for example Ismael

2016a). Most, however, do not mention it at all.

2.6.1 The Block Universe and Open Futures

The open future is not a statement about there being some sort of indeterministic
laws. Rather the future is indeterminate. Most commonly this is taken to mean
undetermined or unsettled truth values for future statements. As of a time ¢; facts
about a later time ¢, are either true or false but it is not definite as to which.

Facts are made true by the events at ¢, and prior to this time they are not fixed.

BPooley (2013) gives a critical analysis of the different models available and why this version
of open futures is the most coherent picture for an A-theorist to take.

19This presentation allows for compatibility with bivalence, following Barnes & Cameron (2009)
and Wilson (2013). Bivalence is maintained as future statements determinately have a truth value
even if the state of the world at ¢; fails to determine which value it is. I will give more details of
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There is a branching structure containing all possible futures; but this structure
is not ontologically real - only one future actually becomes - it just represents
these abstract possibilities. Pooley advocates for understanding this in terms of
Stein’s (1968) notion of relativistic becoming in which events in the past lightcone
of event e; are determinate whilst everything outside is not and becoming then
occurs point by point along a worldline. This makes clear why whether or not
the laws are indeterministic is irrelevant to the future being undetermined. Events
outside of the past lightcone can always have an unknown effect on the next event
along the worldline so even deterministic laws would not allow the future to be

predicted based on the determinate events inside the lightcone.

Pooley supports the non-standard view of time (no unique privileged present) and
this means that there is no single ‘tree’ of time with a determinate trunk of the
past and branching futures. Instead each moment in time is associated with such a
‘tree’ and there is a sequence of trees that corresponds to time as a whole. Initially
this may strike one as being somewhat similar to Earman’s set of spacetimes model
adjusted so that the non-existent future of each block is replaced with branches of
abstract possibilities. If this were so the model would fail on the same accounts.
But Pooley is careful to clarify that he does not think that this sequence represents
“how reality is absolutely” (p. 18) and this makes his view distinct from Earman’s.
Pooley articulates what he sees to be the correct way of interpreting the sequence
in the following passage, which also shows how this view initially seems to differ

from localised temporal becoming:

“Just as the tensed facts that hold as of some time are not reducible
to tenseless facts, there is no need for them to be deducible from the
tensed facts that hold as of other times....It is hard to see what the
insistence that [tensed] facts are not reducible comes to, for there is a

unique representation of reality—the block universe—from which the

these views on indeterminacy in the next chapter as they will be the basis for exploring the open
future further. Pooley, who this chapter follows, rejects bivalence and instead views the openness
of the future as a failure of bivalence (the truth values of statements about the future are neither
true nor false). I have followed the former views as they provide resources useful for exploring
the questions raised in the next chapters. However, the overall account does not rest on this and
it could be reformulated to reject bivalence instead with no significant loss. The next chapter will
discuss this further.
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perspectival facts can be derived. This is no longer true of the open-
future model. The primordial branching-structure captures only how
things might turn out, not how they will turn out. The block universe
history that constitutes the ideal limit of the sequence of the model’s
branching structures not only does not correspond to the facts as of
any time (the end of time is never reached), it also, when interpreted
as representing the absolute facts, misrepresents as determinate future

facts that are genuinely unsettled.” (Pooley, 2013, p. 18-19)

This explores the problems Pooley sees with conceiving of a block whether it be
fundamentally tensed or otherwise. There are two main claims here: first that,
if a block can be conceived of, then it in some way fixes facts as determinate
when they should not be, and secondly that there is no such block for the open
future model. These taken together lead Pooley to reject a block universe and
adopt an open future ontology. But if we adopt the perspectival view of the block
universe it becomes clear that Pooley’s first claim does not follow. A tenseless
block, understood as an external perspective on the tensed events that occur from
moment to moment, should not be understood to represent events as determinate
prior to the time they take place. A block such as the one used in localised temporal
becoming should not be mischaracterised as an absolute description of reality (from

which all other facts are derived); it is just a perspective.

If the external perspective was ontologically more fundamental then this would
be a basic B-theoretic version of the block and indeed offer nothing meaningful
or interesting. Yet as we have seen there is no basis for prioritising the external
perspective. It is true that from a tenseless perspective one can see all the facts
of time as determined and static and the future does not seem open. But this
does not imply that this can be carried over into a perspective inside of time; one
cannot, as it were, jump out of time to learn the future and then jump back in.
Facts are determined by the coming into tensed existence of events at exactly the
time they occur and the tenseless perspective is a by-product. In the same way
that events do not already exist, they are also not already determined. At a time
t; tenseless statements about future events cannot be made because the nature of

tenseless statements is that they are made outside of time. We can of course make
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statements of the same form but it would be a mistake to label them as genuinely
tenseless. At the time t; we do have access to some determined events, namely all
those in the causal past of that event (putting aside for now the question of why
there is an asymmetry - this will be returned to in chapter 3), and so it is fairly
simple to artificially imagine ourselves in a ‘non-temporal” perspective to look at
these determined events. But this is equivalent to the ideal limit sort of block
that Pooley mentions; it is looking back from after time and not from outside it.
Because we can make artificially tenseless statements about the past we suppose
that we can make them about the future simply by imagining later times. But these
are not genuinely tenseless statements (they are not actually made from outside
of time) and do not mean that the future is closed. So the worry that tenseless

statements fix as determinate facts that should be open is unfounded.

As for Pooley’s second claim - that the open future model does not have a block -
this can also be responded to by recognising the block as a feature of a perspective
on time rather as an absolute entity. The open futures model is non-standard
and all times are equal (each with an associated branching structure). Taking the
tenseless perspective is to look at all these moments together; this does not imply a
block that exists at some endpoint of time but rather it is the view from outside of
time completely. From outside of time the branching structure, which is not part of
the ontology, cannot be seen and what is left is a set of individual moments. This is

a perspectival tenseless block exactly like the one in localised temporal becoming.

All in all the block universe of localised temporal becoming is the same as that
of the open futures model when the perspectival view is adopted and it is distinct

from B-theoretic blocks in both theories.

2.6.2 Passage

Now we can look at how each model achieves passage to see if there is any differ-
ence between them there. For localised temporal becoming this is the simply the
tensed becoming of events. For open futures it is the closing off of possibilities by
an event becoming determinate. The closing off feature of this sort of passage can
only be resultant and not constitutive as these possibilities are not real and are not

playing an active role in passage. Passage itself is the event becoming determinate.
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Once again this is modelled on Stein’s relativistic becoming. Stein discusses how
real becoming can be formulated in accordance with special relativity in his 1968
paper as a reply to arguments from Putnam (1967) and Rietdijk (1966) that spe-
cial relativity is incompatible with probabilism. He reiterates the points in 1991
against Maxwell (1985). Stein’s argument is that the events that have become de-
terminate as of a certain event e; are all — and only — those that lie in the past
light cone of e;; events in the future light cone and outside of the light cone of e;
are indeterminate. What has become is spread over a past lightcone but becoming
occurs only at the apex of it: at event e itself. Stein clarifies this point as a reply
to Putnam who argues that between e; and an infinitesimally later event e, the
lightcone increase in size across its whole surface and the new events on the new
surface will “have been without its ever having been true that they are” (1968, p.
246)(emphasis in original). Stein points out that in special relativity “an event’s
present is constituted by itself alone” (p. 15) and therefore one event can have
nothing to say about the present of another. This fits perfectly with the picture of
localised flow along worldlines. When e; becomes determinate it is added onto all
the possible timelike worldlines that can be defined in its past light cone including
the new lightlike worldlines that make up the surface (which the lightcone of e;did

not contain).

This relativistic formulation of becoming is identical to that of localised temporal
becoming: it occurs at a single temporal location and flow can be defined as the
successive determination of events along a worldline. Pooley acknowledges the
similarity between these accounts but claims the difference is that Stein does not
believe in a block universe because the future is ontologically open. However,
we have already argued that the block universe of localised temporal becoming is

compatible with an open future.

Putting everything together the open futures view put forward by Pooley can be
framed as having the same formulation of a block universe as localised temporal
becoming and the same account of passage. Open futures focuses on the effects
of flow and what this means for the existence of events while localised temporal
becoming focuses on the mechanism of flow itself. Laying out the ontological pic-

ture behind localised temporal becoming, as this chapter has done, reveals their
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compatibility. Each chooses to highlight different features as what is most impor-
tant. Focusing on the mechanism of becoming is a more direct answer to what the
flow of time is, but this mechanism cannot be separated from how it relies on the
tensed existence of events - and the open future that results from this - that the

open futures model lays out more clearly.

2.7 Conclusion

The perspectival relationship between presentist (tensed) and eternalist (tenseless)
views of existence reveals that localised temporal becoming gives an account of
time’s flow that is both coherent and meaningful. It captures the way that open
futures are an essential part of understanding time and retains the benefits of the
tenseless block. Understanding this view as fundamentally tenseless with becom-
ing simply added at each moment is a misinterpretation; and accusations that it
is trivial, which follow from this assumption, are likewise mistaken. The tensed

perspective is equally, and frequently more, important.

Looking back at the introduction, I argued that perspectives, emergence and infor-
mation would be the guiding principles that the metaphysics of time can be derived
from. The focus in this chapter is on perspectives. Properly appreciating the per-
spectival basis of localised temporal becoming explains how this view accounts for
flow. Localised temporal becoming provides both a) the change in reality from
moment and b) the transformative relationship between one moment and the next.
The relation between moments is how the future is undetermined with respect to

the present and how flow transforms possibility into actuality.

The open futures model is a complete model of time in its own right, however,
the perspectival language of localised temporal becoming gives this account more
resources to work with than the open future model on its own. This thesis is
primarily focused on the internal perspective but the external perspective also
has many merits in certain situations where the internal relations of time are not
relevant. Localised temporal becoming allows us to talk about the block universe

in these cases, while the open futures model maintains that there is no block.

The physical basis for openness needs further exploration. The next chapter will
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explore this, and show how it leads us to ideas about information and emergence.
While I have shown that the metaphysics of this model is coherent, there is more
work to do in exploring the tensed view and in particular to argue that, despite the
common (although by no means absolute) assumption that the tenseless perspective
is more useful for the way we model time in physics, the perspective from inside of
time is just as valuable. This will provide justification for claiming that flow is an

ineliminable aspect of reality.

Specifically the next chapter will argue that from the tensed perspective the future
is metaphysically indeterminate and not just epistemically so. Currently both
localised temporal becoming and the open futures view are vulnerable to a response
by an eternalist that claims that all facts about the open future can be derived from
tenseless ones by just limiting the information available to a particular time and
considering the range of futures compatible with that subset of information. In
which case the tensed perspective appears redundant. There has so far been little
justification offered either here or more widely in the open futures literature for
what the eternalist is missing when they claim the the future is just epistemically
open, other than our intuitive sense that claims about the open future have more
weight that that. So I will look at what the metaphysical view does better, to
provide justification for this model that is independent of just wanting to explain

flow.
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3 The Open Future and the Recorded Past

3.1 Introduction

Our experience of time is solely limited to the present, and yet the past and future
play ineliminable roles. From the present we are able to conceive of the future in
front of us and the past behind us. Typically, the future is seen as being open
or undetermined in some sense and the past is fixed and determinate. This com-
mitment is found frequently in the differing ways in which we talk in everyday
language about the past and future. The flow of time is often associated with the
closing off of future possibilities and transitioning to the fixity of the past. This
chapter will explain what it means for the future to be open and what the physical

basis for this is.

In the previous chapter I developed the view - localised temporal becoming - in
which the flow of time is the coming into (tensed) existence of events along a
worldline. The ontology behind this claims that presentism (tensed existence) and
eternalism (tenseless existence) are two different perspectives; the former the per-
spective from inside of time (in fact this is many perspectives, each corresponding
to a different moment) and the latter from outside of it. I also showed that this
was compatible with having an open future. Events can be represented in the
tenseless block and from this external perspective the future is fixed (in fact there
is no separation between present, past and future). However, from inside of time
there is no sense in which future events already exist at the present moment. The
future can be described by a set of possibilities and as each new moment comes into
being these possibilities are successively closed off. It is the process of becoming
that weaves together the tensed moments into an eternalist block. The collection of
tensed perspectives, and the open future they entail, form a complete description of

reality. The external, eternalist, perspective is only one perspective among many.

The concept of the open future, however, deserves more attention. While I have
shown it is compatible with - and indeed necessary for - the ontology of time and
an account of flow, more work needs to be done to justify not only why this is

important but also what exactly it means for the future to be open. Crucially,
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I will show that openness is part of the metaphysical facts about reality and is
not merely epistemic (or rather that in many cases epistemic openness is meta-
physical). Perspectival structure in the world - specifically the lightcone structure
of spacetime as well as emergent theories such as thermodynamics which contain
probabilities - leaves the future indeterminate. This will justify the conclusion of
the previous chapter that, not only is the eternalist perspective just one perspec-
tive among many, but the internal perspectives are primary for explaining the flow
of time and without them we do not have a complete description of reality.! The
eternalist picture is leaving things out; it can reconstruct facts about the open
future based on limiting what information is taken into account, but these come
out as merely epistemic and it fails to capture the metaphysical implications of the
open future. Perspectival openness treads a middle ground between the current
prominent views in the literature regarding the open future. One side look for a
strong sense of metaphysical indeterminacy in the fundamental state of the world
(e.g. Mariani and Torrengo 2021a, 2021b; Barnes 2014) and dismiss more general
accounts of metaphysical indeterminacy (e.g. Wilson 2013) as epistemic. The other
side embrace the subjectivity of epistemicism and look for openness due to agency
in the way we act and deliberate (e.g. Ismael 2023). I will show that metaphysical
indeterminacy can be derived from perspectival - and not necessarily fundamental
- features of the world and it is these features that produce the openness found in

the agency account.

The perspectives I will be talking about are defined by physical structure and
constraints that affect the way we gain and use information. I will often call
this epistemic structure (and certainly they are often labelled as such in the wider
literature), but it should not be dismissed because of its connection to epistemology;
openness is epistemic but not merely epistemic. There are a multitude of ways in
which the structures on which epistemic concerns are built are used in physics. I
will show that what information can be discovered at different positions and at

different scales is an essential feature of the world. As such, this view provides a

LAs per the previous chapter, I leave open the question of whether the external perspective
is more fundamental in some metaphysical sense (although the last chapter showed they are
ontologically on a par) to focus on the question of explanatory fundamentality, and show that
the internal perspectives are ineliminable.
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metaphysical openness that is strongly rooted in physics.

Finally, the closing off of the open future into a fized past is what makes becoming a
good account for the dynamic nature of time; but the fixity of the past has received
relatively little attention in comparison to the debate about open futures. To fully
understand what it means to be open we must also have an account of what it
means to not be open. Given the ontology I laid out in the previous chapter it
is of vital importance that once an event has come into being it then goes out of
existence again; else the view would collapse to some sort of growing block. But
this leaves the past and future with equal ontological status and any reasons for
considering the future to be open should also be applied to the past. I argue that
the answer to this follows from the metaphysical account of openness I will present.
Specifically, I propose that the past is fixed because physical records of it exist in
the present that can be used as a basis to make definite true or false claims about
the past. This in itself may seem controversial as a metaphysical thesis and it
leaves the past occasionally open (and the future occasionally fixed), but the claim
follows from the considerations I will give of how epistemic structures constitute
essential features of the world. What is more, records are an important part of
the physics of time asymmetry and this view allows us to connect the metaphysical
asymmetry between past and future to the many physical temporal arrows (such as
thermodynamics, agency, and causation). This yields a pervasive time asymmetry
that falls out naturally from physics and is not an intrinsically posited feature of

becoming.

3.2 Metaphysical Openness

What does it mean for the future to be open? This is generally taken to mean that
the truth values of statements about the future are indeterminate. Statements
are either true or false but from the perspective of the current time there is no

determinate answer as to which.? I will present two accounts of metaphysical

2Another way in which truth values can be indeterminate is a failure of bivalence - future
statements are neither true nor false (Pooley 2013; MacFarlane 2003) - but many challenge this
and show that bivalence can be maintained (Barnes & Cameron 2009; Wilson 2013 - details to
come in section 3.2.1). I will allow the latter view, but I will not defend it extensively here (Torre
(2013) and Barnes & Cameron (2009) discuss it in more detail). My reason for following these
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indeterminacy that claim that future truths are indeterminate. Both are similar
and together provide the resources to understand what it means for the future to
be open. Additionally both these accounts can be made more precise using the
ontology of localised temporal becoming in which, from the localised presentist

perspective, the future does not exist.

3.2.1 What is Metaphysical Indeterminacy?

The first view comes from Barnes and Cameron (2009; 2011). They argue that we
should distinguish between settled and unsettled truth values. Take the claim ‘there
will be a sea battle tomorrow’, as of tomorrow this will be either determinately true
or determinately false. However, as of today we can only say that it has a truth
value - it is determinately either true or false - but it is not yet settled as to which.
The events of tomorrow will settle it one way or the other. This view, they claim,
is compatible with an eternalist view of time. The tenseless facts about the world
settle the truth values (and it is based on this that bivalence is retained). Added
to this is the relational notion of settledness, which holds relative to specific times.
Relative to today the future is unsettled, but the tenseless facts about the world
ensure that there is a truth value. Although they do not put it in these terms, we

can view the relation of settledness as referring to perspectival tensed facts.3

‘Unsettled’ is a relation between the present and the future and needs some further
explanation to make sense of. There are multiple possible futures compatible with
the laws of nature and from the present there is no way to settle which one is the
actual future. This argument relies on reconciling the determinacy of laws with
metaphysical indeterminacy. (Indeterministic laws would also make the future
unsettled in this way but would limit the openness to just those specific laws,

which Barnes and Cameron wish to avoid.) There are a number of ways to defend

accounts is that, in them, indeterminacy can be linked to predictability in physics (as the next
sections will show); this provides a more physical grounding for openness than the accounts that
reject bivalence have offered.

30ther ways of thinking about bivalence could be applied here. For example, one could argue
that bivalence is retained in the external perspective but fails in the internal perspectives, although
this introduces an additional layer of complexity to address. I follow Barnes and Cameron’s
arguments for bivalence here for simplicity. Wilson, whose view is considered below, also supports
bivalence, see Wilson (2016)
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this claim, which all hinge upon questioning what is available in the present and
past that can be used to determine the future using laws. Barnes and Cameron
argue that a best system account of laws cannot be worked out without looking at
the entirety of time including the future, hence based on just the present and past
it is indeterminate what laws obtain in the world. Alternatively, if one does not
favour a best system account of laws, they also claim that even if we fix the laws
there may be metaphysical indeterminacy in the present state of the world that
precludes deterministic laws from fixing the future. But putting these arguments
aside there is also a simpler justification that can be given in the context of the
arguments developed in the previous chapter. If we are working with a localised
present, and becoming occurs along a worldline, then information included in the
present and past is not enough to fix the future. Influences from outside of the

lightcone would have to be taken into account.

On this account, it seems, the openness comes down essentially to predictability.
The future is unsettled because the facts of the present (and the past) in conjunction

with the relevant laws are not enough to single out a unique future.

Wilson (2013) provides a similar account of metaphysical indeterminacy but instead
of ‘settled’ truth values she uses the idea of determinables and determinates. This
provides a more precise way of spelling out what Barnes and Cameron were getting
at with the notion of a truth being settled or unsettled.* Wilson argues that we are
able to make determinable claims about the future. The claim that ‘there will be
a sea battle tomorrow’ is the sort of claim that a certain state of affairs will make

either true or false.> However, at the present time the relevant state of affairs has

4] have only presented these accounts briefly here and their full details differ in exactly what
they commit to, the difference between them has come to be called meta-level (Barnes & Cameron,
also Barnes & Williams 2011) versus object-level (Wilson). For a more nuanced look at the dif-
ferences between them see Wilson (2016). The main difference is that for Barnes and Cameron
is it indeterminate (based on the present state of affairs) as to which determinate future states of
affairs will obtain, while for Wilson the present state of affairs is indeterminate (i.e. it contains
determinables without determinates). I will use ideas from both accounts in this chapter; how-
ever, it should be acknowledged that spelling out a fully detailed argument of how metaphysical
indeterminacy works and how my proposals in this chapter can be made precise in metaphysical
terms would require a more careful analysis of how these fit together. Here I will largely use
conceptual ideas from Barnes and Cameron but the practical machinery of Wilson. My aim is to
examine how metaphysical indeterminacy can relate to the open future and the physical basis for
this rather than to produce a detailed account of metaphysical indeterminacy in and of itself.

5State of affairs is a complex term in its own right and it has been argued that states of affairs
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not yet obtained - there is no determinate for this determinable.® When a state of

affairs obtains at a time it acts as a determinate truthmaker for the determinable.”

Where this account is let down is that no further backing is given to what it means
for a state of affairs to obtain. A model of time is needed to make sense of this.
In an eternalist block universe the states of affairs of all times obtain and hence
there is no indeterminacy. However, in models of time where the future does not
(yet) exist, there is room to claim that future states of affairs do not yet obtain.
The ontology of localised temporal becoming provides this. Future events do not
exist from the present perspective, although even in the present we can claim that
they will exist. As such the future is determinable, but its determinates do not
yet exist. Until the time at which the determinates come into existence the truth

value of future statements will not be settled.®

However, as Barnes and Cameron consider, another way for states of affairs to
settle future truth values is if the present state predicts the future state. Wilson’s
account of determinables rests on the idea that nothing in the present acts as a
determinate for the future, so this is a notable omission. She makes no mention
of the possibility that a current state of affairs could act as a determinate for
what state of affairs will obtain in the future. Taking this into account Wilson’s

indeterminacy also rests on a failure of predictability.

Together these accounts provide a precise and useful way of defining what it means
for the future to be open. They are also supported by the argument that the
presentist and eternalist views are different perspectives on time. The presentist

perspective helps makes sense of what it means for truths to be unsettled or for

cannot act as truthmakers (a role that must be played by facts (see Textor 2020)). I will follow
Wilson’s (and Barnes and Cameron’s) usage of the term.

6This is also compatible with claims for which the determinate will never obtain. There may
be a determinable claim about the future (i.e. there will be a sea battle in the future) where no
future state of affairs ever settles it (the possibility of a future sea battle remains open indefinitely
as there are always future times where it may be made true).

"Truthmakers are often understood in terms of grounding, i.e the physical state of the world
grounds the truth or falsity of claims about it. This is distinct from the more general (and
more controversial) concepts of metaphysical grounding that are sometimes used, for example, in
debates about causation. See also footnote 3.

81t should be noted that this goes beyond Wilson’s (and Barnes and Cameron’s view) somewhat
and frames it in terms of the perspectival ontology I am using.
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future states of affairs not to obtain.

3.2.2 Why is the future metaphysically indeterminate?

What we take to be a genuine failure of predictability dictates what sort of meta-
physical indeterminacy we find in the world. One way that metaphysical indeter-
minateness has been construed is as being due to our current position in time i.e.
it is perspectival. We cannot know the future because we are not there yet. This
is often dismissed as being merely epistemic and not being grounds to consider
the future truly metaphysically open.’ Simply not being at the relevant time does
not constitute metaphysical indeterminateness. The accounts of the open future,
such as Pooley (2013) that do mention perspectival structure such as the lightcone,
do little to justify why this should count as genuine openness and it is often not
explicitly pointed to as the source of openness. Dorato (2006), in his presenta-
tion of localised temporal becoming, dismisses the open future on exactly these
grounds.'® Similarly Grandjean (2022) rejects perspectival accounts of openness as
only weakly explanatory. A strong failure of predictability is looked for instead.
Mariani and Torrengo (2021a; 2021b) provide one example of this approach. They
argue for genuine passage of time based on dynamical reduction models of quantum
mechanics (specifically GRW). They use Wilson’s machinery to do this but reject
the idea that indeterminacy is due to our position in the present preventing us from
knowing what future state of affairs obtains. Instead they look for metaphysical
indeterminacy in the present state of the world. This puts indeterminacy into the
state of the world itself and our practical failure to make predictions is derivative
of that. And as they see it, the only place to find this is indeterminacy in the
quantum state. This indeterminacy entails the indeterminateness of the future.*!

The quantum state could collapse, in the future, to a number of different states.

9This is largely what Wilson suggests although, as stated, she does not consider predictability.
Barnes and Cameron are also perspectival, but to a lesser extent as some of their considerations
about indeterminacy in states and laws lie closer to the strong metaphysical view.

10He does not mention any accounts of indeterminateness specifically but makes the general
argument that our position in time is a mere relational fact and should not entail any sort of
openness.

"' This is similar to Barnes and Cameron’s view, which hinges having either an indeterminate
present state, indeterministic laws, or indeterminacy in what laws hold.
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Their view is coherent and well presented but its downside is that it commits you
to a particular interpretation of quantum mechanics (and in Mariani and Torrengo
2021b a particular ontology of GRW on top of that).!? Tt also depends on pertinent
problems with that interpretation - such as the tails problem - having a viable
solution (as they note in 2021a). It is an open question as to whether the GRW
interpretation is the correct one, but there are many reasons independent of one’s

views on the openness of the future why one might prefer or reject this view.

This strong view sees only indeterminacy in the fundamental state of the world
as important.!® Any other failures of predictability due to perspective are merely
epistemic and amount to nothing more than ignorance of the future. This would
also rule out the argument - mentioned earlier - where a failure of predictability

comes from the constraints of a localised present.

But a large part of the argument of the previous chapter was to establish that
perspective is important; additionally, there are many physical limits that perspec-
tives place on our ability to predict the future. As such, taking this strong view
and relying on fundamental quantum probabilities is unnecessary. There are nu-
merous other places in which we make probabilistic predictions about the future

1'14

that should not be dismissed because they may be perspectival."* These limits are

part of the world as much as the quantum state is.

The introduction (as well as the previous chapter) has laid out some reasons to

12Mariani and Torrengo do not consider other interpretations of quantum mechanics. It is not
clear that anything in their view precludes other interpretations of quantum mechanics that have
probabilistic collapse of the wavefunction. However, the Everettian interpretation and Bohmian
mechanics would be ruled out as not having genuine collapse. For example for an Everettian the
future is perfectly predictable and it is only epistemically open as to which branch you will end
up in (or if you will end up in all of them). And subjectivist accounts such as QBism would not
have the necessary connection to ontology to make becoming a metaphysical fact.

13Putting aside concerns as to whether quantum mechanics is truly a fundamental theory,
which has largely been superseded by quantum field theory anyway in order of fundamentality.
The GRW interpretation does also consider scaling up to macroscopic domains as important, but
want to base this on fundamental microscopic collapse.

14The possibility of non-fundamental indeterminacy has started to be debated in the literature,
Barnes (2014) argues strongly that indeterminacy must be fundamental and Mariani (2022) re-
sponds. This is somewhat at odds with the insistence from Mariani and Torrengo that quantum
mechanics is the only true source of indeterminacy that could be suitable for temporal becom-
ing. However, all authors strongly reject any indeterminacy which could relate to knowledge or
perspectives, it is this strong claim that I will be arguing against here.

63



take perspectival views of the world seriously. And the rest of this chapter will
go into more detail about the way that physics uses epistemic constraints to show
that a failure of predictability due to perspectival limits does have an essential
role in our metaphysics (and in physics itself). However, it is worth considering
here a general perspectival constraint that physics places on knowledge: special
relativity and the lightcone structure of spacetime.!® The biggest recent push-back
against presentist views of time has been to take seriously the way that relativity
disproves the idea that there is a single universal present moment. The response
has been to develop localised accounts of the present (and of temporal flow). Along
these lines the limits that the lightcone structure puts on the predictability of the
future should be taken equally seriously. A localised present with a past defined
by timelike worldlines cannot contain the information needed to predict the future.
This is an essential part of the structure of spacetime.'® This structure is integral
to thinking about the causal structure of the world, among many other things. We
should no more dismiss the limits of predictability due to the lightcone structure
than we should dismiss its impact on causation. This is a limit on knowledge, but

it is a limit set by the world and not by human capabilities.

Openness is indeed purely a feature of the presentist - internal - view on time. But
it is an unfounded and undefended assumption that the external perspective should
be taken as more fundamental than the internal perspective. It is in some ways
a mere epistemic limit that we cannot ever access the facts about the future from
the internal perspective and that we cannot predict them using present resources;

but this limit is part of the intrinsic metaphysical structure of reality. To call this

15This has been largely the argument that the current literature on open futures has focused
on. As we saw in the previous chapter much of this is based on Stein’s (1968) relativistic notion
of becoming based on causal connectability and the past lightcone. However, although recognised
to be perspectival, it has not been explicitly mentioned that this is an epistemic limit as much as
anything else.

16The branching spacetimes that Belnap (1992) and McCall (1994) developed as part of their
open futures accounts have also been used to understand branching futures in the Everettian
interpretation of quantum mechanics (see Wallace 2012 chapter 8 and Bacciagaluppi 2002). There
is no genuine collapse in the Everett interpretation, which is why Mariani and Torrengo favour
GRW; the future is perfectly predicted by the wave function (all futures are actualised). The
branching of spacetime does not constitute the quantum probabilities. But the close connection
here is undeniable and an account rooting the open future in quantum mechanics on these grounds
could get off the ground. However, as I will argue in later sections we can get an open future
without necessarily referring to quantum mechanics.

64



merely ignorance would be a mistake.

3.3 Perspectival Openness

Mariani and Torrengo give a clear statement of why one might reject epistemic

openness:

“clearly an epistemic take on the notion of unsettledness is uninterest-
ing. If the future is open in a more robust and genuine sense, the unset-
tledness of future contingents have to be interpreted metaphysically, as
an objective feature of the external world.” (Mariani & Torrengo 2021a,
p 3926)

The point of contention here is that epistemic matters are not objective and do
not tell us about the external world itself, only our subjective capabilities. Along-
side this is often found the assumption that all perspective dependent features are
epistemic. Perspectival openness depends on our position in time and our practical
abilities to make predictions. It is too subjective, or so the thought goes. I have
introduced some introductory reasons not to be concerned about perspectival in-
determinacy, but we can go further in responding to the charge that it is merely

epistemic and subjective.

Two strategies for responding to this are available. The first, which has been
the approach taken by Ismael (2016a; 2016b; 2023), is to embrace the charge of
subjectivity by taking epistemic openness as a backdrop for explaining why we can
control and influence the future. This accepts that the openness of the future is
subjective but grounds it on the physical asymmetry of knowledge. In this case the
fact that the openness is epistemic and subjective is unproblematic as the goal is to
explain human experience and show how it falls out from the background physics

governing the world.

But we can go further than this. I will argue that perspectival openness is an
integral part of physics and that it is false to claim that it does not tell us anything
about the objective, external world. This can act as a basis for metaphysical inde-
terminacy that goes far beyond just the indeterminateness of quantum mechanics

laid out in the previous section. Perspectival structure is the basis for epistemic
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concerns, but we shouldn’t be wary of it on these grounds. Agency accounts such
as Ismael’s are just special cases of perspectival openness and only work due to the

metaphysical indeterminateness that is implicit in the background.

3.3.1 DMore than Epistemic: Agency Accounts

Ismael (2016a; 2016b; 2023) argues that the future is open due to paradoxes be-
tween how we represent the world and our role as agents in it (although this need
not necessarily be construed as a human agent as opposed to an artificial one with
similar capabilities). This works against the backdrop of the epistemic asymmetry.
Our knowledge of the past (and lack of knowledge of the future) are the basis for
the way we deliberate and act. However, the epistemic asymmetry on its own does
not constitute an open future. She quotes Penrose (1979) as motivation for this

conclusion:

“the direction of psychological time...is not just a question of the past
being (apparently) more certainly knowable than the future...It is not
the ease in inferring the past that is relevant here, but the feeling that
the past is unchangeable...it is not the difficulty that we might have in
guessing...the future that concerns us, but the feeling that we can affect
[it]...” (Penrose 1979 p. 594-596)(as quoted in Ismael 2023 p.7)

Her aim is explicitly to explain the feeling of temporal progression and why the
openness of the future is an important part of that. Ismael is also a proponent of
localised temporal becoming and this can be taken as a background to her views
on the open future. Her focus, however, is not on the ontological side of temporal
becoming but on how it relates to the experience of an embedded agent. The
assumed background ontology seems to be the basic eternalist block without the
reinterpretation of this that the previous chapter discussed. Although as we will
see, Ismael argues strongly for the embedded, tensed, perspective but focuses on

this in terms of an agent’s experience rather than as an ontological claim.!”

"The lack of explicit discussion of the ontological side of this picture should not be taken as
an objection to the view I have developed. Even though all the mentions of ontology refer to
the straightforward eternalist picture, Ismael says “In the case of time, we don’t think of the
future as there already, waiting to be experienced. We think of it rather as coming into existence
as we experience it.” (2016, p. 149) The idea of becoming as an ontological claim based on
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An agent has to describe the world in order to theorise about it. And they in-
evitably have to include themselves in the description. Day-to-day physics, Ismael
argues, avoids this as the goal is to model other systems. Even cosmology “main-
tains the imaginative fiction that we are sitting outside of the universe looking
down.” (Ismael 2023, p.1). However, a complete representation of the universe
must include the agent embedded in it and from this comes paradoxes of self-
reference. Ismael’s example of such a paradox is to imagine a computer that can
be asked any question about the physical world. It is equipped with the necessary
knowledge of the state of the world and the laws of physics to be able to answer,
and its answer will appear in its output channel. There is a simple question that
the computer will be unable to answer truthfully regardless of what knowledge it
has: ‘Is the answer to this question that’s about to be displayed in the output
channel ‘no’?’. The computer cannot answer this truthfully because its actions in
the world (printing the answer in the output channel) interfere with its ability to
make predictions. It cannot make these predictions without taking into account
the way that it is representing and acting on the predictions. This leaves open a
number of potential futures that the actions of agents in the world can bring about.
Ismael labels the transformation of potentiality into actuality as becoming, i.e. the
passage of time. This is, however, a limit on representation and not on the world

itself; becoming occurs at the level of experience:

“This isn’t going to affect what the system can do at a physical level.
It does place constraints on what the system can truthfully represent
and it does lead to an essential incompleteness in the worldview of an
embedded Agent.” (Ismael 2023, p.9)

But this is still an important part of explaining how the world works and what
our experiences of being part of the world are. Dismissing this as subjective and
therefore uninteresting is neglecting a large part of what it means to explain the
world. Additionally, Ismael shows that the incompleteness has a strong physical
basis in statistical physics. She follows Albert’s (2000) account of the arrow of time
in statistical mechanics (and thermodynamics). Albert uses this account to explain

the epistemic asymmetry (I will explore asymmetry and more details of Albert’s

reinterpreting the eternalist block is well supported by this.
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account in section 3.4 - for now I am simply concerned with the link between
openness and physics in a general sense). The abundance of information about our
macroscopic past is what makes it possible for agents like us to exist and to use
information in the way that we do. Another consequence of statistical physics is
that small changes made to the microscopic present propagate forwards and have
effects in the future; but this cannot be done in reverse. This is dependent on the
epistemic asymmetry; the abundance of macroscopic traces of past events constrain
what the past could be and only large scale changes to the present that encompass
all possible traces could lead to a different past being made possible. These large
scale actions are outside the realm of any imagined agent’s capabilities (precisely
because records are so abundant and widespread). Although the openness of the
future is part of subjective experience, the features that create this experience fall

out of the relevant physics. It holds separately from any individual agent.!®

Fernandes (2023), similarly working within the Albert framework, also considers
the question of an agent’s ability to control or influence the future but not the past.
She takes this to be closely linked to Ismael’s account but focuses on the statistical
basis for it to give a more detailed account of how an agent processes information,
deliberates on it, and then acts. This project builds on the ongoing literature from
Albert and Loewer (for example Loewer 2007, 2023) on this topic that explores
the statistical basis for causation, counterfactuals, and agency. Fernandes similarly
concludes that the conditions that limit an agent to controlling/influencing only

the future are a result of statistical mechanics.

All of this feeds into a picture where the future is open and subject to an agent’s
control. This follows directly from the epistemic asymmetry and other facts about
statistical physics that determine how agents can act and what influence they can
have. Although the openness is relative to an agent, it is a result of the relevant

physics.

BIsmael’s work, including her book How Physics Makes Us Free, gives a far more detailed
defence of the physical basis for this view which I refer the reader to.
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3.3.2 Epistemic is Enough: Predictability

Ismael’s account, for all it relies on physics, puts openness at the level of representa-
tion and an agent’s subjective experience. She dismisses the epistemic asymmetry
between an open future and a fixed past as not enough on its own. Only with the
addition of self-reference paradoxes and the possibility of an agent’s action does
she consider this as openness. The epistemic asymmetry found in physics plays
merely a supporting role (albeit an essential one). It is certainly true that our
experience of temporal passage goes beyond just a lack of knowledge of the future.
The sense of control is hugely important and undoubtedly contributes to a com-
plete and thorough explanation of our experience of time. But putting temporal
passage entirely at this higher level is a mistake; the epistemic openness found in
physics is hugely important in its own right. Ismael’s narrow concept of agent-
relative openness is just a special case of a much wider perspectival openness. The
probabilities in statistical mechanics and the physical basis for information can be

used to substantiate the metaphysical indeterminacy from section 3.2.

The accounts of metaphysical indeterminacy from section 3.2 largely amounted to
claims about failures in our ability to predict the future from our position situated
within time. This is an important sense in which information is used in physics.
The laws together with the state of the world give us information about the future.
Not all laws take this simple dynamical form but many do, and all our methods of
testing theories empirically involve deriving dynamical effects and making verifiable

predictions about what will happen under certain conditions.

The attempts to substantiate metaphysical indeterminacy rest largely on finding in-
eliminable metaphysical indeterminacy in the present on which the future depends
(as Mariani and Torrengo do in their GRW account), or even looking at inde-

terminacy in which laws obtain (which Barnes and Cameron briefly consider).!

9This follows in the footsteps of Markosian (1995; 2013) who wrote on the problem of other
times for presentism. The basic problem was how a presentist (in the original strong sense of
the view and not the perspectival sense that I have been developing) can make any claims at all
about times other than the present. These other times do not exist so how can they be talked
about? While various solutions to this have been proposed, Markosian’s proposal was that the
present state is the initial conditions that can be used in conjunction to the laws of physics to
specify events at all other times. I will not consider the other solutions to this problem, which
include Bigelow (1996) and Crisp (2007) as notable examples, here as they are not relevant to
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Assuming deterministic laws the present state along with the laws of physics fixes
everything there is to know about other times and denies that there is an open
future. Barnes and Cameron pick up on this and their strategy is to find ways
around the determinism of laws and bring back uncertainty in predicting the fu-
ture. As mentioned in section 3.2, special relativity places a huge constraint on
this. A localised present does not have the resources to do this even in a fully
deterministic world. An embedded, localised, perspective is necessarily limited in

the information that can be used to feed into the laws of physics.

However, special relativity is not the only constraint on our ability to predict. These
accounts consider only fundamental fully deterministic laws, which use precise and
fully specified microstates to predict. Mariani and Torrengo respond to this by
looking to the indeterminacy of quantum mechanics. Far more commonly, how-
ever, we make predictions using statistical mechanics or other high level theories,
which also often make probabilistic claims about the future. On the same basis
that quantum mechanical probabilities leave the future open, so too should these
probabilities. It is these theories that constitute the epistemic backdrop to Ismael’s
self-reference paradoxes. These sorts of probabilities are not fundamental, which
is why they are generally dismissed. But to do so is a mistake, and undermines
their effectiveness in explaining the world. Similarly to special relativity we can
view these sorts of probabilities as perspectival limits on the information available
to make predictions. They are perspectival in the sense that they are indexed to

which level of reality we are working from (rather than to the position).

Many accounts have been given to try and explain how we get thermodynamics out
of statistical mechanics and what both theories tell us about the external world.
Albert’s (2000) discusses this and uses a past hypothesis and a statistical postulate
to constrain the possible histories of the universe. This account explicitly intro-
duces a probability postulate (the statistical postulate) that can be used to derive
probabilities for macroscopic events at any times. It is from this that we get ordi-
nary expectations such as the assumption that ice will melt and milk will disperse
in coffee. Ismael uses Albert’s account specifically as it relates to the epistemic

asymmetry in the form of records and to the asymmetry of influence. However,

this project.
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these are just part of the wider project of explaining the thermodynamic gradient.
Wallace (2012) provides an alternative account that uses coarse-graining and the
irrelevance of lower level details to justify the predictive success of macrodynamics.
What is undeniable is that higher level theories are extremely predictively success-
ful and have extensive empirical justification. And the predictions they give are

probabilistic despite being derived from deterministic laws.

There is significant debate around how to interpret the probabilities both in these
accounts and in statistical mechanics more generally. One claim is that the proba-
bility distributions represent our inability to determine the exact microstate, mak-
ing them entirely epistemic. Without this knowledge we are forced to use prob-
ability distributions that represent our uncertainty in the exact state. However,
several accounts of probabilities have been developed that aim to show that proba-
bilities are objective parts of the world, even if they have an epistemic gloss (often
calling them epistemic chances or objectified credences). Ismael (2009) argues that
probabilities are relative to well-defined physical macrostates and that they are
an indispensable part of physics. Myrvold (2021a) and Strevens (2011) base their
accounts of probabilities on features like the dynamics or ineliminable noise at
the microscopic level that makes the exact initial microstate - or even the initial
probability distribution we assign to a system based on our knowledge - irrelevant
to predictions. All these accounts show that probabilities are objective and latch
onto real physical features even in a world governed by deterministic physics at the

fundamental level.

It is also possible that probabilities in statistical mechanics come from quantum
mechanical probabilities. This is an open question (see Popescu et al. (2005) and
the accounts mentioned above for more details). But if true, harkening back to
Mariani and Torrengo’s account in section 3.2, this would lead to an open future
essentially based on quantum mechanical indeterminacy in the present (but with
a much wider understanding of probabilities and how they feed into higher level
theories). There is still debate about how to interpret quantum probabilities but
they are generally taken as the most objective probabilities one could get in the

world.
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To relate this back to openness more explicitly, statistical mechanics cannot spec-
ify a single unique future relative to an initial macro condition but instead gives a
range of possible futures, each with a different probability. In these cases we can
use the accounts of metaphysical indeterminacy from section 3.2: the truth values
of future claims are not determinate. The potential challenge in doing this is the
non-fundamentality of the probabilities in statistical mechanics. The accounts of
metaphysical indeterminacy are not necessarily straightforward to apply to ques-
tions about levels in science (this is likely part of why Mariani and Torrengo jump
to utilising quantum mechanical probabilities rather than any others). In the lan-
guage of truthmakers it seems if there is anything at any level that makes a claim
true then the truth value of that claim is fixed. For Barnes and Cameron if the
future is predictable by the fundamental laws combined with the initial state then
it is settled. This is a reductionist approach. Emergent laws and probabilities,
however, could be relevant when we have a localised present perspective and there
is not enough information to accurately use the fundamental laws. Emergent laws
are often particularly applicable to semi-isolated subsystems.?’ Wilson’s account
provides better resources for dealing with levels. A determinate for a determinable
is a state of affairs that obtains in the world. A state of affairs is a very general
notion and we can easily conceive of the state of affairs being described at different
levels. This would allow a claim to have a determinate at one level but not at

I For exam-

another. Wilson explicitly discusses this sort of level dependency.?
ple we might have a determinate that a certain object is red but not a more fine

grained determinate as to whether it is scarlet or crimson. Similarly a macrostate

290nly considering subsystems does not rule out using fundamental laws as these too can be
applied to isolated localised systems, emergent laws will also be constrained to the information
in the localised present. However, emergent laws have better apparatus to deal with localisation.
Ismael (2009) discusses the thermodynamics of open subsystems in her account of probabilities.
When fundamental laws are used there are normally a number of assumptions and idealisations
(such as negligible noise, no air resistance etc) that have to be made to define an effectively
isolated system and treat any outside influences as negligible. For any complex system even
semi-isolation is unlikely and emergent laws are specifically designed to recognise that the system
is open but disregard irrelevant lower level details and minor influences from outside the system
(see Franklin & Robertson 2022; Wallace 2012). Along with thermodynamics another example of
this is decoherence, which is explicitly an open systems theory. Chapter 5 will discuss localisation
in quantum decoherence.

2IMariani (2022) also discusses this and more generally the possibility for non-fundamental
indeterminacy, although no physical examples are given.
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in thermodynamics plays the role of a determinate for claims about the future, but
it is indeterminate as to precisely which of the possible futures compatible with the
macrostate will be the actual one. More likely than not the microstate of a localised
present will not contain enough information to act as a more detailed, finer-grained,
determinate than the macrostate to resolve this indeterminacy at a lower level (for
example the microstate may be too sensitive to influences from outside of the lo-
calised present). And even if it did, this should not undermine the objectivity of
the higher level probabilistic indeterminacy based on the macrostate.?? Whether
the future is open - whether it has determinate truth values - is relative to the set
of information in the present. This depends both on the level of description as well

as position within time and the localisation of the present.

One might still be tempted to dismiss this as only pertaining to higher level theories
and not revealing genuine objective metaphysical features of the world. However,
one should only be willing to do this if one is also willing to dismiss statistical me-
chanics and thermodynamics (as well as the multitude of other higher level theories
that use similar methods).?* Certainly some may be willing to do so (thermody-
namics has often been accused of having an epistemic basis) but the objectivity
of thermodynamics and the value of other higher level theories in providing novel
explanatory value that cannot be captured by the lower level has been extensively
defended in the literature on emergence and reduction in physics. This is at odds
with viewing thermodynamics, and its probabilities, as merely epistemic. Of par-
ticular interest here is the defence offered by Robertson and Prunkl (2023) that
picks up on the information theoretic basis to thermodynamics. They argue that
a realist and objective interpretation is perfectly possible because, even in places
where it explicitly uses epistemic concepts, these are taken to link onto objective

physical structure in the world. They conclude that:

22T would also argue that, even in a case where we did have a microstate in the localised
present that was perfectly isolated and contained all needed information to predict the future
with deterministic micro laws, we should still maintain that the future is indeterminate at the
higher level. This would be the reverse of Wilson’s situation as we would have a determinate at
the fine-grained level but only probabilities at the coarse-grained level.

23Even in quantum mechanics interpretations such as the Everett interpretation rely on emer-
gent structure to interpret probabilities. It is also increasingly common to question what it means
for a theory to be fundamental and if there is a fundamental level of reality at all (e.g see McKenzie
2011).
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“Thermodynamics might not be fundamental, but it is objective.” (Robert-
son & Prunkl 2023, pg 9).

In just the same way we can reject Mariani and Torrengo’s accusation, quoted at
the beginning of section 3.3, that epistemic openness, even with a metaphysical
gloss, does not tell us anything about objective features of the external world. The
epistemic asymmetry and the openness it describes is objective and constitutes
real physical structure in the world. It is perspectival and level dependent; it does
not necessarily feature in the fundamental laws of physics. But this should not be
reason to dismiss it any more than we would dismiss thermodynamics. At the level

of statistical physics the future is genuinely and metaphysically open.

A standard eternalist (who has only the tenseless block of facts) can explain prob-
abilities only by viewing them as resulting from restricting the total amount of
information available in the block universe (i.e. we restrict to the subset of facts
available at that spacetime point at the relevant level and predict from there). This
does not necessarily mean they cannot view emergent structure as objective and
important - the eternalist can certainly accommodate indeterministic laws. But it
makes the accounts of probabilities much weaker and more epistemically inclined.
Recognising the future described by these probabilities as genuinely metaphysi-
cally indeterminate brings forward the very real and influential structure that they
capture. The result of this structure is that future statements have genuinely in-
determinate truth values from certain perspectives. Acknowledging perspectives
as objective and unavoidable aspects of reality makes it much clearer why emer-
gent theories have so much novel explanatory value. The statement ‘x occurs with
probability 1/2 at t5” is made true by the current macrostate that defines this prob-
ability. A standard eternalist would have to explain how this can be true despite

‘x does occur at ty” also being true (made true by the actual state of affairs at t5).

3.3.3 Epistemic is Enough: Physical Information

We can go deeper into this attempt to justify the objectivity of epistemic struc-
ture, picking up on the claim by Robertson and Prunkl that the epistemic basis of
thermodynamics captures objective structure in the world. Predictions and prob-

abilities are only part of a much wider sense that physics uses information, even
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if these are the most obviously related to the openness of the future. Informa-
tion is also directly encoded in physical states or analysed through the process of
measurement. Recognising information as physically realised goes a long way to
understanding why probabilities and predictions based on levels and perspectives
are objective. It also shows why picking a perspective is not the same as arbitrar-
ily restricting the total information that is available in the block universe; instead,
perspectives are naturally defined based on physical structure that imposes these

limits in specified and lawlike ways.

Encoding information in physical states is an important, but largely overlooked,
aspect of Ismael’s self-references paradoxes. The archetype paradox that she uses
is a computer printing the answers to questions. It is the way the output screen
- in itself simply an arrangement of coloured pixels - represents information that
makes it a paradox and prohibits actions in the world. The computer, if it is bound
to be truthful, physically cannot print an answer to the question ‘Is the answer to
this question that’s about to be displayed in the output channel ‘no’?’. This is
more than a paradox in information but is a constraint on what correlations can
be formed in the world (the correlation between output and the processing the
computer does to produce the correct answer). In computability theory, how to
physically implement these sorts of algorithms on a physical dynamical system is
an active field of research. (For example, see Prokopenko et al. (2019) that looks
at undecidable dynamics versus chaotic dynamics in relation to computational self-
reference paradoxes. Also Hernandez-Orozco et al (2018).)* Ismael admits that her
openness is at the level of representation but overlooks how strongly representation
is a physical process.?> This picks up on technical concepts of information that
information theory (both quantum and classical - as well as large parts of computer
science) are built on. Timpson (2013) analyses this concept of information. The

basic idea behind the formal theory of information is Shannon information, which

24This field is part of a wide exploration both of the philosophy of maths and the physical basis
of life. Interestingly there is also a strong connection to emergence discussed in relation to these
sorts of dynamics, where emergence is defined in this field as underivability of the macroscopic
future state from the initial microscopic conditions. This is very similar to the probabilities of
thermodynamics and is also closely related to probabilities in chaos theory.

250f course Ismael’s paradoxes do not necessarily involve printing information, and actions that
interfere with predictions encompass a spectrum of physical processes. This is only an archetypal
case.
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is a way of characterising the possible states a system can have that can be used
to represent information. For example a system with 5 different possible states can
be used to represent 5 bits of information (each state representing a certain bit of
information). This can be built on to characterise correlations between systems.
Information theory uses these basic concepts to deal with complex processing tasks.
Timpson is careful to distinguish this from the everyday sense of knowledge. The
technical notion of information is a way of using physical systems to represent and
perform tasks with information. It does not describe (directly at least) how we
learn about the world or what knowledge we might get from seeing a particular
message. For example, information theory can describe the physical requirements
needed to send a message of a certain length and complexity (for example an 8
bit code sent in binary or ASCII). However, the knowledge a person might gain
from the message encoded will depend on their ability to understand the code, the
content of the message in ordinary language, as well as the context of the message
and how its fits into the variety of background knowledge the person might have

about the subject being communicated.

When thinking generally about epistemology and our ability to know things as
agents we tend to mean the everyday sense of knowledge. The two concepts are
connected but distinct. Technical information describes how states and correlations
between systems work in the physical world. This does not give a quantitative
description of the everyday information we might have, but it does constrain the
ways that it is possible to manipulate the world to get or use information. It is these
features of information - and not knowledge - that Robertson and Prunkl (2023)
are relying on to justify the objectivity of thermodynamics. And it can equally be
applied to objectify the limits that are placed on the predictability of the future.
There are certain states of the world that can form certain kinds of correlations
and these are the basis for extracting, representing or using information. These
states can act as determinates for predictive claims in Wilson’s account of the

indeterminateness of the future.

Not all epistemic ignorance indicates a metaphysically open future. The future is
not open because I have not yet glanced at my measurement results or because

I have not understood the significance of something I am seeing. But the future

76



is open when the world itself places limits on what information is encoded in a
particular perspective. When it comes to this sense of information there is no
meaningful difference between metaphysical indeterminateness and epistemic inde-
terminateness - they both have the same physical basis. Predictability is a physical
constraint on what the dynamics of the world are and what sort of correlations can
form as much as it is an epistemic constraint.?® And methods of prediction, ob-
servation, and control take advantage of specific features of our theories (and the
external world they describe) and often reveal important structure in them. This
has nothing to do with an agent any more than ‘observers’ being used as a syn-
onym for reference frames in special relativity means that relativistic effects are

subjective.

3.4 Asymmetry

If the future is open, then why is the past fixed? This question has received
comparatively little attention, yet to truly understand how openness plays a role
both in physics and in the flow of time it is unavoidable. It is generally expected
that while claims about the future can be indeterminate, claims about the past
are fixed. Without this the future is no different from the past; there is no sense
of a transformation from one to the other that gives time its distinctive dynamic
appearance (see chapter 1). Likewise within physics, without getting a handle on
what is not probabilistically indeterminate we cannot properly work out where and

why objective probabilities do arise.

Both localised temporal becoming and the open future model of time considered
in the previous chapter assume the determinateness of the past. Passage is the
coming into being of the present moment and as it comes into being it makes
definite the previously indeterminate future. At the next moment a new present
comes into being and, to avoid a collapse to the growing block view, the previous
moment must cease to exist. In this sense becoming is perfectly symmetric; and

following from this the indeterminateness of the future should be mirrored with an

26Ismael’s and Fernandes’ justification of control over the future depending on epistemic open-
ness from statistical physics is along these lines but does not go nearly far enough in recognising
the physical basis for abilities as agents. And they also do not appreciate how this goes well
beyond agents and is a much wider constraint on physical systems of all sorts.

77



indeterminate past.

Views on asymmetry differ between the different advocates of temporal becom-
ing. Dorato (2006, 2000) rejects symmetry and assigns an intrinsic arrow to the
process of becoming based on the principles of causal connectibility in Minkowski
spacetime. (Dorato rejects the open future thesis and so has no questions about
what fixes the past. His arrow is merely to give directionality to the processes of

physics). He claims that:

“Temporal becoming involves the issue of an asymmetric causal or tem-
poral relation, and therefore the complex question of the direction (ar-
row) of time, but has nothing to do with allegedly ontic asymmetries

between past, present, and future” (Dorato 2006, pg. 572)

However, it is unclear how the metaphysical process of becoming inherits its arrow
from spacetime structure. Are these two separate arrows that simply happen to
align? If the connection is deeper than this then how exactly does becoming relate
to this causal/temporal relation? These questions are left unexplored. The open
future model similarly relies on the structure of spacetime and the assumption of
asymmetry between the past and future lightcones. While the lightcone clearly
limits predictability, and as such is a suitable source of openness, it does not give
any physical structure to fix the past. Others such as Rovelli (2019), claim that be-
coming itself is symmetric and any asymmetry is found purely within physics. This
leaves becoming a much weaker concept that seems to play little role in explaining

reality.

The discussion in this chapter suggests another answer. The openness of the future
is a result of the structures in physics that place limits on knowledge of the future.
Likewise the fixity of the past must depend on the structures that ensure knowledge
of the past. Hence the past is determinate because of and conditional on the
records we have of it. Records will tell us about what is in the causal past, but
are a physical realisation of this information. This is largely in line with Rovelli’s
claim of fundamental symmetry with asymmetry derived from physics. However,
combined with the discussion from the previous sections we can see that this goes

beyond just directedness of our physical laws; is a derived metaphysical asymmetry.
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The change in reality from moment to moment that becoming describes is, in itself,
symmetric. But the structure of reality is such that the content of what becomes

at each moment produces an asymmetric structure.

In the following two sections I will first argue that fixing the recorded past sat-
isfies all of our everyday intuitions about the past (including the impossibility of
backwards causation) and that this is integral to the asymmetry found in physics.
This ties the asymmetry of flow directly into the reductionist project for explaining
time’s arrow. And second I will lay out what the resulting metaphysical picture
would look like when using records in conjunction with localised temporal becoming

as an account of passage.

3.4.1 The Recorded Past is Fixed

There is a distinct asymmetry in our knowledge of the past versus the future. Our
knowledge of the future tends to be probabilistic and uncertain. On the contrary,
we are easily able to make inferences and claims about a past that we consider to be
fixed and definite. Prediction and retrodiction are, in themselves, fairly symmetric;
the asymmetry is primarily due to records.?” These are extensive traces of the past
such as photographs, fossils, footprints etc - anything that bears a direct correlation
to a past event and allows us to make inferences about what has happened. Records
are a prominent feature of our experience of temporal asymmetry. We can also
draw on the way that records are connected to many other temporal arrows such
as causation and counterfactuals to understand why the fixity of the past should

depend on records.

The research program spearheaded by David Albert and Barry Loewer for explain-
ing thermodynamic asymmetry, and its connection to causation, agency and other
arrows, relies on records as a central part of the argument. They first appear in
discussions of Boltzmann brains. Our evidence that the present universe has not
merely fluctuated into its current state from a previously higher entropy state is
the assumption that our records of a low entropy past are veridical. This provides

justification for postulating the past hypothesis, which is needed to explain these

2"The next chapter will discuss this, and what exactly a record is, in far more depth, as well
as looking at questions about how records are localised, macroscopic systems.
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observations (see Albert 2000 for details of this program). In turn, this then allows

us to explain how asymmetric records arise.

This can be more specifically linked to the probabilities discussed in section 3.3 (sev-
eral of the probability accounts explicitly align with Albert and Loewer’s program).
The probabilities are of future evolution given the present macrostate. Records,
along with the past hypothesis, significantly limit the possible past macrohistory
of the universe. Although they don’t precisely specify the past microstates, they
give a much narrower probability distribution over the past macrostates than they
do over potential future macrostates that the system could evolve into. The set of
lower entropy histories is much smaller than the set of higher entropy futures - i.e.

the past is fixed in comparison to the future.

Beyond this, records then also play a crucial part in explaining the counterfactual
and causal asymmetries, which give us our intuitive ideas about what the past
being fixed means. The idea of using records for this predates Albert and Loewer’s
program and stems from Lewis (1979)’s analysis of counterfactuals. The basic idea
is that records block backwards counterfactuals because the event the record is a
record of must exist in the past. Records generally give highly specific information
about the events they are produced by. Generic events do not have this property,
they can often be caused by multiple different causes in different circumstances and
the connection may be hard to discern. Records, however, are states that carry
specific details of the event and can be linked back to what created them much more
clearly. If we alter the event in the antecedent to test a backwards counterfactual
but keep the rest of the present the same then the abundant records that exist in the
present ensure that the past (the consequent) remains as it was. So changes to the
antecedent do not alter the consequent, meaning the counterfactual does not hold.?®
Only by altering all the records that exist of a past event could the past be changed.
While this was first applied to counterfactuals, the basic idea can be differentiated
to support a number of subtly distinct arrows including the more general causal
arrow and the arrows of deliberation, influence, and control. Jointly the arrows

of deliberation, control, and influence - which closely match counterfactuals and

28In Lewis’s framework this essentially means that in the closest possible world in which the
truth value of the antecedent is flipped the consequent does not change.
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causation but narrow down on the ability of an agent to knowingly and deliberately
affect the past - ensure that the past is fixed as we expect it to be (see Fernandes
(2023) for detailed discussion of this). This allows some leeway for minor backwards
influences in cases where, for example, no records at all exist. But we can never
knowingly manipulate the past to our own ends. In terms of our everyday intuitions
this is largely why we consider the past to be fixed in a way that the future is not.
Nothing we do can alter it, and knowledge of it is presented to us as a done deal.
The fixity of the past is not an absolute and inviolable condition however, it simply
appears that way to the average person because records are so abundant that

exceptions never arise.

All of these arguments largely belong to a single interconnected research program
(albeit an expansive and complex one). But records also feature more generally
in other possible approaches to understanding causation. For example Dummett’s
bilking arguments about causation rely on whether or not an agent has relevant
knowledge. The Bilking Argument is a paradoxical set up in which an event C
causes an earlier event E. However, an agent could interfere with the process after E
has taken placed and prevent C from occurring. This leads to a situation in which
the C cannot have caused E because E occurred without C. The agent has ‘bilked’
E of its cause. Dummett (1954; 1964) identified that the problem in this situation
comes about because we have knowledge of the effect and can therefore act to
interfere. It is records and information that make backwards causation problematic

here.

Price (1996) considers Dummett’s solution to the Bilking Argument: that back-
wards causation is only coherent if we do not have knowledge of the effect before
the cause occurs. In a case where we could not be sure that E had occurred until
after C had also occurred there would be no potential problem. This conclusion
leads Price to argue that in order to coherently evaluate counterfactuals about
backwards causation we must hold the accessible or knowable past as fixed (but

not the past as a whole).

These arguments, although involving what an agent can do to the past, are strongly

based in physics and are independent of any particular agent. The way that records
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are correlated to the past limits what effects actions in the present can have. Where
backwards causation is acknowledged to be possible, it is constrained to affecting

only the events in the past for which there are no records.

Furthermore, even beyond the physics used in these accounts to explain what
control and influence really amount to, many other areas of physics should lead
us to doubt that the past is fixed beyond what is recorded. Another area that
uses ideas about records and inference in explaining asymmetry and the fixity of
the past is quantum mechanics. While I do not want to base openness entirely on
quantum mechanics as Mariani and Torrengo do, it is certainly not insignificant to
consider how quantum openness fits into this picture (later chapters will do this in
more depth). It was recognised early on that the limits that quantum mechanics

places on predictability apply to the past as well as the future:

“the principles of quantum mechanics actually involve an uncertainty
in the description of past events which is analogous to the uncertainty
in the prediction of future events...this uncertainty in the description of
the past arises from a limitation of the knowledge that can be obtained
by measurement of momentum.” (Einstein, Tolman, & Podolsky 1931,
pg. 780)

The uncertainty principle places limits on what information can be accurately
determined and as such we are unable to completely retrodict the past based on
present information. Di Biagio, Dona and Rovelli (2021) present an argument
following this that the time asymmetry of quantum mechanics as a whole is entirely
due to the asymmetry brought about by the process of making inferences, while
the underlying dynamics are symmetrical. While there are many other possible
explanations available of quantum asymmetry, it is undeniable that measurement

and inference are important factors.

This is not an exhaustive list of everywhere where records are used but it indicates
a number of important places where records can be linked to the claim that the
past is fixed in a way that the future is not. Certainly it shows that records are
what give us our commonplace assumptions about the past and suggests that where

records fail we should give up our assumptions in favour of the results that physics
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has provided. The following three chapters will develop the physical basis for this

further so I will let the argument rest for now.

3.4.2 Presentism, Flow, and Records

I will now consider how this translates into a metaphysical difference between past

and future.

Section 3.3 discussed how states of affairs, such as macrostates in thermodynamics,
can act as determinates for claims about the future based on how they define
probabilities for future events. Similarly when a state contains records of the past
these act as truthmakers for claims about the past. Because present states (which
are localised and can be either macrostates or microstates - although localised
macrostates are far more likely to contain the information needed to make effective
claims about the past and future) commonly contain a large number of records
but only define probabilities of possible futures we get an asymmetry between
past and future. Future claims are largely indeterminate while we have many
determinate claims about the past. This is possible precisely because there are
so many abundant records of the past and because they contain fairly precise
information about the past. Additionally, where a single record is not informative
enough to precisely fix the past, a set of many different records formed by the same

past event can support and verify the information contained in other records.

Using records to build on presentism and explain how we can ground truths about
the past and future on only presently existing things has been proposed before:
Kierland (2013) makes a similar suggestion of solving the grounding problem for
presentism using ‘records’. Based on the intuition that “reality carries its history
along with it” (p. 180) he proposes that there should be ‘records’ of the world’s
history existing in the present world that satisfy four constraints: (i) the record
should be an effect of the past, (ii) the record must be perfect (i.e. carry complete
information about the history of the world), (iii) the information in the record must
not require significant mathematical/logical work to recover, and (iv) the record’s
sole purpose should be to be a record of the past. Kierland dismisses the idea
of using features of the present world (such as the physical records I have talked

about) as this sort of record is only able to satisfy the first constraint (arguably
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(iii) as well but often records are far from straightforward). Instead he proposes
introducing specially made ‘records’ that are metaphysical properties of the present
world that are dedicated to exactly this purpose and no other. This is along the
lines of common presentist solutions for how to talk about other times. The most
common solution is Lucretianism (Bigelow 1996; Crisp 2007) where the present
contains past and future oriented properties that ground past and future oriented
facts. Kierland’s records are a variation of this. The obvious ontological downside
of this is, of course, having to posit a new kind of property in the world. The world
is now no longer made up of presently existing things but also past and future
oriented properties. The relation of these properties to existence and the actual

present state of the world is unclear.

Several of these constraints are unmotivated, however, when we consider the per-
spectival ontology that I am using; in this context actual physical records do the
job perfectly well. A standard presentist has no other resources than the present
and the whole concept of temporal extension with a past and a future as well as
order, flow and a fixed history must be captured within this. Because of this the
records must be complete (perfect), otherwise time would have unexplainable gaps
in it. Constraints (iii) and (iv) come in because the record must be a dedicated
way to understand what other (non-present) times are and as such they cannot
be reducible to something serving another purpose in the present world. Without
this there would be no distinct concept of the past as something separate from the
present. For a non-standard presentist the record does not have to do all of this.
Other times are already taken to be as real as the present — just only from their
own perspective or from the external perspective — so we do not need to create the
concept from scratch. As for constraint (ii): the tenseless perspective is a way to
capture the complete and fixed history of the world so this no longer needs to be
entirely contained within the present record. Records are abundant enough to fix
the past relative to the present to the extent that we would expect. In the rare
cases where there are no records, or the records only specify the past event to a cer-
tain probabilistic degree, then we should accept that these aspects of the past are
indeterminate in the same way the future is. They still exist at their own locations

in time and still have bivalent truth values, but are indeterminate with respect to
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the present. This is in line with the accounts of causation and control laid out in
the previous section that show why the small possibility of backwards causation
should not worry us. In this we should recognise that our intuitions that the past

is universally fixed should be weakened to match physical accounts of control.

It is only the first constraint that has any motivation. We do indeed require that
records are caused by the past. Even in this we can put aside a strict notion of
causation requiring a metaphysical account of what this means, and simply say
that records must be genuinely correlated to past events. This is important to
rule out spurious or misleading ‘records’ that look like systems which provide in-
formation but are actually false. For Kierland this is done by definition of what his
record properties are, but interpreting physical systems in the actual world is more
complex. This, however, is once again easily taken care of by the eternalist perspec-
tive. We do not, in the present moment, need to be able to perfectly distinguish
true from false records. Records are only truly records if they are correctly cor-
related to the past; this correlation is revealed in the eternalist perspective where
cross-temporal relations such as this can be seen. Records are a certain type of
physical correlation found in the world independently of our ability to correctly
read and interpret the information. And while the correlation to the past event is
cross-temporal, the existence of the record itself can be found in just the present

moments.

Records within the present act as grounds for claims about the past to the extent to
which they specify information about those past events. And most importantly we
can ground these facts without having to refer to anything except presently existing
systems. I have already discussed how this may have unintuitive consequences when
it comes to areas that we have no records of, and shown that this is in line with how
we understand the physical basis for backwards control and causation. Likewise
it is worth noting that the future may be more fixed than expected. Although
we have a distinct epistemic asymmetry between past and future, it is not the
case that we know nothing at all about the future. To the extent to which our
laws and current facts allow us to deterministically predict the future, we should
consider those aspects of the future to be as fixed as the past is. The account

I propose, however, provides a strong physical basis on which to base the fixity
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of the past and the indeterminateness of the future where it does exist. What is
more, it naturally ties into the way in which many temporal arrows are explained
through physics. One failing of many dynamic views of time is that they postulate
fundamental metaphysical flow and directionality but fail to show how this produces
the everyday experience of time that we have. Our everyday experience rests on
temporal arrows such as control and our experience of causal relations as well as
the ever present epistemic asymmetry. Building these arrows directly into the

metaphysical picture of flow answers this question.?”

Another somewhat unintuitive result is that indeterminateness and fixity are level-
dependent. This connection will becoming increasingly clear in the chapters to
come; but it is already clear that openness and fixity primarily concern the macro-
scopic, emergent level of reality described by theories such as thermodynamics.
The next chapter will also explain why records are macroscopic (a conclusion that
is already assumed in the way that records are used in the literature on statisti-
cal mechanics and time asymmetry laid out above). Localised temporal becoming
as a metaphysical model does not presuppose level dependence; becoming occurs
between microscopic events just as much as it does between macroscopic ones.
However, what makes becoming a substantial account of flow is how it can be
connected to the the metaphysical asymmetry of openness and fixity. It is not just
becoming at each moment but the becoming actual of an indeterminate future. The
fact that openness is a result of level dependent epistemic structure means that the
flow of time is likewise level dependent. At the microscopic level we have becoming
but it is a fairly trivial notion and the presentist perspective does not have much
value. However, at macroscopic levels, which are rich with epistemic structure, the
openness of the future plays an essential role and the flow of time is an ineliminable

feature of reality.

Of course some sources of openness - such as the lightcone structure - apply at all

levels. Part of the argument of this chapter is that openness does not have a single

29There may be additional stages to recreating our full psychological experience. I do not, for
example, claim to have explained what it means for us to feel dynamic movement through time
(i.e. what our qualia for this is). Merely to have put in place, with a clear physical basis, all the
features needed so that this is a small extra step rather than creating an psychological illusion of
flow from nothing but the bare facts of the eternalist picture.
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source but there are many cases which constitute failures of predictability. Open-
ness comes in degrees and varies widely across different perspectives. Therefore
there is no single unique flow. As special relativity has already forced us to accept

the localisation of flow, this is a natural extension of this.

Adopting a level dependent model of time’s flow takes seriously the extensive work
on emergence and specifically the emergence of time asymmetry in physics. If
asymmetry is emergent then flow should be as well; these two claims go hand in
hand. Indeterminateness should not be dismissed just because it is not necessarily
fundamental. And the world contains far more indeterminateness than we often
recognise. The piecemeal spread of information across time and across levels reveals
how important the processes of measurement, prediction and retrodiction are to
understanding the world. This rich structure provides a map between different
parts of reality and shows us how different systems and different times are related

across different levels.

3.5 Conclusion

While the previous chapter laid out the ontological foundations of localised tempo-
ral becoming, this chapter has shown how this can be extended to give a complex
reality structured by the indeterminateness of the future and the fixity of the past.
Leaving this out of our complete picture of reality means ignoring many impor-
tant and salient parts of physics that we use to explain a large array of physical
features. It is easy to dismiss indeterminateness as epistemic but doing so means
ignoring the structure of the world that forms the foundation for how we can learn
about past and future times (as well as distant events). In this sense the view of
the open future that I have presented here has a far more inclusive physical basis
than the views of the open future most commonly considered. The open future
literature is hugely focused on propositions and semantics in everyday language;
where a physical basis is considered it is largely constrained to special relativity or
to fundamental quantum probabilities. However, the view presented here provides
a new way to think about how the open future is found in many of our physical

theories. The lightcone structure is just one example of an epistemic limit.
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Indeterminateness, and fixity, are features of time that are relative to our perspec-
tive inside of time. They strongly relate to our subjective experiences, but the
basis for this is objective physical features of the world. The process of becoming
describes how these physical features change over time. As each successive moment
comes into existence it contains new records of what came before - keeping things
fixed even when they cease to exist - and closes off potential futures that are no
longer compatible with the newly created physical state. It is the physical state
of the localised present that grounds claims (either definite or probabilistic) about

the past and future.

Flow, and openness, is both perspective and level dependent. This is a natural
result of understanding flow to be intimately connected to the way that different
moments are linked together. Different theories make predictions (and retrodic-
tions) in different ways, using a variety of dynamical equations as well as other
techniques; correspondingly there are many sources of openness, such as the light-
cone structure or probability distributions. Pinning down exactly what claims are
fixed and which are open in any given perspective is no easy task and I do not take
the work here to provide a definitive answer for how to do this. I have described a
general strategy of grounding this on the information available to make inferences
and provided strong motivation for why theories of metaphysical indeterminacy
need to take this into account, without giving all the details as to how. A full
theory of semantic truthmakers, a more precise look at the different accounts of
metaphysical indeterminacy, and how this relates to states of affairs in the world
(which Wilson’s determinable account uses) must be adapted to deal with level
dependency and perspectivalism; but this is beyond the scope of this thesis (I have
attempted to indicate through footnotes in this chapter some points where this
might touch on what is laid out here and provide references to literature which
focuses on these sorts of questions). The resulting theory would have to account
for a complex range of factors; but this is an unavoidable result of acknowledging
the full extent to which the propositional claims we make are theory laden and

make reference to level dependent ontologies.

Of course it is essential to this account that we have a thorough understanding

of exactly what the epistemic structures in the world are. This chapter has laid
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out various areas of literature that help elucidate this. The remaining chapters of
this thesis will continue to examine how physics uses records in particular so as to

better understand how they can act as a basis for our metaphysics.
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4 A Non-Idealised Account of Records

4.1 Introduction

Records of the past are a prevalent and inescapable part of our world. But there
is no widespread consensus on what records are. The previous chapters have es-
tablished how we can use epistemic structure in physics - of which records are a
key example - to explain the metaphysical asymmetry between past and future.
As such, a clear definition of what a record is, what features they have, and how
they relate to prediction and retrodiction is needed. The aim of this chapter is to
provide answers to these questions, as well as to show the importance of records in
statistical mechanics and the physics of time asymmetry. The current most success-
ful account of records is given by Albert (2000; 2015) as part of his wider analysis
of time asymmetry. However, his account is limited by overidealisation that, while
justified within the overall project he is aiming for, prevents using it more generally
to explain the use of records in our physical theories. A non-idealised account is
needed if we are to understand records and explain how they play a role in our the-
ories.! The lack of such an account has already caused confusion in the philosophy

of physics literature (more on this later).

I will give a new account of records that focuses on their practical use and explains
how we make day-to-day inferences about the past. The pitfalls of overidealisation
are well known and I will focus on what a non-idealised account can give us by
centering the requirement that records must be robustly correlated with the past
state of some other system. This defines what a record is and distinguishes it from
retrodiciton; with retrodiction there is no unique correlation between events in the
past and the current state, so any information about other times requires a cal-
culation of the evolution of the present state either forwards or backwards under

dynamical laws. For records there is such a correlation, which shows a direct depen-

LOf course no account is completely without idealisation. And in this chapter I will discuss
many methods such as coarse-graining and statistical methods which are in themselves often
considered forms of idealisation. But this account is non-idealised in comparison to Albert’s and
recognises that we cannot just pretend we are in an idealised situation where influences such as
noise do not exist at all. Instead we must find rigorous ways of accounting for these effects. The
setting, if not the methods, is non-idealised.
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dency between the current state of the record and a specific past event regardless
of the intervening evolution. And this correlation is robust against the influence
of noise; this is what makes it identifiable and informative. Incorporating noise
into the definition of records, and not just as an afterthought concerning practical
implementation, will not only give a more practical account but will also highlight
important features of records that have gone largely unrecognised: namely that
records involve the use of redundancy and that records should be treated macro-
scopically when we theorise about them (by which I mean they must be modelled
using the array of techniques such as coarse-graining, probability distributions etc

that we commonly use to model macroscopic physics).

The conclusion that records should be treated macroscopically is valuable for a
number of reasons. First, it explains the way that records are used in the literature
on time asymmetry. So far, most of the attention given to records in the literature
has followed Albert in considering primarily their role in explaining emergent tem-
poral asymmetries. The knowledge asymmetry underpins much of our conceptual
understanding of the past and the future and often plays a role in understanding
agency and other directed human phenomena (for example Ismael 2006; Loewer
2023). Records and the associated asymmetry also feature in explanations of many
other areas. Albert (2000) and Wallace (2012) use records to justify postulating
their different versions of a past hypothesis. Loewer (summarised in 2023) grounds
his account of counterfactuals and causation on the asymmetry of records. One
important assumption is made throughout this literature: that records are macro-
scopic. This assumption is lightly made and does not amount to much more than
saying that records are in the realm of everyday, observable things?; but it is im-
portant to a lot of their accounts (for example in Loewer (2023) the existence of
records in macrostates but not microstates is essential to establishing free will) and
Albert’s account of records provides no explanation of it. Explaining why records
are macroscopic and what this means for the way we treat them theoretically is
important for these projects and for fitting records into the general picture of

macroscopic asymmetry and microscopic symmetry. My account of records can do

2Huggett (2023) continues this assumption. Additionally, Hemmo and Shenker (2012) argue
that measurement, upon which records are based, is macroscopic. Stradis (2021) argues that
records must be observable.
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this. It also suggests additional avenues for exploring the record asymmetry such
as a connection to the irreversibility of decoherence and coarse-graining methods

used to derive emergent asymmetric macro-dynamics.

Secondly, connected to but going beyond questions of asymmetry, memory systems
are used in other areas of thermodynamics and questions about their scale and
reliability have proved to be pivotal. For example, in thermodynamics there is
the long standing debate about the thermodynamic cost of the measurement and
erasure of information through Landauer’s principle; Szilard’s one molecule gas
memory device is central to this literature. In nano and quantum computing pre-
serving information through memory devices is an important practical challenge to
computing at the microscale. I will look at how the literature surrounding Szilard’s
one molecule gas memory device points to how a lack of understanding of records

can lead to their misuse and contribute to theoretical confusion.

4.2 Records as Measurement: The Ready State Account

Many theories to explain records have been proposed. Of these Albert’s (2000;
2015) is by far the most detailed and successful and it is the only one I will explore
in depth.® This section will lay it out and consider how overidealisation limits the
account. Albert identifies records through the mechanism by which they give infor-
mation; a process he calls inference by measurement. According to him there is a
sharp distinction between this and retrodiction - the process of gaining information

about the past by taking the current state of the system and evolving it backwards.

All systems are informative in a trivial sense that they can tell us about their own
present state. This is the kind of information that is inputted into retrodiction.
Records, however, additionally encode information about a past state they are
correlated to. This sense of encoding information is familiar from work on informa-

tion theory and physical information. The view in this field is that all information

3The other well-known account of records comes from Reichenbach who defines records as
subsystems with low entropy compared to their surroundings. Earman (1974) explores objec-
tions to this account. Reichenbach’s account is a backdrop for Albert’s understanding. Other
accounts include computational accounts (Hartle 2004; Hawking 1994; Schulman 2005), and the
fork asymmetry account (Horwich 1988; Stradis 2021). Wolpert (1992) also produces an account
that has many similarities to Albert’s.
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processing (including storage and memory) is instantiated by physical systems.*

When characterised in this way records are easily comparable to a measurement.
Measurements are designed to gain information about a certain system (external
to the measuring device) and present it in readable way. This connection has
been picked up repeatedly in the literature (see Albert 2001, 2015; Wolpert 1992;
Hemmo & Shenker 2012) and records are generally seen to be the outcome of a

measurement (although not all measurements produce a lasting record).

Measuring devices are modelled in a simple way. The device starts in a known ready
state. It then interacts with the system it is measuring and the state of the device
is altered in a way that tells us something about the interaction. Similarly, Albert
says that information is gained from records by a comparison between the current
state of the system (the record) and a state of the system at another time (the
ready state). This contrasts with retrodiction that uses only the current state and
the dynamics. Using the ready state to calculate the evolution of the system, we
can work out what the expected current state should be. Any deviations between
this expected current state and the actual one indicates that an interaction with
another system occurred in the interval between the time of the ready state and the
current time, which altered the state of the record. The deviations in the actual
state give information about this interaction. Albert uses a billiard ball scenario
to exemplify the use of ready states: a ready state shows that the billiard ball was
moving 10s ago and we should expect it to continue this motion (absent friction
etc). But the present record is that the billiard ball is stationary. This allows us
to infer that a collision between the billiard ball and another ball must have taken

place in the last 10s to stop the first ball.

The major drawback of modelling records in this way is that it is overly idealised.
The ready state in the past facilitates the inference made about the interaction
occurring in the interval before the present state. But Albert’s account only briefly
considers the inference itself and what goes into making it. It is here that a high
level of idealisation creeps in. In the context of Albert’s work this is understandable.

His focus is on how records can be proved reliable in the face of the reversibility

4See Maroney and Timpson (2018), Timpson (2013, chapter 2) for a full review.
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problem, which argues that retrodiction using Boltzmann’s arguments for why en-
tropy increases should lead us to believe that entropy also increases towards the
past. This contradicts the information of a low entropy past given to us by the
multitude of records all around us (both natural and created by humans). As a
result he focuses on the ready states and how they can be compared to the past
hypothesis - his proposed solution to the reversibility problem. He calls this the
“mother (as it were) of all ready conditions” (Albert, 2015) that sets up the condi-
tions for ready states at the local scale. But he does not go into much more detail of
how this global asymmetry leads to local asymmetry. To connect the two he argues
that to use a record we require a second record of its ready state. However, this
separate record will have its own ready state, and hence a third record of this ready
state is required. This leads to an infinite regress that Albert argues can only be
stopped by the past hypothesis. But it is unrealistic to assume that when we read
records on a day to day basis we have this infinite regress in mind. Albert acknowl-
edges this disconnect by saying that a "foggy” sense of this process is “hard-wired
into the cognitive apparatus of any well-adapted biological species by means of a
combination natural selection and every experience and explicit study and God
knows what else” (2015, p. 39). The details of how we practically make inferences
is not explored as it goes outside of the scope of Albert’s project. Huggett (2023)
raises similar concerns and goes into more detail about how Albert’s account re-
lates to local inferences. He emphasises that the past hypothesis is a precondition
to records but not a direct part of our reasoning. Understanding records at a local
level requires paying attention to the inferences made and not just the ready state.®
Once we move out of the context of understanding how the record asymmetry fits
into the wider thermodynamic asymmetry it is important to go back and work out

the function of records more locally.

Albert’s account assumes a simple isolated interaction between just two systems.
In reality there will be many systems interacting, each changing the state in a
different way. This does not rule out the method of using ready states but it

makes it significantly more complicated. The different interactions may obscure

SHuggett also uses ideas about noise that are similar to what I will present in the next section,
but they remain an operational concern and not as an essential part of a record as this chapter
will argue.
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and overwrite each other, making it difficult to separate out what changes to the
record were the result of which interaction. Although some systems are more iso-
lated than others — and many measurement devices designed for the purpose try to
achieve as high a level of isolation as possible, see for example the measurements
made at CERN — there is no way to completely prevent interactions with the many,
overlapping systems that form the environment. In addition to these external in-
teractions, Albert’s account assumes that the system’s evolution is perfectly stable
and predictable. For most cases this is an excusable assumption but it is not one
that can be made universally. Systems can be prone to random fluctuations or
other instability that could make it hard to give any precise prediction of what the

current state should be.

While we may still be able to identify that some sort of interaction has occurred
we may not be able to say much more about it. This severely undermines the
informativeness of records and indicates that something in addition to ready states
is needed to describe why we have such accurate and easily readable records of the
past. This is particularly relevant to naturally formed records that extend beyond
what we might typically call a measurement. These sorts of records may follow
the overall process of a measurement but they are not systems designed to be so
and hence lack the deliberate isolation that most measuring devices achieve. Yet
we have many examples of naturally formed records in the world that are clearly
informative. A broken branch records an animal’s passing and is identifiable (at
least to an expert tracker) despite there being no mechanisms shielding it. More
than just a ready state is needed to sort through interactions between complex and

interconnected systems and allow for any inferences to be made.

Another worry with Albert’s account is that it makes records highly anthropocen-
tric (even though he clearly recognises that records are naturally occurring). What
makes a record a record is an observer comparing the record to the expected current
state by means of another record. A comparison can be made using any system and
as such any system can be a record. Records always have a human component when
they are read, but it is extremely counterintuitive to suggest that the asymmetry
in information between the past and the future is entirely of human making. We

seem rather to be identifying asymmetric structures in the world and interpreting
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information that is encoded in them already. The example of billiard balls makes
this clear. While in the set up described it is possible to get information from the
billiard ball at rest by making this comparison, this scenario seems contrived. In
most cases of records, even if the ready state account applies when looked at in
detail, the information seems to be there waiting for us and no active comparison is
needed. A photograph is an example of this. We can think of the ready state as the
undeveloped film of the camera. But when getting information from a photograph
we never seem to make an active comparison with this ready state. Once again
this account struggles to accurately model how we actually get information from
records on a day to day basis and how records are formed spontaneously in the

natural world independently of people actively making measurements.

4.3 Non-Idealised Records

I will now present a new account of records as correlations that are robust against
noise. It may seem an obvious conclusion that records will be affected by noise,
this is not revolutionary. What I want to argue is that noise is not an afterthought
but an essential part of the definition. This will be made clearer in section 4.4, but
first this section will explore what noise is and how it leads to the introduction of
redundancy as an important feature of records. Section 4.3.1 gives a more precise
definition of noise and looks at how robustness makes a correlation identifiable.
Section 4.3.2 and 4.3.3. look at case studies to show how redundancy is used to

protect against it and how this has theoretical, not just practical, implications.

4.3.1 Robustness Against Noise

In addition to laying out how outputs are correlated to inputs, measuring devices
also do a large amount of extra work to ensure that these correlations are stable and
reliable. Similarly, what makes a record informative is when there is one correlation
that is clearly identifiable over and above other, spurious correlations. This ensures
that there is a one to one correlation between the record and the interacting system
such that changes in the record correspond to changes of that one system and no
others. Without this condition the record would not tell us anything, as the present

state of the record would be dependent on any number of different systems. To
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achieve this the correlation must be retained through the effects of many different
interactions and one single interaction must be the deciding factor of what state
the record is in, with other interactions producing only negligible changes. We can

call such a correlation robust.

To characterise robustness more formally we can consider the concept of noise
that is often used in communication and signalling. Noise is commonly defined as
unwanted modifications to a useful signal; it obscures the information in the signal
and makes it harder to read. If we think of records as equivalent to an informative
signal from the past then noise can be any modifications to the record that are
not the result of the interaction between the record and the system being recorded.

Such modifications act to obscure the information the record contains.

Unwanted modifications to a desired signal makes noise a very anthropocentric
concept (the same problem that Albert’s account has). We do not want to define
records with the idea that they are deliberately encoded, this would neglect all
of the naturally occurring records that exist. Instead, we can replace unwanted
with irrelevant. Irrelevant interactions and modifications are ones that do not
significantly contribute to the dynamic evolution of the system or the final form
of the record. This mirrors the use of noise in Dennett (1991) where he considers
the existence of real and objective patterns arising in nature that we use to make

everyday predictions..

“Where utter patternlessness or randomness prevails, nothing is pre-
dictable. The success of folk-psychological prediction, like the success
of any prediction, depends on there being some order or pattern in the
world to exploit.” (Dennett, 1991, p. 29)

Folk prediction, as opposed to rigorous mathematical prediction, relies on stable
patterns that appear in nature, and it stands to reason to assume these patterns
help us understand retrodiction as well. According to Dennett a real pattern is
identified when it is simpler to describe a state in terms of a pattern with a certain
amount of noise than it is to give information about every detail of the state

individually.® The patterns are identifiable despite noise partially obscuring them

6 Simpler is defined in terms of data compression when transmitting information about the
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and their existence is independent of whether or not we are able to detect them
with our current best apparatus. Beings with different sense organs than us may
be able to detect different patterns. What matters is that the pattern provides a
description that is simpler and more efficient. This is often formalised further by
showing that the evolution of the pattern can be effectively modelled by simplified

dynamics.

This use of noise actually goes beyond the idea of noise described above as simply
interference in signalling. This extended use will be returned to in section 4.4. But
for now it is enough to define noise by recognising an objective distinction between
a pattern in the world (the record) and data that is extraneous and acts to obscure
it (irrelevant modifications to the record). Characterising records in terms of noise
picks out the robust correlations that exist objectively, regardless of our ability as

people to read and interpret them.

Large interactions that significantly alter the record do not count as noise and if
these occur then the original correlation can be disrupted, replaced, or destroyed.
However, if the interactions are small (or are such that they do not significantly
interfere with the record) then they can be counted as noise. What might be
counted as noise with regards to one pattern would in other circumstances be the
record itself. For example, cosmic microwave background radiation is a record of
the big bang but also acts as noise in telescopic imaging. If a correlation is robust
against noise then it is preserved over time and we are able to identify the relevant
interaction from the background interactions that the system takes part in.” In

these cases we are able to use the correlation to gain information.

Putting this together a record must be robustly correlated to a past event. Robust-
ness makes the correlation stand out against the background noise and transforms
it into something that is identifiable and informative. A non-robust correlation,
even if it is correlated in some way to a past state, cannot be informative in this
way because the correct correlation is indistinguishable from spurious correlations.
Before considering this in more depth, it is worth looking at a particular feature

of records that appears when accounting for noise: redundancy. I will consider

state.
7 Another factor is that noise is cumulative and will build up to eventually erase records.
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two case studies that show first, how redundancy is used, and second, how this is

important for our theoretical use of records.

4.3.2 Using Redundancy: Error Correction Coding

The most common method for protecting against noise is redundancy. One need
only look at modern computers to see that some form of reliable memory systems
are possible on very small scales where noise has a significant impact. On top of
this we have the development of quantum computing, including quantum memory.
So how is this achieved? In part the systems are specifically designed to be as in-
sensitive to noise as possible; however, it can never be completely eliminated. This
is especially true in quantum systems with the addition of quantum noise (making
noise one of the biggest challenges in achieving quantum computing). Instead, error
correcting codes are used. The most common form of this is adding a redundancy
of information where the information stored in the memory is duplicated; this can
either be a directly replicated bit or be a function of many bits. The likelihood of
both the original information and the redundant copies being affected by errors is

low, so mismatches between them indicate that an error has occurred.

This can be done straightforwardly in classical computing; the quantum case is
more challenging due to the no-cloning theory that prohibits duplication. But the
idea of using multiple systems to encode the same information still holds. Shor
(1995) showed that error correction can be achieved by spreading the information
stored in one qubit over a number of entangled qubits. In essence, the states |0) and
|1) are replaced by the entangled states like [000) and [111). We assume a bit flip
error on just one qubit, which creates states like |001) or [101). An operation can
distinguish between these different states and a correcting procedure applied (for
more details see Shor 1995; Nielson & Chuang 2000). This operation transforms the
state back to the original without disturbing it via measurement (so that the qubit
can be used in further operations). This use of redundancy is slightly more indirect
than the classical case, with the information preserved in entanglement relations
rather than directly comparing redundant copies. However, the redundancy of

qubits is still essential. Only with this can a robust correlation be achieved.

A single particle memory can never be a reliable source of information as its state
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can be changed by errors. We cannot distinguish between correct and incorrect
cases. As a result, even in the instances where the system is correctly correlated,
we cannot use it as a record because we cannot identify a correlation. There is
no way to determine whether the state of the system is a result of the past state
being accurately recorded or a result of noise. It is only when we can identify
the correlation (i.e. the correlation becomes robust enough to have at least a
strong likelihood of being correct) that it becomes informative. When redundancy
is introduced, the accuracy and robustness of these memory systems is dependent
on the system as a whole and the information is spread across multiple redundant
parts of it. Only taken as part of the redundant set can it constitute a record
with a robust and identifiable correlation to the past variable of the system it is
meant to be a record of.® How many identical systems are needed to produce a
reliable record will depend on the type of physical system being used and what
other noise damping methods are in place. As the number of systems goes up the
reliability of the record increases. The method is described above with 3 qubits for
simplicity but in practice more will be needed for the necessary operations to work
sufficiently — Shor’s (1995) original quantum error correction code used 9 qubits
and was capable of detecting an error in just one of the qubits. Building this into

quantum algorithms is a significant technical challenge.

Redundancy is a good method to understand how to deliberately design microscopic
record systems. But it can also be applied more generally to understand records at
all scales. Take a (digital) photograph. A single blue pixel cannot tell us anything;
it could be correctly correlated to the photo’s subject or it could be affected by
errors. But when the blue pixel is surrounded by many other blue pixels as part of
a picture of the sky the other pixels act to verify the information in the single pixel.
A single black pixel amongst this blue set could be identified as a speck of dust
on the camera or some other noise. Another case of redundancy is in footprints in
mud. There are multiple layers of redundancy here. First you might have a line of
multiple footprints. Then within a single footprint you have redundant parts; only

a fragment such as the shape of a heel or the outline of the toes is needed to identify

8We can label the entire set as a single record or say that each member is a record only when
taken as part of the set. This difference has no particular significance.
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it. Finally the outline of the footprint is made up of many minuscule marks, each
on their own meaningless and indistinguishable from the uneven surface of the mud.
These are not records. But once a redundancy of them has been collected, forming

an identifiable fragment, it transforms into a record.

4.3.3 Redundancy in Theory: The One Molecule Gas Memory Device

Szilard’s (1929) one molecule gas memory device and the surrounding literature
makes clear how the use of redundancy can have theoretical implications and is
not simply an operational concern. The dismissal of the effects of noise in mem-
ory devices has caused confusion and slowed progress in understanding thermody-
namics. The analysis of records presented above can bring out two points about
this literature: first that incorporating redundancy is necessary when theoretically
modelling memory devices and second, a stronger claim that has still not been
fully appreciated in this literature, that molecular scale records cannot exist in re-
versible thermodynamics. This fact should be taken into account when discussing
the reversibility and irreversibility of thermodynamics in the context of intelligent

agents.

This thought experiment (where a molecule is trapped in one side of a box by a
partition and its position on either side encodes a 0 or 1 value) was introduced as
part of the debate around Maxwell’s demon and the possibility of an intelligent
agent using a memory device to capitalise on fluctuations to violate the second
law of thermodynamics. The idea being that a fluctuation to a higher energy
state (e.g. a particle moving upwards due to Brownian motion) could be trapped
and the increase in energy made permanent. The argument against this is that
the act of measuring the particle to determine if it has fluctuated to higher en-
ergies - which is necessary to allow for the fluctuations to be exploited - would
have a thermodynamic cost that cancels out the decrease in entropy. This pro-
cess essentially involves operating a memory system that gives information about
the particle. This has led to a long back and forth debate about the minimal
thermodynamic cost of computation, with both Szilard’s principle and Landauer’s
principle attempting to quantify this and work out where exactly in the process

of recording and erasing information the cost is paid. There have been extensive
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attempts (e.g. Ladyman et.al. 2007; Ladyman et.al. 2008; Ladyman & Robertson
2014) to prove Landauer’s principle in particular, which have been objected to by
Norton (2011; 2013; 2017a) as failing to account for fluctuations (noise) that make
reversible thermodynamic processes at this scale impossible. The fluctuations that
are being capitalised on also prevent the memory device from working reliably (e.g.
the partition that attempts to trap the molecule in one half of the box will itself
fluctuate). Norton (2017b) lays out the history of Szilard’s thought experiment
and the confusion that its inappropriate use has caused in responding to Maxwell’s
demon. I will not repeat the full analysis here and refer readers to the original
literature for details - it is enough to say that a proper account of records would

have assisted this literature and clarified the debate from the start.

This is not to say that the literature has not been productive and more recent
literature on Landauer’s principle has begun to address the fluctuation problem. It
is easy to see that the methods used to do so are essentially introducing redundancy
just as is used in error correction coding. Myrvold (2021b) builds on the earlier
proofs mentioned above to prove Landauer’s principle accounting for fluctuations;
he also shows how these can be adapted for a quantum mechanical treatment.
He uses expectation values, calculated from the probability distribution of the
system due to thermal fluctuations, rather than specific values (more on this in
section 4.5). As a result of using expectation values and probability distributions

Landauer’s principle holds as a statistical limit rather than an absolute one.

Redundancy can be identified in the use of expectation values and probability
distributions. These represent the statistical result of a long sequence of trials or a
set of identical memory devices all undergoing the same procedures. Statistically
the majority will be unaffected by noise and will be correctly correlated. None
of the individual systems are informative but the ensemble as a whole is robust
against noise and therefore can act as a reliable record. Incorporating this into the

theoretical treatment has allowed the literature to move forwards.

However, this analysis has limitations and we can question what exactly has been
proved. Although it has established an undeniable link between logical and ther-

modynamic irreversibility, it is not clear that is has established anything about
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memory devices in particular. Myrvold and Norton (2023) have recently clarified
that Myrvold’s analysis only accounts for fluctuations in the system itself and not
the apparatus used to control it. (In his account the particle is trapped by an
external potential, fluctuations of the molecule within the potential are accounted
for but the external potential is assumed not to fluctuate and manipulating it is not
assumed to take place in a reversible way). This isolates the logical operation tak-
ing place in the system that takes two (approximately) distinguishable states to a
single state (a logically irreversible many-to-one operation). But, although having
two distinguishable states is a basic requirement for records, this is not a sufficient
condition. It must also be reliably correlated to something; this is necessary so that
the information encoded is not random data but a meaningful record that allows
inferences about the past. The procedures that create such a robust correlation are
exactly those that Myrvold’s analysis still neglects. The apparatus must also be
fluctuation free for it to have the necessary control to carry out the procedures in
a slow and stable enough manner to satisfy thermodynamic reversibility (in other
words we have not ensured that there is no dissipation of energy from the system).
The fluctuations inherent to any actual processes means a record cannot actually

be created in a thermodynamically reversible way. They write that:

“Myrvold...seeks to place the thermodynamic cost computed in Lan-
dauer’s principle on a firmer theoretical foundation by deriving it within
statistical physics, without assuming as a primitive the precarious no-
tion of a thermodynamically reversible process. The analysis deals with
systems subjected to external manipulations, represented as changes to
the system’s Hamiltonian, and focuses on dissipation within those sys-
tems, setting aside entropy generated by the external systems driving
the changes. It is argued that, in addition to any entropy generated by
the external drivers, there is entropy generated within the manipulated
system that is subject to the Landauer bound.” (Norton & Myrvold
2023)

Hence for proving Landauer’s principle as a minimal cost to logical operations
Myrvold’s analysis is sufficient. This literature does not depend on its being a

reliable record, only on the distinguishable states discussed above. However, in
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the context of Maxwell’s demon and the actual abilities of an intelligent agent to
physically violate the second law, this is significant. The idea that this is a reliable
memory device is central, as is the requirement that this is all done in a reversible
manner with no dissipation both from the system and from the apparatus used.
The concept of records has been incorrectly assumed to hold unproblematically in
this domain and the account of records presented here shows why this is impossible;
the necessary robustness cannot be achieved. Introducing redundancy solves some
of the issues but a full treatment in these terms will take us outside of the realm of
reversibility. Norton’s analysis indicates to this conclusion but does not emphasise
it, nor does it make clear that the one molecule gas memory device is not a record
at all rather than an improperly functioning one. So an intelligent agent cannot
manipulate a system in a reversible way to take advantage of fluctuations to violate
the second law because the tools needed to do so (records) are not definable under

these conditions.

4.4 Robustness and Stability

Having established a definition of noise and the requirement for records to be robust
against it, I will now develop this idea further to show how noise is definitional of
records. So far I have mainly considered the simple sense of noise similar to how it
is thought of in signalling. However, the way noise is defined is more general than
this and can also help us understand how many systems in the world naturally
provide robustness. The world is abundant in stable and easily predictable (and
retrodictable) systems; this sort of general stability, which can be characterised
in terms of noise, plays an important role in records alongside redundancy and
explains how robust correlations can be created in non-isolated systems. Stability
also defines the difference between records and retrodiction, a distinction which is

made use of in the literature on time asymmetry.

4.4.1 Stability and Inferences

So how does stability figure into an account of records? It is a frequent precondition
of robustness that acts to single out a single correlation from background noise.

Effectively it defines semi-isolated systems in the world that are only sensitive to
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certain types of effects. To get to this I will first consider how stability plays
into our inferences before looking explicitly at how it singles out a single robust

correlation through a comparison with measuring devices.

Stability can be used to expand on the method of using ready states to make
inferences about the past. In fact, in many cases we can do away with the use of
ready states entirely and instead rely totally on stability.” As previously mentioned,
Albert uses the billiard ball scenario to exemplify the use of ready states: the ready
state shows that the billiard ball was moving 10s ago (which we know through a
separate record and use to form the expectation that it is still moving now) and
the present record is that the billiard ball is stationary. In this case a separately
recorded ready state is necessary to be able to make any inferences, but in many
cases we can make exactly this sort of inference without knowledge of any specific
ready state. When systems are reasonably stable and easily predictable we already
have extensive knowledge of different types of systems and the typical evolution
they display. Using this we are already able to make fairly accurate informal
inferences about what the past was like. And from this infer the expected present
state (absent interactions), hence doing away with the need for a ready state. Most
of the time it is not even any specific state that we make guesses about but rather
just what the typical evolution of a system would be and seeing a deviation from
this indicates an interaction in the past. Consider a broken branch. Our knowledge
of the laws of both biology and physics governing branches indicate that this is not
the typical evolution of an undisturbed branch (a branch will not break itself) and
so we can immediately see that there must have been some interaction that broke
the branch. This inference did not need any knowledge of a specific time in the past
where the branch was unbroken but relied on the general stability of the system

and our expectations of it.

The role that stability plays in inferences feeds into the distinction between records
and retrodiction. The main difference between the two is that records have a
direct correlation to a specific past state and we can largely ignore the evolution

of the system between the time of interaction (that created the correlation) and

9This is not to say that Albert’s account is not helpful in any circumstances, merely that ready
states are not necessary and often not used at all.
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the present, and we can ignore completely the evolution of all systems except
the record. Retrodiction, meanwhile, evolves the present state backwards so this
evolution is essential and must include all relevant systems. It can also take us to
any arbitrary past time and not a specific event. Albert characterises this as a sharp
distinction between records and retrodiction; describing them as fundamentally

different methods for getting information about the past.

However, looking at retrodiction in a more practical light reveals that this sharp
distinction is misleading. Retrodiction in its most basic form is the process of taking
the present state of the world and evolving it backwards using dynamical equations
to find what the state was in the past. Full retrodiction would require taking the
exact microstate (if such a thing can be said to exist) of the whole universe — or
at least an area large enough to cover all possible influences on the system we
are trying to predict. But in practice there are computational limits that make
this highly impractical. Instead we tend to use an idealized, isolated subsystem
that can still produce accurate results. This involves many techniques such as
making assumptions or approximations about microscopic details and neglecting
dynamical contributions judged to be irrelevant. On top of this, we can often use
our knowledge of a system, the laws governing it, and causal relations involved to
make inferences about a likely past state with no (or almost no) calculation at all.
Fallen leaves under a tree allow us to infer leaves on the tree above as a past state.
A ball in mid-air allows us to infer the trajectory it took to get there. But this
is still essentially no different from the retrodiction method. All these inferences
can be made because we have knowledge of the world and its typical dynamics.
We can make quick and simple inferences rather than doing precise mathematical
calculations because there are many stable systems in the universe that are not
dependent on the exact microscopic state of the world, especially not the state of
the world outside of the system we are interested in. We can take advantage of
these stable patterns of evolution to ignore extraneous details and skip doing the

calculation each time.

A more rigorous version of this inference technique is to make a guess at a plausible
past state using the shortcuts described and evolve it forwards using dynamical laws

to verify it against the actual present state. Wallace (2017) describes such a “guess
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and check method” that he calls historical inference.'9

Initially, records are clearly distinguished from the process of retrodiction. For
example consider what would happen if we wanted to find out what the night sky
looked like two weeks ago. Retrodiction would mean taking the present state of the
night sky and evolving it backwards using the laws governing the movement of stars
across the sky, considering the rotation of the earth etc, to find the position that
each and every star and planet would have been in (frankly this already requires
a large number of idealisations and shortcuts based on astronomical models). But
if we have a photo of the sky two weeks ago we can get this information instantly
just by looking at it without any sort of calculation. This direct informativeness
is a defining feature of records. But when we consider more common and realistic
examples of retrodiction using shortcuts based on idealisations and stable systems
this difference becomes far less pronounced. We can jump immediately from fallen
leaves on the ground to previously green leaves on the tree. The method by which
records give information is not dramatically different from retrodiction. Starting
from a complete retrodiction we introduce more and more shortcuts until we are
able to make inferences towards the past in the direct and instantaneous way that

1

records allow for.!! Techniques such as historical inference and methods using

causal dependencies sit somewhere along this path.'?> And all of these methods

0Wallace also claims a sharp distinction between retrodiction and historical inference that is
no more realistic than the distinction between records and retrodiction.

1 Although records and retrodiction are closely connected it is the multitude of memory systems
that leads to the asymmetry between the past and the future. Retrodiction is matched by
prediction but records disproportionately give information towards the past. The shortcuts needed
to get from a full mathematical prediction/retrodiction to directly informative records are biased
towards the past. On top of this a single record (which gives direct information without any
regard to the intervening evolution of a system) can be used as a basis for many more inferences
about the past beyond what is directly recorded. An example of this would be animal tracks on
snow. The physical print in the snow acts as a memory of a paw shaped thing impacting on the
snow and causal inference allows us to attribute this paw shaped thing to an animal walking. We
can also make generally accurate guesses as to what causes are. For example we generally rule
out the possibility that paw prints on snow were caused by a hovering aircraft with paw shaped
sticks being used to create the tracks because knowledge of the world makes the possibility of
an animal walking far more likely an explanation than this outlandish possibility. Hence records
lead to a dramatic asymmetry in what we can know about the past versus what we can know
about the future. The existence of paw prints in the first place is what allows us to make these
inferences about what created them, but a blank field of snow will never allow us to make guesses
about future animals walking across.

12The various accounts of records do not seem to agree on what exactly counts as a record
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are commonly used to furnish the background information used to replace Albert’s

notion of a ready state.

One might be concerned here about how eroding the distinction between records
and retrodiction is at odds with accounts of time asymmetry such as Albert’s that
seem to rely on the distinction. The reason for the distinction was to allow Albert
to use records to justify introducing a past hypothesis to counteract the reversibil-
ity problem. The reversibility problem occurs from time reversing the methods
used to derive entropy increase in the future. There is no inherent asymmetry in
the methods so applying them backwards retrodicts entropy increase towards the
past as well, leading to the conclusion that we are Boltzmann brains that have
fluctuated into existence at this very moment. The distinction of records from
retrodiction, and the direct connection between records and the past hypothesis
that Albert argues for, exonerates records from this concern. If records rely heavily

on retrodiction then we cannot use them in this way.

This worry can be mitigated to some extent. Albert draws his distinction specifi-
cally using retrodiction within statistical mechanics. However, the way that I have
considered retrodiction is much more general and uses all possible scientific theo-
ries (many of which do not have even a pretence of symmetry). So the context is

different and problems with retrodiction are not found in all domains.

Additionally there is a general concern about potential explanatory circularity in
using empirical evidence to justify the choice of laws and initial conditions and
then using these laws to explain the evidence. This problem is already a topic of
discussion in the literature on laws and the past hypothesis. Eroding the distinction

for records may add to that particular problem but does not create or redefine it.*?

or not. There are systems that are clearly records — i.e. photos, computer memory, etc — and
systems that clearly are not and can only give information through retrodiction. Albert’s account
is best suited to clear cut cases of records and as a result makes an erroneously sharp distinction
between records and retrodiction. Reichenbach’s account or the fork asymmetry as considered by
Stradis (2021) would likely count historical inferences and causal connections as types of records.
Reichenbach defines records just as subsystems with low entropy compared to their surroundings.
Reichenbach, then, is much more permissive on what counts as a record. Where we start applying
the label records has no real significance and is reflective of the close connection between records
and retrodiction.

13Uffink (2002) criticises how Albert confusingly conflates and uses the past hypothesis, records,
and empirical evidence.
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4.4.2 Stability and Noise

Looking again at how records are related to measuring devices finishes off this anal-
ysis and shows how stability singles out robust correlations from noise. This takes
us the final step from retrodiction to records. Increasing stability makes retrodic-
tion easier and easier and eventually allows for the necessary robustness that can
single out a direct correlation (robustness of the system and of the correlation are

interdependent). A measuring device requires three conditions be met:

1. Specific types of inputs interact with the system in a way that produces an

identifiable change.

2. Different inputs result in different outputs (different identifiable changes to

the measuring system).

3. The system is not (significantly) further altered by anything after the desired

interaction.

The first condition is what creates the correlation between the record and the
system. The second ensures that the two are genuinely connected and that the
correlation is not due to some fluke, conspiracy or fine-tuning. The final condition
is necessary so that the correlation is preserved over time and the record does not

become distorted or unreadable.

The direct correlations between inputs and outputs used in measurements allow
us to ignore the evolution of the system; this is what makes them informative.
However, this is slightly misleading and is a result of an idealised understanding of
a measuring device. Although when using a measuring device we ignore the evolu-
tion of the system being measured, the evolution of the measuring device system
is of critical importance. This is particularly clear when we look at designing a
measuring device. To set up a device that satisfies the above criteria we examine
a system in great detail until we can predict exactly what will happen to it both
when left on its own and when it is allowed to interact with a variety of different
external systems. Once we have this information we can fine tune the system to
only react to the type of inputs we want to measure and can generally ensure that

the system works in the way we want it to. This process is effectively making the
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device robust in all the ways that have been described so far. Only once this is
done can we forget about the evolution of the system and simply use the established
correlations between input and output as informative correlations. The measuring
devices designed and used by humans tend to be very specific and complicated
systems, and hence ready states are often necessary at first because without them
the system is not understood in enough detail to easily spot deviations from the
expected evolution. Knowledge of a specific ready state, as in the billiard ball case,
allows to us to create an ad hoc measurement device and turns something that
would not ordinarily be a record (such as a ball stationary on a table) into some-
thing informative. But many records, and particularly naturally formed records,
rely on the sort of stable and easily predictable systems for which a ready state is

not needed to work out the necessary information.

Stable systems are objective features of the world. However, our ability to identify
and use stability may vary. It is dependent on our current best technology and
understanding of science as well as the knowledge of each individual. Going back
to the distinction between records and retrodiction we can now see that how di-
rectly we get information from correlations depends on our understanding of the
system. For example a scuff mark or a broken branch are a record for an expert
tracker because they understand the systems involved. But for the average tourist
these would be meaningless and any information would require doing some sort of

complex retrodiction.

Finally, this aspect of records can also be understood in terms of robustness against
noise: stability implies that a system is not susceptible to noise. So far we have
mainly considered noise to be the result of external influences such as surrounding
electromagnetic fields, light pollution etc. But it can also come from internal factors
in the system such as thermal movement and electrical fluctuations. On top of this
there are many small details of the evolution of a system stemming from small
differences in initial conditions that are generally irrelevant to the overall evolution
of the system. All these factors together influence the exact evolution of a system;
even in a perfectly isolated system the internal sources of noise must be considered.
A system is stable and easily predictable when the overall evolution is independent

of these sorts of details. The same system can be seen many times in different
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environments with slightly different initial conditions but will still act mostly the
same because its evolution is robust against these sources of noise. Due to its
robustness the system will display the same behaviour on different occasions and
so provide a basis for making easy inferences about the past. It is not a coincidence
that these are the sorts of stable systems that are likely to be involved in the robust
correlations that are required for records. This use of noise relates strongly back
to Dennett’s original use of the concept as discussed in section 4.3.1, which goes
beyond noise as it is regularly thought of in signalling theory. These sorts of stable
patterns that are describable under their own simplified dynamics are exactly the

sorts of patterns he is looking at.

4.5 Robust Records must be treated Macroscopically

What use is this account of records? Section 4.3.3 already showed that it denies the
possibility of microscopic records in reversible thermodynamics. This generalises
into a wider implication that is worth exploring: records should be treated using
the sort of methods we use to handle macroscopic physics. I will not go so far
as to claim that records must all be macroscopic. What counts as macroscopic
is vaguely defined and we can certainly make our records very small (the case
studies in section 4.3 are examples of this; even when redundancy is introduced
the resulting systems are very small). Instead, the scale of records is linked to
their reliability and how informative they are. Microscopic records are fleeting,
hard to identify, and normally carry little information. When a human designer is
introduced we are able to make records very small by shielding the systems involved

as far as possible, but there are limits to the extent this can be achieved.

My account makes it clear why records, especially naturally occurring ones, are
likely to be macroscopic. The main criterion - of being robust against noise - is
most easily achieved by stable, macroscopic systems. It is well known that we can
have macroscopic dynamical laws that accurately describe the evolution of systems
while ignoring the microscopic details. We are also able to treat such systems as
effectively isolated from distant effects and small interactions that might occur.!4

The need for redundancy in records also increases the size of the system needed

14Elga (2005) lays out some reasons for why the macroscopic world has these features

111



and pushes us towards the macroscopic domain. The likelihood for records to be
macroscopic fits into the project of explaining record asymmetry. It is commonly
found when looking for asymmetry in physics that it is missing from the funda-
mental level but emerges at a higher level. Records are no exception to this. They
are frequently referenced as being observable (linked to their epistemic availability)
or otherwise as macroscopic. Yet no justification of why records specifically should

be macroscopic has been given so far. This account answers that question.

But beyond a likelihood of being macroscopic, I will also make the stronger claim
that when treating records theoretically we must adopt the sort of techniques -
for example defining macrostates, using statistical sets, or coarse-graining - that
are abundantly used when developing macroscopic theories and discussing their
emergence from lower level theories.!> This is exactly what was done for the one
molecule gas memory device to accommodate the need for redundancy. Explicitly
incorporating stability will require similar methods. Recognising the role these
techniques play in records has the potential for numerous explanatory benefits
both for the asymmetry project and more generally. Accounts such as Albert’s
take records to be connected to but separate from other asymmetries such as the
thermodynamic asymmetry. But properly modelling records using these techniques
reveals how intertwined records are with many other theories and with macro-micro
relations more generally. This should change the way that we think about records

and their connections with other questions.

I will sketch one such implication here: what thinking about coarse-graining and
records could mean for explanations of time asymmetry. Understanding records in
terms of coarse-graining could provide a stronger argument for their asymmetry
than Albert’s account can. Albert claims that the past hypothesis is a type of
ready state and this is how records can be directly linked to it. However, his past
hypothesis, which places only a general constraint on the initial state (that it is

low entropy), looks nothing like the sort of ready states he uses that specify an

15For example, one place where thinking about macroscopic techniques while modelling records
could have explanatory value is quantum decoherence, in the accounts of quantum darwinism and
decoherent histories. The next chapter will look into this. In the decoherent histories account
records mark when sets of histories are consistent and are often tied to the coarse-graining used
to derive classical dynamics (see Gell-Mann & Hartle 1993).
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exact state and are used to predict the exact expected present state. The general
similarity in techniques is only that both ready states and the past hypothesis
create a sandwich effect where knowledge of the present and a point in the past
restrict what could have happened in between. Beyond this the connection between
ready states and the past hypothesis is unclear and the explanation of asymmetry
seems to falter.'® Meanwhile, Wallace’s (2012) version of the past hypothesis aims
to explain the general success of asymmetric coarse-grained macro-dynamics. If
records can be connected to coarse-graining techniques an explanation of their
asymmetry and its connection to the past hypothesis would fall out naturally as

part of this broader picture.

A more formal exploration of how records work with coarse-graining is difficult for
a number of reasons. Most work on coarse-graining (including Wallace’s) focuses
on clearly defined dynamics that records do not obviously have. Case studies such
as records in decoherence, which will be the subject of the next chapter, and the
case studies considered earlier may help provide a firm structure. Going back to
Myrvold’s formulation of the one molecule gas memory device, the methods he
uses of probability distributions and expectation values are potential examples of
coarse-graining that are very similar to the techniques used in defining entropy
and deriving thermodynamics from statistical mechanics. However, whether or not
they fit the definition of coarse-graining is a complicated issue and what counts as
coarse graining varies across the literature. I will not try to answer this question
here. Additionally, even if this can be worked out in particular cases it will not
obviously generalise. Records systems can be formed out of potentially any type

of system and a common structure cannot be assumed.

However, despite these uncertainties, considering these sorts of techniques provides
a valuable route for exploration and gives a much stronger foundation for how to
treat records when we encounter them in our physical theories. Understanding
how redundancy and stability require the use of methods such as statistical sets,
coarse-graining, or just the general use of macroscopic theories, serves as a starting

point to understand why and how records are being used throughout physics.

6Frisch (2023) develops a similar objection to Albert in more detail.
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4.6 Conclusion

In summary, records can be defined as systems that enter into robust correlations
with the past state of some other system. The robustness criterion is the key
feature that leads to the informativeness of the record and allows us to identify
the information encoded in the system. The second conclusion of this chapter
is that robust correlations require stable macroscopic systems and redundancy to
provide background information and protect against disruption from noise. This
description of records explains how they are used day to day and takes into account
the practical limitations they face, as well as highlighting why considering these
features is so important for the way we treat records theoretically. It establishes
them as objective features of the world that we are able to access and interpret.
Applying this account of records to instances where they are used in both physics
and philosophy will expand our understanding of how information is being encoded

in the relevant processes and what role records are playing.

By understanding records in this way it has also become clearer what is required
to answer the question of why we have a record asymmetry and how this relates to
time asymmetry. By making explicit the reliance of records on stable, macroscopic
laws from physics, biology and other high level sciences, some parts of this can be
answered already by looking at the work done on the emergence of an asymmetric
macroscopic world from a symmetric microscopic one. The background asymmetry
feeds into the asymmetry of records. But it remains to be examined exactly why
robust correlations seem to form between the past and the present but not the
future and the present. A further exploration into coarse-graining and other such

techniques as suggested here could provide this answer.

But even pending a full explanation of this, it is undeniable that records do play
an important role in the emergence of asymmetry in statistical mechanics. And
with a clear sense of what records are and what features they have we can clearly
incorporate them into our model of time. Robust records are distinctive features
of reality; they are not arbitrarily picked out or reliant on human understanding.
As such, records provide a firm structure which can be used to ground truth claims

about the past, and do so in a way that naturally connects this metaphysical
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asymmetry to the physics of emergent time asymmetry.!”

I7A more detailed analysis of how records can act as truthmakers I take to be outside of the
scope of this thesis. Roughly speaking we can take Wilson’s (2013) account of indeterminateness
as a guide where the state of affairs (i.e. a present state containing robust correlations) is the
determinate for a determinable. But there may be complications relating to how certain the
inferences made from records are - after all records allow us to infer with a certain degree of
certainty but do not give absolute guarantees. There are also more general concerns about what
it means to be a truthmaker, how to turn this into a semantic theory of truth, and how this
changes when we have to think about emergence (see Barnes (2012) for some discussion of how
truth relates to emergence). These questions remain unanswered; but the physical basis, and the
justification for it, have been made clear.
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5 The Role of Records in Quantum

Decoherence

5.1 Introduction

Another area which has made extensive use of the idea of records is quantum deco-
herence. I will now turn my attention to how records are used there, in particular
in the theory of quantum darwinism. There are three aims to this: 1) to further
explore the important role that records play in physics and to showcase how the
account I developed in the previous chapter can be used to strengthen our inter-
pretations of theories, 2) to prove that information can be used to understand a
formal theory of emergence (I have already shown that records are predominantly
macroscopic but I have not looked at the idea of emergence more generally), and 3)
to show how quantum mechanics fits into the model of time I have developed. The
previous chapter, and the majority of chapter 3, focused on how probabilities and
records in statistical mechanics are the basis for the open future and the fixed past
(alongside other factors such as the lightcone structure of spacetime). I argued that
a reduction to fundamental probabilities - such as the ones in quantum mechanics!
- is not necessary and that we should accept an emergent account of time’s flow.
However, despite discrediting quantum mechanics as the sole option for finding
the open future in physics, it is still a contributing factor; looking at decoherence
specifically will highlight how quantum mechanics is connected to emergence and

is continuous with higher level theories such as classical mechanics.

To achieve this broad set of goals I will focus here on the theory of quantum darwin-
ism - an account of decoherence that aims to explain the emergence of classicality
in information based terms by analysing the production of records during interac-
tion with the environment. This will go together with the following chapter that
will continue this project by looking at an alternative interpretation of quantum
mechanics (relational quantum mechanics) that focuses more on the perspectival
element of this project. Together these two chapters will demonstrate how an in-

formation based, emergent, and perspectival approach to quantum mechanics is a

!Caveated that quantum mechanics itself is not necessarily fundamental.
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robust and widely applicable method of interpretation. I will not comprehensively
defend either quantum darwinism or relational quantum mechanics but instead
look at how they support the model of time I am developing and show in turn that

thinking about time in this way can assist these theories.

Specifically in this chapter, I will show that the account of records developed in the
previous chapter strengthens quantum darwinism by providing a clear standard for
what physical features the world needs to have for observers to be able to operate
in a way that is familiar to us. Additionally I will argue that this standard can be
used to connect quantum darwinism to philosophical accounts of emergence which
use the screening off of lower level details. The term emergence is used loosely
in physics but philosophically far more critical attention has been given to what
exactly constitutes emergence; precise conditions such as novelty and autonomy
have been set. Quantum darwinism tells a conceptual story about how the ability
for multiple observers to independently verify a quantum state is the “hallmark
of classicality” (Zurek 2009, p.182); it then attempts to precisify this using limits
in information theory. However, the conceptual aim for the project remains vague
(and largely disconnected from the formal work) and little attention has been given
to understanding it; the standard of classicality that quantum darwinism aims
to derive is unclear. This is in contrast to other accounts of decoherence such
as decoherent histories that definitively derive classical dynamics out of quantum
mechanics. This standard - what it is and why it it distinctly classical - sets a
clear goal and is used in the philosophical literature to justify emergence through
the novelty and autonomy of these dynamics (e.g. Wallace 2012; Franklin 2022).
The lack of a corresponding standard for quantum darwinism leaves it hard to
understand what should be used to assess the conditions for emergence. It has also
contributed to a number of criticisms of quantum darwinism regarding its use of

observers.

I will first lay out quantum darwinism and some criticisms against it, as well as
looking at how it compares to the decoherent histories program using a model of
scattering photons off a central atom. Then I will explain how records - understood
as correlations that are robust against noise - can provide a standard for classicality;

the use of redundancy in particular will be essential to this analysis. Finally I will
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look at how my account of records can connect quantum darwinism to philosophical
accounts of emergence, and in doing so show how information can be used to
understand the relation between levels. This addresses the first two aims that I
laid out above, I will return to the third goal (showing how this fits into the model
of time I am developing) in the conclusion by looking at how quantum darwinism
connects to and extends the already established literature on decoherent histories

that argues that records are used to ‘fix the past’.

5.2 Quantum Darwinism and the Emergence of Classicality
5.2.1 Quantum Darwinism: A Review

Environment-induced decoherence generally proceeds as follows: a system interacts
with the wider environment around it and becomes entangled with it. This leads to
a suppression of coherence in a particular basis of the original system. The original
approach to modelling this was to model the environment in some way, allow it
to interact, and then trace it out to leave the state of the system of interest. The
reduced density operator representing the state is transformed into an effectively
diagonalised form; this is interpreted as being a classical state as it approximately
obeys classical probability calculus and its evolution follows classical dynamics
(for details on how this works and why the resulting state can be interpreted as
classical see Zurek 1982, Schlosshauer 2007, Wallace 2012 - note again here that
this does not necessarily claim to solve the measurement problem in its entirety).

The environment is a means to an end in this sense. Used and then discarded.

This program developed in connection with the parallel work on consistent histo-
ries by showing the equivalence of distinguishable histories and the suppression of
interference (see Rocha, Rickles, & Boge 2021 for a historical picture). Most mod-
ern presentations of decoherence (such as those mentioned above) start with the
diagonalization of the density matrix and then present the consistent/decoherent
histories approach to model the dynamics over a sequence of times. The latter
framework does not (supposedly) require an open system so has been better suited
for work in, for example, cosmology (Gell-Mann & Hartle 1993), as well as helping

with foundational issues such as the measurement problem (see Okon & Sudarsky
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2016 for more on this as well as criticisms).

Gell-Mann and Hartle did significant work on decoherent histories (as consistent
histories came to be called) and identified that the diagonalization of the density
matrix was only a weak condition for decoherence. They focused on incorporat-
ing the additional effects of noise, fluctuations and dissipation to produce stable
classical dynamics (Gell-Mann & Hartle 1993; 1995). One of the new criteria they
introduce was for histories to be distinguishable by generalised records - a set of
orthogonal projection operators on the set of histories. These ‘records’ distinguish
between possible pasts, but are called generalised as Gell-Mann and Hartle note
that they are global projectors and do not have the common properties of records,
properties like being preserved over time (although their work on nested records
starts to build on this) or being accessible to observers. Instead they are global

markers for which history is which.

Now we get to quantum darwinism, which largely developed out of Zurek’s early
work on decoherence. Quantum darwinism puts records at the centre and can be
seen as a more practical account of the idea that records play a role in decoher-
ence. An explicit connection to consistent histories (and the work of Gell-Mann
and Hartle) is shown in Riedel, Zurek and Zwolak (2016); but largely quantum
darwinism focuses on how records - with all the common features associated with
them such as observability - are produced in a single case of decoherence (rather

than at a sequence of times like in decoherent histories).

Instead of looking at the dynamics and behaviour of the decohered system, quantum
darwinism instead focuses on how a defining feature of classicality is the possibility
for objective agreement among observers. Something made impossible in quan-
tum mechanics due to measurement affecting the quantum state. Either due to
the collapse of a superposition; or more weakly, if we reject collapse, because once
measured the systems are entangled and cannot be viewed separately. Hence a sec-
ond observer cannot independently verify the state of the system with no reference
to the first measurement. Quantum darwinism argues that classicality - in terms
of intersubjectivity and the ability to verify measurement results - can be achieved

because decoherence creates many redundant records of the state of system (in the
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pointer basis) in the environment. These records allow for indirect measurements
that have minimal effect on the system itself, therefore allowing multiple observers
to act independently. Many observers can measure different fragments of the envi-
ronment and separately get information about the state. As such tracing out the
environment - as is traditionally done in environment-induced decoherence - misses
important details. The key to this is redundancy that ensures that each fragment
will contain informative records. This explains how this element of classicality -

the possibility of objective, shared information - is achieved.

It should be noted that decoherence on its own is not generally taken to completely
solve the measurement problem; most frequently it is paired with an Everettian
style interpretation of the wavefunction and decoherence is taken to explain why
each branch appears classical. Within each branch there is an effective wave-packet
collapse leaving the appearance of robust classical states and outcomes that can
be predicted by the Born rule. Despite its focus on observers, quantum darwinism
should be seen in the same vein; it is identifying a standard for what it means for
the world to appear classical but not claiming to derive absolutely how an observer

gets a single outcome out of unitary evolution.?

The mechanism that creates records is also supposed to explain how the pointer
basis is selected. The no-cloning theorem prevents the copying of unknown quan-
tum states so this cannot be what is happening. Instead what can be copied is
observables (sets of orthogonal states). The structure of the environment, and how
it interacts with the system, determines which observable will be most effectively
copied and hence selects this as a pointer basis. The copying reinforces this ob-
servable and suppresses other possible bases. This is the motivation for the name
darwinism: states that reproduce themselves most effectively are the fittest for

survival.3

2T will largely avoid discussions of interpretation in this chapter but I will return to some
discussion of this at the end. Zurek’s writings also contain extensive discussion of his own inter-
pretation - the existential interpretation - but this goes beyond just the formal theory of quantum
darwinism and is not a necessary consequence.

3This mechanism of interaction with the environment both selects the pointer basis and creates
records. However, it is possible to have decoherence (defined as basis selection - this corresponds to
the effective diagonalization of the density matrix) without records being created. This is possible
if the environment is not suitable to store information in the forms of records; for example the
records are immediately disrupted due to noise. Hence quantum darwinism always implies that
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Quantum darwinism can be demonstrated in a practical model: scattered pho-
tons. Photons scattered off a central atom in a position superposition each encode
information about the decohered position. Roughly speaking the photons act as

records. This is formalised using the concept of mutual information

Is.rp = Hg+ Hp — Hg (1)

where H is the von Neumann entropy and S and F denote the system and a fragment
of the environment respectively. This measure (roughly) represents how much
information can be extracted from one system about the other; in other words
how much information can be extracted from the fragment of the environment -
in this case from a certain number of photons - about the target system. Mutual
information is especially useful in the context of decoherence as it can capture
the difference between classical and quantum information. In the classical realm
knowing the state of a composite system implies knowledge of its parts. This no
longer holds true for quantum systems where the state of the whole cannot tell us
about the parts; the parts do not have well defined states at all. Measurements on
a joint quantum state reveal more information than any sequence of measurements
on its component parts. The classical information contained in a fragment of the
environment has a mutual information equal to the entropy of the system Hg.
The complete quantum information about a system goes beyond this, however, as
it contains more than just information about the composite parts. Hence total

information about a quantum system goes to 2Hg.

Riedel and Zurek (2010) model how mutual information depends on the size of
the fragment measured and on the elapsed time (time during which the scattering
process progresses and the number of scattered photons increases). They use pho-
tons that are not energetic enough to individually resolve the superposition. They
find that during short time periods where few photons have been scattered mutual
information i.e. the information we can get from a fragment of the environment

about S, remains low. This indicates that decoherence effects are minimal and that

the system is decohered, but a decohered system with a diagonalized density matrix does not
necessarily imply redundant records (section 5.4.1 explores this further).
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the photons do not tell us about the position of the atom. However, for slightly
longer time periods the information gained from a small fragment quickly reaches
the classical value Hg. Once this is limit is reached, measuring larger environment
fragments does not lead to information beyond Hg. The only way to retrieve the
total information 2Hg about the system is to measure the entire combined system
and environment.* This plateau around the classical information value corresponds
to the atom being decohered and the information about its state being redundantly

recorded in the environment.

The production of records therefore creates a particular kind of environment state
that encodes the classical subset of the total information available. The plateau
around classical information is not a general feature of an arbitrary quantum state.
It is an identifying feature of decoherent states. This, then, defines the emergent
classical state that we are looking for. It obeys the rules and limits of classical
information with only negligible contributions from the quantum state that affect
the state only when the entire system is measured or when the system has interacted

for very short time periods.

5.2.2 Criticisms: Explaining Observers

This goes some way towards satisfying the question raised in the introduction:
what standard of classicality is quantum darwinism aiming to derive? Classical
information theory sets precise limits that can be recovered analogously to how
classical dynamics can be derived. However, the formulation in terms of information
theory is very different from the motivating statements about observers. There
is a generic way in which information theory describes how information can be
extracted and manipulated by agents; but when we consider observers more closely
we do not tend to formulate it in these terms. Instead we think more practically
in terms of measuring devices and inferential practices. It is not straightforward
to use information theory to capture this much more general sense of information
and observers; there is little analysis being done to pin down how the limits in

information theory correspond to the everyday assumptions that observers make

4In a many worlds framework this would require the measurement to include the different
branches. Hence the observer would need to be outside of the decohered branches themselves to
make this measurement.
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or the exact constraints they operate under. There is disagreement about the
exact physical meaning of mutual information (see Korbicz 2021) and its definition
remains technical rather than conceptual. Clarifying a standard for classicality that
is more explicitly connected to the conceptual motivations is necessary if we want to
understand why the resulting theory explains the classical world that we experience.
Once this is in place can we start to look at how the limits in information theory

represent this conceptual standard (although I will not attempt this here).

The confusion over how exactly quantum darwinism explains observers is revealed
in the criticisms that have been levelled against it. Fields (2010; 2011) argues
that there are several classical assumptions observers have to make before they can
use the records in the environment to determine the state of the systems. These
assumptions, he argues, show that quantum darwinism has not explained how
agreement among observers arises purely from quantum mechanics. Pre-theoretic
classical reasoning is used to reach conclusions about their observations. One prob-
lem is that observers are not truly justified in claiming that their different measuring
results are related to the same system. They may both view the same outcome
value on the screen but there is no guarantee that this wasn’t caused by two dif-
ferent systems, they simply assume this to be the case. To be sure of this the
observers would have to expand what they count as the measurement to probe
deeper into the environment, doing so would leave the measurement irreversible
and perturb the system (thereby failing the intersubjectivity condition). Another
assumption needed to make quantum darwinism work is that the observers have
to recognise each other as distinct observers and the system as being well defined.
However, this essentially amounts to the emergence of classicality having already
taken place. Fields writes that ”[w]hat is critical to [quantum darwinism| as an ex-
planation of the emergence of classicality from minimal quantum mechanics alone
is that O; and O, have no prior shared classical criteria with which to identify S,
since the availability of any shared classical criterion sufficient to identify S would
imply that S had already ‘emerged’ into classical objectivity” (2011, p 4). These
sort of objections are common to the decoherence program as a whole, not just

to quantum darwinism; we have to define the split between the system and the
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observer to be able to make the derivation.’

However, these criticisms use a very specific kind of observer: an observer that is
making distinctly quantum measurements. But decoherence, and quantum dar-
winism in particular, is not primarily an account of the emergence of quantum
measurements. Rather it is about the emergence of a world that we are able to
observe in an intuitive, everyday sense without having to explicitly account for
quantum mechanics. An explanation of what a observer is and how they make
quantum measurements is a secondary task that is not taken to be a core part
of the explanation that decoherence provides. This is true of all the decoherence
programs, for example in the decoherent histories program Gell-Mann and Hartle
(1994) explore how IGUSs can be added to explain how observers evolve within
a decoherent world (see also Dowker & Kent 1996; Rocha, Rickles, & Boge 2021
for discussion); but this is an add on with decoherence assumed to take place in-
dependently. Quantum darwinism, despite its framing in terms of observers, is no
different. Durt (2010), along the same lines as adding IGUSs to decoherent histo-
ries, argues that observers who operate on entirely classical logic evolve by relying
on the decoherent structure that quantum darwinism explains. The world emerges
as classical without any reference to observers or measurements; only once it has
emerged can observers operate.® In this sense Field’s charge that observers assume
that the system has already emerged is entirely correct. But it is not a problem
for quantum darwinism as a theory of emergent classicality in general; the task
of explaining observers is a secondary one and quantum darwinism should not be

taken to stand or fall on this issue.”

The rest of this chapter will show how the records that quantum darwinism pro-
duces should be understood as analogous to the everyday record systems we see in

the classical world and not as something closely connected to quantum measure-

5Relatedly it is frequently charged with assuming that the Born rule describes outcome prob-
abilities (e.g. Okon & Sudarsky 2016).

6One thing to note is that what may be causing confusion here is what counts as an observer.
A thin sense of observer is simply as an instrument that performs measurement. The implication
here is that being an observer requires pre-measurement beliefs and a much fuller mental state -
it is this sort of observer that we can view as belonging to the classical realm.

"The criticisms from Field are concerning when it comes to this secondary project, although
the most recent presentation from Zurek 2022, while not addressing them explicitly, may show
progress on this issue.
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ments. These records are the sort of epistemic structure in the world that allows
observers to operate on a day to day basis, but they are not dependent on or nec-
essarily linked to specific measurements. Regardless of whether or not quantum
darwinism can fully model quantum measurements, it can describe how this stan-
dard of classicality emerges. Explaining quantum measurements is undeniably part
of the literature on quantum darwinism, but recognising that it is not essential to

the project will help to direct criticisms in a more productive way.

5.2.3 Beyond Diagonalization of the Density Matrix

Before delving into how records act as a standard for classicality in more detail I
will take a step back and compare the standard account of decoherence to quantum
darwinism in a scattering example. What this will show is how records indicate
robust classical dynamics in a similar way to the conditions of decoherent histories.
Notably, this does not involve any actual measurements but just the conceptual
possibility that something could be a record. It will also bring forwards a key

feature of quantum darwinism: redundancy.

Photons scattered off a central atom in a position superposition decohere the atom
and encode information about its decohered position. In the case of scattering
with a single photon it is not clear how we should regard the final state of the
atom. If the photon has the appropriate wavelength (roughly corresponding to the
distance between the two states of the superposition) then the photon becomes
strongly correlated to the atom and the reduced density matrix of the atom is
effectively diagonalized. This is considered a case of decoherence in Wallace (2012)
and Joos et al (2013). In both cases the single photon case is considered only briefly
and then disregarded in favour of analysing in more depth the multiple photon
case. Additionally, decoherent histories are introduced to more explicitly consider
the emergent classical dynamics that result from multiple scattering events. After
interacting with a single photon the atom can be shown to follow classical dynamics;
but while this is technically possible the situation is very unstable. It would be
relatively easy for the photon to re-interact and unentangle from the atom, reversing
the process of decoherence. It would also be easy for the atom-photon correlation

to be disturbed in some way and the dynamics of the reduced density matrix with
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the photon traced out would not be representative of the state of the atom. Any
expected classical behaviour of the atom, if it arises at all, is likely to be short lived
and unstable. This does not match with the robust and stable classical world we

are familiar with.

Quantum darwinism approaches the problem differently and shows that asking
whether or not the photon can act as a record leads to similar conclusions to
decoherent histories; namely that multiple scattering events are needed before the

atom can be considered effectively classical.

First let us look at the single photon case. Practically creating a device that can
extract information from a single photon is not obviously possible. And certainly
it would not be possible for multiple observers to independently measure the same
photon. But even removing the technical considerations, we can focus just on the
idea that the photon is, at least nominally, a record regardless of our ability to
read it. And we can show that in the single photon case this is not true - thereby
showing that according to the standards of quantum darwinism the atom is not
decohered. Zurek’s (1982) early work on decoherence proved this by looking at
interacting a two state system - an atom with excited and ground states - with a
system of interest - a spin system that could be up or down. The atom system
acts as a rudimentary measuring apparatus; entangling the two systems should in
principle allow us to extract information about the spin through its correlation
to the atom state. However, Zurek shows that this is not possible and the atom
cannot act as a record. This is because the states of the atom system and the spin
system can both be independently rewritten in many other bases. For example
a spin in the |1), ||) basis can be rewritten in the basis | =) = (|1) + |1))/v2,
<) = (I) = |4))v/2. Similarly for the atom system, the basis of ground |=) and
=) +=))/V2, |=) = (1£) ~ [=)V2.

As such the state of the atom cannot be a record of the spin state; the atom state

excited |=) states can be rewritten as |+) = (

|=) could correspond to a spin state of either |1) or |—=) (or any other possible
basis) and hence tells us nothing. For it to be a record there must be a correlation
within a specific basis. This conclusion can be applied to the case of a photon

scattered off a central atom: they are entangled but not in an informative way.
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Now we turn to the multiple photon case. When multiple photons (which can ei-
ther be energetic enough to each individually strongly entangle with the atom or
less energetic such that individually they only weakly entangle with it, but collec-
tively they decohere the system) are scattered off the atom, then a more complex
array of measurements can be performed to locate that atom. Different observers
can intercept different sets of photons to independently obtain their results. So
the multiple photon case satisfies the information account of emergence. It also
satisfies the dynamic account: the possibility of re-interaction (of all the photons)
or disturbance is negligible when multiple photons are involved, and we can expect
stable classical dynamics. Zurek (2022) shows that the redundancy of records is
equivalent to what he calls redundant decoherence. This is where not just the re-
duced density matrix of the atom with respect to the environment is diagonalized
but also the joint state of any atom-photon pair (tracing out the rest of the photon
environment). This corresponds to a correlation in a specific basis (in other words
the selection of a pointer basis) and means that the photon is now an informative
record. It also means that the atom’s density matrix remains consistently diago-
nalized, and follows classical dynamics robustly. Even if one photon re-interacts or
is disturbed, the other photons are sufficient to ensure that the atom can still be
accurately represented by the effectively diagonalized reduced density matrix and

follows classical behaviour.

Quantum darwinism helps to identify cases where classical behaviour is particularly
robust and stable beyond just the weak instantiation of classical behaviour that the
effective diagonalization of the density matrix ensures. It provides a more stringent
standard for when classicality has been achieved and emergence can be justified. It
is doing the same job as decoherent histories but introducing a novel way to model
this effect.® Records are used as a benchmark to measure against, to determine
when the decoherent state is achieved; actual observers looking at these records

are not necessary at all.

8Largely the work on quantum darwinism is separate from decoherent histories and makes
little mention of it, except for the paper by Riedel, Zwolak, and Zurek (2017) connecting them.
However, Gell-Mann and Hartle’s work is often cited as one possible idea for solving this sort of
problem.
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5.3 What are records?
5.3.1 A General Account

I now turn to look at what a record is outside of the quantum context. Doing so will
give a better handle on what classical features we are looking to derive via quantum
darwinism. In the previous chapter I argued that records should be defined as
correlations that are robust against noise; this robustness is an essential property
of records and not just an instrumental concern about how they are used.’ Here
noise is defined using ideas from signalling theory: it is irrelevant modifications
to the record that disrupt or obscure the information it encodes. This follows
from considering how records can work in non-idealised settings and how we are
practically able to identify informative correlations in the world. With this in mind
it becomes clear that robust, redundant correlations are a common feature of the
classical world; this feature is what allows us to make everyday inferences about
ordinary objects. Quantum darwinism should be understood as showing how these

sorts of correlations emerge.

Robustness is achieved by two factors: 1) the use of stable, macroscopic systems
with reliable evolutions, 2) the use of redundancy. The first condition largely acts
in the background to identify the sort of systems that can be robust in the nec-
essary ways. It also immediately suggests a connection with emergence. But it is
redundancy that I will largely focus on here as this is where the link to quantum
darwinism will become clear. Redundancy works because for a single copy of the
record we cannot identify whether it has been affected by noise or not. Creat-
ing multiple redundant micro records means that although each individual micro
record cannot properly be called a record as it does not give reliable information,

taken together the redundancy of the information ensures that a robust correlation
holds.?

9When thinking about records and time we often explicitly talk about how they allow us to
make inferences about past events rather than just about other systems. This was the focus in
the previous chapter. However, lasting over time is just one aspect of records and records that
are correlated to the current state follow the same set up.

10The word redundancy is often taken to mean eliminable and playing no essential role. The
argument here is that the many copies are essential. They are redundant in the sense than any
single copy is eliminable provided the overall redundant set remains.
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Given its importance to the argument of this chapter, I will spell out how redun-
dancy works in everyday examples of records in a little more detail. Consider a
footprint on a muddy path. Mud is rarely particularly smooth. It is normally
created by, for example, the ground being disturbed by many people or animals
passing through. An already churned up muddy path is a difficult record to read.
It contains many ‘records’; but most will be unidentifiable as anything specific. If
an identifiable footprint can be found, then it is because we see a shape that has
a clear correlation to the shape of a boot that stands out from the general noise
of dips and troughs around it. This robustness is important for identifying the
record. A partial footprint may still be identifiable but the less of it that remains
the harder this becomes. The different parts of the footprint outline form a sort of

redundancy.

There are two ways redundancy is working here. First there is a straightforward
sense: only a partial footprint is needed for us to be able to identify it. The imprint
of the heel, maybe with the pattern from the sole of the shoe, is often enough to
make it clear that this is a footprint. The entire footprint therefore contains a
redundancy of partial footprints and this redundancy allows for robustness against
noise. Even when partially destroyed the record remains informative. One might
object to using the term redundancy in this situation. It is not straightforwardly
many identical copies of the same information; instead many similar correlations
are used. However, it is still the case that we have a surplus of information. Each
fragment is possibly informative, just as a single micro memory device in quantum
or nano-computing can encode information. But it could easily be obscured by
noise. Adding many similar records verifies the information in each one and reduces

1 The second sense of redundancy is less obvious and is

the chances of errors.!
required for the individual parts to be informative at all. Each fraction of the
outline is correlated to the foot and contains some information about it in virtue
of this. But there is a minimal size of fragment that is needed for us to identify the
mark as being a footprint at all. The required size is somewhat context dependent:

an expert tracker needs a smaller fragment than a layperson and some parts of

HPurther redundancy can be found when, for example, the footprint is part of a set of footprints
one after another.
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the footprint are more recognisable than others. But below a certain size it is
unidentifiable; it is just a random mark in the mud. The fraction itself remains
unchanged and it is still correctly correlated to the foot, but no information can
be extracted from it. The correlation cannot be separated out from noise. Only
by collecting together many similar fractions - a redundancy - to form a larger
fragment can a record be formed. The redundancy of insignificant correlations
creates a robustness that stands out from the background noise. While a small
mark may be the result of anything a distinct line is much more clearly the result
of one thing or another. Another example of this sort of redundancy is pixels in a
photograph. Each pixel is correlated to the subject of the photograph but a single
pixel can tell us little to nothing. It contains only very minimal information and
could easily be affected by noise. But the pixels taken together create a highly
informative photographic record. The information that a certain pixel is blue is
verified by its placement in a whole set of blue pixels that show us a picture of
the sea. However, a single black pixel among these blue ones tells us there was

probably a speck of dust on the camera.

A certain amount of redundancy is needed for any information to be extracted,
and once this minimal level is reached further redundancy helps to protect against
errors. All records seem to have this feature. Sometimes it varies as to whether
we label the entire redundant set as one record (for example we might say that
a footprint is a single record or a photograph is a single record) or whether we
count all the many parts individually as records (each pixel in the photograph is
a record). This difference is arbitrary and redundancy features regardless. In the
former we say the record is a record because it has many redundant parts. In the
latter we say the record is a record because it is part of a redundant set; when

taken independently of that set it is not informative.

5.3.2 Records as a Standard for Classicality

How does this account relate to quantum darwinism? The initial starting point
for applying the general account of records to quantum darwinism is that there is
a striking similarity between Zurek’s language of redundancy and robustness and

the way that records operate in a classical world. The next section will explore
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this in detail and carefully consider whether the account given above accurately
matches the records in quantum darwinism. Before I look at this comparison in
detail, however, we can first consider how classical records act as the standard of

classicality that quantum darwinism aims to derive.

The dynamic account of decoherence defines the classical world as a world that
follows classical dynamics. Quantum darwinism defines it as a world in which
observers have intersubjectivity and can make repeat measurements without sig-
nificantly affecting the system. We can treat ourselves as separate from the world
around us because we can observe it without influencing it; two people can look
at the same object and agree what it is. In a more scientific context, multiple
experimentalists can read off the value on the screen. This is the feature that
quantum darwinism aims to explain, and it follows directly from the robustness
of the epistemic structure in the world, a feature which the account of the pre-
vious chapter foregrounds. Robust records are the basis on which we are able to
make regular inferences about systems without having to take into account a for-
mal theory of measurement. Observers in the everyday world never have to think
in terms of quantum mechanics or model themselves explicitly as a system taking
part in a measurement; any interaction that we have with the system is counted
as irrelevant noise. The irrelevance of the observer to the state being measured is

t.12 The negligible impact

so ingrained that we rarely even explicitly think about i
that observers have on the system is also what makes intersubjectivity possible.
The first observer leaves the record unchanged for the second observer to look at.
The robustness of records guarantees that any effects that come from interacting

with the observer will be irrelevant in this way.

Records are found naturally all around us in all sorts of systems, frequently ap-
pearing outside of explicit measurement contexts. We can and often should model
records like a result displayed by a measuring apparatus in this way, but records are
not limited to this. They are a generic and frequently found feature of the classical
world. Criticisms of quantum darwinism, such as those by Field laid out above,

define records as the result of measurement and model this in the way commonly

120f course there are classical cases where our measurements affect the system; but these are
outliers and do not disprove the general assumptions that we make.
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done in quantum mechanics: a measuring device is written as the state |ready)
before it interacts with a system and is transformed into a record state such as
|lup). The way that records are used in the decoherent histories program is also
very close to this. The records are global projection operators that allow one to
distinguish between different histories - where the histories are sequences of distinct
measurements. However, this is directly analogous to Albert’s ready state account
of records that I critiqued and rejected in the previous chapter. It does not provide
a realistic model of the features that records must have to count as informative.
When we model a measurement in this way we ignore all the important factors

that go into making a measuring device robust and reliable.

Quantum darwinism should be understood as deriving how robust correlations
acting as records form in quantum mechanics; not as a result of an specific mea-
surement from an observer but just because of the general interaction with the
environment. The presence of observers explicitly studying quantum mechanics in
that environment is happenstance and the process happens with or without them.
It is the formation of these robust correlations that allows such observers to operate
in the way that they do. Even when a measurement is the cause of the decoherence
this still does not prohibit us from understanding the physical measuring apparatus
as just a type of environment. Despite our tendency to describe the device as a
single quantum state |ready), we should really consider all the parts as a compound
environment that generically have this sort of effect on a system.'® What makes
it a measuring device is the final robust correlation between a record displayed on
the screen and the state being measured. It is this that makes it informative; but
the only difference between this and a naturally occurring environment is whether
or not we intended in advance for this to be a measurement. The actual process is
the same. The robust correlation is the result of all the redundancy within the sys-

tem.!* At this point it is also obvious that the record can be read out many times

BHowever, it is true that the current practical examples of environments studied in the quantum
darwinism literature tend to be simplistic environments made of a set of dynamically independent,
identical subsystems. The sort of environment represented by an actual measuring device would
be far more complex and it has not been shown explicitly that the same results would hold. For
now we can only extrapolate that this general process will still apply.

4“When we have multiple observers with multiple measuring devices this still holds. Fields
(2010) raises the objection that multiple observers have to assume their results are correlated to
the same system and that this genuinely is redundancy; this is certainly true and the experimental
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by different observers. The photons carrying the information between the screen
and the observer technically dynamically entangle the systems but the influence is
so negligible that it is dismissed as noise and we treat the interaction as classical,

it has no effect on the record displayed on the screen.

Understood in this way, quantum darwinism delivers an account of how a regular
and essential feature of the classical world - robust, redundant, informative corre-
lations - emerge. Observers are secondary to this and rely on this sort of structure
already existing in the world. In this light the criticisms levelled against quantum
darwinism, which claim it presupposes classical observers and well-defined systems,

are far less concerning.

5.4 Records in Quantum Darwinism

It still remains to show, however, that the general account of records I have given is
actually an accurate description of what is going on in quantum darwinism. There
is a strong initial similarity: the creation of redundancy in quantum darwinism is
what singles out a single correlation (the pointer basis) and makes the individual
records informative. As the photon scattering case study showed, an individual
photon is not a record unless it is part of a redundant set all decohering the same
central atom. This use of redundancy seems the same as the redundancy described
in records generally. But what remains to be shown is that this can be connected
to the definition of robustness against noise. Noise has not so far featured in the
analysis of decoherence presented here, so this similarity of using redundancy to
identify a correlation needs more careful examination before a comparison can truly
be drawn. The following subsections, therefore, will lay out exactly how records -
defined as they are above as correlations that are robust against noise - arise out
of quantum darwinism. Showing this will also serve a dual purpose by setting up

a lot of the arguments needed to show that records are related to the screening off

methods take careful designing to isolate the desired target system. However, the dynamical
process that creates the redundancy necessary for measuring devices to function justifies this.
Zurek (2022) also gives a much more detailed and up to date technical presentation of how
quantum darwinism actually treats observers. This involves multiple stages, and a number of
different factors contribute to what we think of as an observation - the observer is never modelled
as a simple quantum state.
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condition of emergence that section 5.5 will draw together in more detail.

5.4.1 Redundancy and Noise

Care must be taken when connecting decoherence to noise. In the initial quan-
tum superposition of the system (prior to decoherence through interaction with
the environment) there are quantum correlations that are phase relations between
subsystems of the Hilbert space of the system. These manifest as interference ef-
fects. Joos (2000) rightly cautions against any interpretation of these correlations
as noise and of the superposition as an ensemble. Doing so would imply that the
system is in a definite but unknown state and the quantum correlations are simply
obscuring it. But this would not account for the presence of non-local features of
superpositions, specifically the presence of interference effects. Noise obscuring an

unknown state would not result in these effects.

Only after decoherence has occurred should we consider the analogy with noise.'®

The insistence from Joos (and also Schlosshauer 2019) that decoherence should not
be considered in terms of noise largely stems from attempts early in the literature to
separate decoherence out from other processes in quantum systems, in particular
from dissipation. Dissipation - energy loss from noise processes such as fluctua-
tions and imperfections in the system - can have a similar effect to decoherence
in damping the off-diagonal terms of the density matrix. In contrast, decoherence
specifically describes the effects of entangling the system with the environment and
the loss of information this produces. During the process of decoherence the system
becomes correlated (entangled) with the environment and some of the quantum cor-
relations in the system are replaced by the environment-system correlations - this
process singles out a pointer basis. The original phase relations from the system
superposition are delocalized throughout the total combined system-environment
(and eventually throughout the entire universe) (for more detail see Zurek 1982;
Joos 2000; Joos & Zeh 1985). The information that quantum correlations hold is

15 This should not imply a troubling circularity where records are used to define decoherence and
then decoherence is used to classify the resulting states as records. Decoherence produces certain
states through the dynamical interaction and these states then become classified as records. This
is the same in dynamic decoherence in which classical dynamics are derived and then this is used
to classify the off-diagonal terms in the density matrix as irrelevant.
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spread throughout the entire combined system, while records of the pointer ob-
servable are created in many parts of the environment. This corresponds to the
off-diagonal terms in the density matrix of the system-apparatus (with the envi-
ronment traced out) tending towards 0. The state can then be treated as if it was
an ensemble of measurement results (although the measurement problem - how a
single result gets selected - remains unsolved; but this is not relevant to the prob-
lem at hand here). Decoherence can be shown to proceed on a different timescale

to dissipation.

The association between noise and dissipation comes from the specific usage of
noise that is common in that literature, mainly referring to fluctuations. However,
the definition of noise given in section 5.3 is more general and can encompass
a wider range of effects. Noise is defined not just as fluctuations and random
effects but more generally as irrelevant contributions to the record that obscure
the robust correlation between record and system. This encompasses a wider range
of phenomena including systematic low level details that have negligible effect on
the overall state of the system and its evolution. Also notably when applying the
concept of noise to records this is after the environment has become correlated to
the system. The process does not proceed through the effects of noise. But this does
not mean that we cannot apply the generalised concept of noise to the quantum

correlations that are delocalized throughout the environment after decoherence.

Despite it being important to distinguish between dissipation and decoherence,
however, dissipation also contributes to emergent classicality. The decoherent his-
tories frameworks explicitly considers how all sorts of effects contribute to deriving
classical dynamics. While decoherence was originally focused primarily on quan-
tum correlations and the effective diagonalization of the reduced density matrix, it
now extends beyond that. The combined effects of decoherence, dissipation, noise,
fluctuations etc are all included. The records that quantum darwinism produces
naturally subsume all of these other influences under its standard of emergent clas-
sicality. Using noise as a generic term that captures all such effects makes this very
clear. This is another way in which quantum darwinism is doing a very similar job

to decoherent histories but solving the problem in a different way.
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However, there is still the challenge of showing that the quantum correlations (in-
terference terms) specifically are irrelevant and can therefore be classified as noise.
This strongly connects the project to accounts of emergence in the philosophical
literature. The irrelevance of lower level details is a commonly cited criterion for
dynamic emergence. Wallace (2012) and Franklin (2022) both show that the inter-
ference terms are irrelevant for the evolution of the resulting classical state. I will
not repeat their full analysis here, although it will be discussed further in section
5.5. What they show is that the system - described by the reduced density matrix
with the environment traced out - is effectively diagonalized and obeys classical
dynamics and probability calculus. This justifies treating the interference terms as

irrelevant.

Much of their analysis is directly applicable here. However, there are two issues with
carrying it over to justify the irrelevance of the quantum correlations to records.
First, quantum darwinism shifts the attention to the environment and no longer
traces it out to leave the diagonalized reduced density matrix. The justification for
considering the interference terms as irrelevant focused on the system itself; this
justification does not necessarily carry over to the environment. Second, the irrele-
vance to the dynamics does not automatically help us understand the information-
theoretic context of records in which the dynamics do not play any major role.
Instead it must be shown that the quantum correlations are noise with respect to

the correlations in the environment that observers measure.

5.4.2 Local versus Global

We can find our justification by considering the difference between the global and
the local environments and how only the latter is relevant to records. When taking
the environment as a whole the interference terms delocalized throughout it cannot
be ignored or dismissed. Various authors stress this point. Despite the irrelevance of
the interference terms to the reduced density matrix of the system, the interference
terms are still relevant for the joint state of the system-environment. The total
joint state remains in a pure superposition. Joos & Zeh (1985) state that “The
interference terms still exist, but they are not there” (p. 224). By this they mean

that the quantum correlations (entanglement relations) found in a superposition
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state (i.e. the interference terms) are not destroyed when a system is entangled with
the environment. Instead the correlations are spread throughout the entire system-
apparatus-environment combined system. While the reduced density matrix of the
system is effectively diagonalized, the overall state is not; the interference terms
are still present even if they are not in the original system. As such, these terms
are still highly relevant for the dynamics of the total system. In particular the
entire combined state still obeys unitary dynamics and is fully reversible. An
operation over the whole system and environment would allow an observer - at
least in theory - to reverse decoherence. Given that the full state of the system-
environment retains the superposition, Joos (2000) stresses that the interference
terms in the reduced system cannot be regarded as irrelevant noise. Additionally,
moving away from dynamics and back to the information theoretic framework, a
measurement of the whole environment and not just a fraction of it would allow an
external observer to observe interference effects as well as gain information about
more than just the pointer observable. In the context of quantum darwinism such
a global measurement would fail the classical standard as it would disturb the

superposition and would not be verifiable by others.'¢

To this last point we can reply with a practical note: such a global measurement
may be definable in principle but practically would be very difficult to achieve. It
would require the large environment to be perfectly isolated from the observer else
the observer would be part of the environment and have to include themselves in
the measurement. In many cases we consider the spread of decoherence through
the environment to eventually spread throughout the whole universe. Any real-
istic observer within the universe would be unable to perform measurements at
this scale. Even considering a smaller, more limited environment where a global
measurement is more feasible, quantum darwinism requires that the information
is redundant enough for observers to potentially perform individual measurements
on different fragments of the environment. Therefore, a global measurement on

the whole environment would have to be on a significantly larger scale than any

16 A measurement could be seen as the observer simply becoming part of the environment
itself and entering into the entanglement relations. The point remains the same that a second
external observer could not now just measure the environment and corroborate the first observer’s
results. They would also have to include the first observer in their measurement as part of the
environment,.
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common place measurement on just a fragment. The possibility in principle of the
global measurement does not relate to the practical considerations of how we make
observations in the world. The latter was the motivation for quantum darwinism;
it aims to explain why we make observations of a classical world all around us.

Commonplace observations are made locally on fragments of the environment.!”

Moreover, despite being in the environment, records do not make up the whole of
it. In fact, as emphasised by the introduction of redundancy, only a small fragment
of the environment forms a record and this is repeated many times. Meanwhile the
relevance of the quantum correlations in the environment - both to the dynamics
and to global measurements - requires the global combined system. The essence of
quantum darwinism is showing that measuring fragments of the environment puts
a classical limit on the information that can be extracted (only information about
an observable is available). The global superposition state is irrelevant to the local

fragment.

The local scale is definitional of classicality. Looking at the notion of classical
information, what distinguishes it from quantum information is how parts relate to
the whole. In the classical realm knowing a composite system implies knowledge
of its parts. This does not hold true for quantum systems where the state of the
whole cannot tell us about the parts; the parts do not necessarily have well defined
states at all. Measurements on a joint quantum state reveal more information than
any sequence of measurements on its component parts. But even for a quantum
system, local measurements allow us to extract a clearly defined subset of the total
information: the classical subset. This is information about observables rather
than the state itself. For each individual record making up part of the environment

the information it gives is purely about the classical state of the system.

On top of this Zwolak and Zurek (2017) show that many parts of an environment

are irrelevant to the redundancy of the correlations that form the records. They

1"This may be good reason not to consider the records used in decoherent histories to be
genuine records. As Gell-Mann and Hartle (1995) note, these generalised records are not actually
accessible to observers and are global projectors. We could not consider the quantum correlations
as irrelevant to these ‘records’ as they use the global state of the system and environment. In this
way quantum darwinism gives a much more detailed account of how actual records are produced
and play a role in decoherence.
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are considering a complex environment where many parts of it do not become
correlated to the system at all (and carry no information about it). They show
that the existence of these parts of the environment does not have any appreciable
effect on the redundancy of records in the environment and how likely an observer
is to intercept at least one. As such, they argue these parts of the environment are

irrelevant to quantum darwinism.

Based on this, the quantum correlations spread throughout the environment can
be regarded as noise - in the general sense - with respect to the local records that
an observer would measure. The conceptual possibility of a global measurement
or operation is not relevant to these local records. The quantum correlations are
irrelevant contributions to the final state of the record that is determined by its

robust correlation to the system.

This provides justification for claiming that the redundancy of records in quantum
darwinism protects the system against noise. This matches both senses of redun-
dancy that were described in the context of the footprint example at the end of
section 5.3. First, redundancy has the effect of making a particular correlation
identifiable over and above the many other correlations; this is the active process
where the creation of records suppresses the other possible bases in favour of the
pointer basis. Due to this process the correlation between the observable and the
record becomes identifiable against the background of many quantum correlations
delocalized throughout the global system-environment state. The latter can there-
fore be characterised as noise with respect to the former. This is more active than
the classical case as the record creation has an appreciable transformative effect on
the system while in the classical case it is often passive (the mud does not transform
the shoe stepping in it - in most cases at least). But the overall role of redundancy
plays the same role of making information identifiable. Second, further redundancy
allows for robustness against disturbance by noise in a much more straightforward
sense. Here noise is the negligible contributions to the behaviour of the system
made by the delocalized quantum correlations, but it can also be the effects of ob-
servers interacting with the records and making measurements, and finally it can
also be the more specific meaning of noise as fluctuations. An observer can robustly

and consistently extract the classical subset of information about the state from
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the records and ignore the rest of the environment (and the quantum correlations

spread through it) as irrelevant to this information.

5.5 Records and Emergence

What is left to explore is how records as a standard of classicality relate to the
philosophical work of pinning down what emergence really means. This ties to-
gether various threads that have already arisen in the previous section. What will
be shown is that records can be used to justify the conditions of emergence as
an alternative to using the dynamics of the system. In any physical situation the
two will go hand in hand (after all, records are created through a dynamical in-
teraction); there will be both the production of records as described by quantum
darwinism and the emergence of classical dynamics. But what this shows is that

information provides a valuable alternative route to understanding emergence.

Philosophical accounts of emergence in science largely focus on the autonomy of
the higher level theory and how it screens off irrelevant details of the lower level
theory to provide novel explanatory or predictive power (Woodward 2021; Ross
2000; Ladyman & Ross 2007; Franklin & Robertson 2022; Robertson 2021). The
emphasis is on showing how emergent theories are objective and independent levels
of reality, not just pragmatic approximations of fundamental physics.'® In other
words it answers the question of why we should use any other theories except

fundamental ones.

Emergence has been defined in terms of conditional irrelevance (Woodward 2021;
Franklin & Robertson 2022). This is not specific to quantum decoherence but
applies generally to the emergence of higher level theories and ontologies.'® Con-
ditional irrelevance explains why it is possible to screen off lower level details to
focus on the instantiation of the higher level theory. To understand it we can

first consider its counterpart: unconditional relevance. When accounting for the

8 Accounts of emergence developed in the philosophy of physics literature differ from how
emergence is considered in other areas such as philosophy of mind. Emergence is considered
compatible with reduction and the mathematical and conceptual compatibility of the two theories
remains important.

YHow exactly to formulate the conditions of emergence is contentious; the view described here
is what I take to be the most prominent account.
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behaviour of a system, it is clear that the microscopic details that the system is
made up of will be relevant to the explanation. As the system evolves in time it
successively instantiates a series of microscopic states. Hence these microscopic
states are unconditionally relevant to explaining the system’s evolution. However,
this description may be very unwieldy, long winded, or complex. Due to measure-
ment limitations the microstate is likely to be impossible to determine and even
if we could, the resulting calculation to get from the initial to final state may be
practically impossible. This is not what scientific practice attempts to do. Instead
we note that many of these microscopic details do not have any significant effect
on the overall evolution of the system. We can more effectively describe the system
by conditionalizing on certain higher level features or properties. The behaviour of
the system can now be explained more simply and efficiently by using them. These
features could be instantiated by many different possible microstates; hence the
lower level details are being screened off and become irrelevant to the dynamics
of the system. But only once the higher level features are accounted for, hence

conditionally.

Franklin (2022) applies this account to the problem of emergent branches (as-
suming an Everettian interpretation) in quantum mechanics. He argues that the
off-diagonal interference terms in a decohered system are conditionally irrelevant

to the dynamics of the reduced density matrix.

“decoherence underwrites the screening off of otherwise relevant details
and is, thus, responsible for the screened off states’ evolving according

to a novel (quasi-)classical dynamics.” (Franklin 2022, p. 7)

Screening off, in the form of conditional irrelevance, is essential to emergence.
The dynamic account uses dynamical laws to justify it. The reason dynamics are
commonly picked out for emergence is that they provide a way to make concrete

predictions over time that can be tested against the actual behaviour of the world.?

20For example, Franklin (2022) looks at a case study of the dynamics of Hyperion and compares
the computer generated dynamical models in phase space to show that the decohered dynamics
are the same as the classically modelled dynamics. There are, of course, theories of emergence
that do not focus on emergent dynamics (or example, the emergence of phase transitions in
thermodynamics). However, these tend to focus on specific entities instead. Quantum darwinism
seems to do neither.
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Simply put, the question of emergence is ‘why does a fundamentally quantum world
appear classical?’; if we can derive classical dynamics and show the world behaves
as it predicts, then we have an answer. From this follows the claim that the world

is genuinely classical at a certain level of reality.

However, records can equally indicate that screening off occurs. By the definition of
records put forward they must be robust against various noise effects. These include
fluctuations and the effects of multiple interactions. It also includes general low
level details that are irrelevant to the dynamics. The definition of noise proposed
is in exactly these terms: noise is any irrelevant modifications to the record. There
need not be fear of circularity here of having defined records in precisely the terms
needed for this argument to follow. This definition of noise, and the importance
of noise to records, followed from much more general considerations about what a

record is and drew on a definition of noise common in signalling theory.

Records must have this feature because realistic records must be accessible to
observers (even if no observers are actually involved this is part of how we can
get a handle on what records are). Accessibility requires them to be local - as
discussed in section 5.4.2; this makes some kind of screening off necessary. The
global state must be irrelevant to the local variables that form the record (and
its correlation to the past state it is recording) so that the local record is able to
give information. Conditioning on the information in the record, all these details

21 The previous chapter

are irrelevant to determining the state of the system.
discussed how using records to find out about the past or the state of another system
is distinctly different from using retrodiction. Retrodiction gives information by
taking the entire state of the system and evolving it backwards under the dynamics.
In practice of course this is rarely done in completeness. Instead shortcuts are taken
to make the calculations possible, such as making models of particular phenomena
using idealisations and other approximations, all of which allow us to ignore various

irrelevant aspects of the world when making retrodictions and predictions about the

phenomena. Much of the literature on emergence is dedicated to showing that these

21'We can also see that the connection between records and screening off depends on the selection
of specific variables of interest as well as spatial locality. For example the cosmic microwave
background radiation spans the entire universe but the record itself is only the thinly spread
photons from the big bang and we screen off all the other objects that are emitting photons.
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sort of methods lead to emergent theories. Records essentially take the use of such
shortcuts to the extreme. They require that a specific feature of a local system
is able to give information; all the details of the system outside of this specific
feature can be ignored. External influences need not be taken into account and can
be treated as noise when making inferences about how the record is correlated to
the aspect of the system it is recording. In essence, these details are screened-off.
This is what makes a record a record and separates it from the general process of
retrodiction. This locality leads to the definition of records as correlations that are

robust against noise.

The work done in section 5.4 has shown that we can treat the wider state of the
system-environment as irrelevant to the the state of the records of the pointer ob-
servable that are created in many fragments of the environment. This is directly
analogous to the dynamic account of emergence from Franklin (2022) that shows
that these details are irrelevant to the dynamics. The screening off condition un-
derwrites both the dynamical accounts of emergent classicality and the records that

define the information theoretic standard of classicality.

5.6 Conclusion

To summarise I return to the three aims laid out at the beginning of this chapter: 1)
to further explore the important role that records play in physics and to showcase
how the account I developed in the previous chapter can be used to strength these
theories and improve our understanding of them, 2) to prove that information can
be used to understand emergence, and 3) to show how quantum mechanics fits into

the model of time I am developing.

For the first aim: I have argued here that records as robust correlations are the
standard of classicality that quantum darwinism aims to derive. When understood
in this way it becomes far clearer what quantum darwinism achieves and what
exactly it means for classicality to emerge in this context. It also suggests that the
criticisms levelled against quantum darwinism regarding its use of observers need
not be a concern for the project as a whole, only for the secondary task of using

quantum darwinism to model quantum measurement outcomes. Although this is
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not a complete defence of quantum darwinism it provides a stronger and clearer
understanding of it. This clearly illustrates how important epistemic structure
such as records can be to the way that we use and interpret physics (and the
specific utility of the account I have developed), hence providing strong motivation

to include them in our metaphysical thinking as well.

For the second aim: I have shown how records can be connected to philosophical
accounts of emergence through the screening off condition. This is commonly
justified using the dynamics of a theory, but records can be an alternative way to
identify this. The role that records play in quantum decoherence is evidence of how
central epistemic structure is to our theories, and how closely this is connected to
emergence. What can be known and how things can be measured is a defining
feature of different levels of reality; we cannot assume that these notions are basic
or can be presumed at any level. Looking at how epistemic structure emerges
gives us a much better understanding of intertheoretic relations. Additionally the
discussion of how records are local helps connect emergence to the ideas about
perspectives used in this thesis. Considering how localisation leads to the conditions
for emergence shows how perspectives, in the sense of being localised to a particular
position, are connected to perspectives in the sense that we are at a macroscopic

level of reality.

When thinking about time this can help us make sense of what it means to say that
the flow of time is emergent. The literature on emergence gives clear criteria for
how to think about the relation between metaphysical claims of theories at different
levels. Connecting time to this literature, through the use of records, allows us to
understand how flow can emerge even if there is no metaphysical difference between

past and future at the most fundamental level.

Turning to the third aim, I will finish by addressing how the analysis of quantum
darwinism fits into and informs the model of time developed here. What has
already been said regarding the first two aims shows how it provides clarity on the
question of emergence. But there are more specific results from the literature on

decoherence which strongly resemble the model of time I propose.

Decoherence is also often credited with the appearance of asymmetry in quantum

144



mechanics and here again we see records playing a role in mediating between an
open future and a fixed past. The work on decoherent histories has directly ad-
dressed how the presence of generalised records is essential, firstly for singling out
what possible histories give a sensible quasi-classical macrohistory, and secondly for
ensuring the “permanence of the past” (Gell-Mann & Hartle 1995). To expand on
the latter: it is possible in the decoherent histories framework that future choices
of coarse-graining can define different past histories, overwriting the history that
is defined at the present time. But the condition of strong decoherence (the pres-
ence of global record operators that distinguish the set of histories) prevents this;
this also ensures that histories defined relative to the present can be extended into
the future. Quantum darwinism adopts the same framework (as argued in Riedel,
Zurek & Zwolak 2016) but allows us to take the extra step in understanding that
the past is fixed on the basis of real, local, records; this is no longer reliant on the
much more abstract notion of a set of global ‘record’ operators. Additionally, on
a more local level, it explains the repeatability of measurements by ensuring that
a second look at the measurement apparatus or even a distinct second measure-
ment will reveal the same result. This ensures intersubjectivity so that multiple

observers can come together and find that they share a common, objective, past.

More generally, decoherence shows that quantum mechanics can be used to explain
the macroscopic classical world that we experience, which has a fixed past and an
open future. While I have focused on how decoherence fixes the past here, it is
also used to derive the Born Rule, which justifies treating measurement outcomes
as probabilistic (at least in interpretations that reject collapse and follow unitary
evolution such as the Everettian or Many Worlds approach). Quantum darwinism
in particular provides support for how we can mediate between ontic and epistemic
readings of the wavefunction, an issue that is central to assessing the nature of
quantum probabilities (e.g. see Wallace 2012, Franklin 2022). The state of a
system - for example the reduced density matrix - encodes what properties the
system can be said to have. But this should be seen as being partially defined by
the correlations the system has entered into and how these correlations allow for

epistemic access. Zurek says that:

“one might regard states as purely epistemic...or attribute to them “ex-
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istence”. Technical results described above suggest that truth lies some-
where between these two extremes, and these two aspects are comple-
mentary” (2022, pg 92).

Actively incorporating epistemic structure - by paying attention to the physical
correlations in the world and how they can be used - into metaphysics once again
gives us a better understanding of the way that physics uses probabilities.?? We are
no longer faced with the challenge of deriving the Born Rule - a rule of epistemic
prediction - from an entirely ontic state. (This is something the Many Worlds
approach struggles with and it has been a topic of much debate.) Instead we see
that ontic states have an epistemic character all along; epistemic probabilities are

indicative of physical structure.

22Zurek in fact goes further and develops this into a novel interpretation. Leading on from
this Zurek reconceptualises objective existence to literally refer not just to individual objects
but to objects in conjunction with a “halo” of information existing in the environment around
them. Something cannot be said to exist without understanding how it is connected via robust
correlations to everything around it. In the absence of such connections what status of existence
we can assign to the state at all is questionable. Zurek calls these new objects, consisting of a state
and its halo of records, extantons. This has the consequence that we should hesitate to attribute
existence to the microscopic, non-decoherent, quantum state. He is also of the opinion that this
implies that the universal state vector cannot be said to exist as it has no surrounding environment
(and hence no halo). Robustness, which preserves a state through different interactions, is a
necessary condition for existence. I will not go into extensive detail here and I do not outright
advocate for adopting this approach in its full detail. It can be taken to give an entirely unique
interpretation, as Zurek does (which he calls the existential interpretation); or it can just be seen
as general evidence that ontic and epistemic go hand in hand and that our metaphysics should
not ignore the epistemic relations in the world.
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6 The Propagation of Definite Values in

Relational Quantum Mechanics

6.1 Introduction

Localised temporal becoming is the moment to moment occurrence of events that
constitutes the flow of time. It presents a picture of time that is dynamic and
full of rich resources to explain our temporal experiences. Adding to this account,
I have explored in previous chapters the role that records play in defining the
difference between an open, indeterminate future and a fixed, determinate past.
This view suggests a strong relationship between time and the accumulation of
information. In this chapter, I will look at Relational Quantum Mechanics (RQM)
- an information based reconstruction of quantum mechanics - as a particular case
study to examine how localised temporal becoming can help explain how past

values relate to present and future ones within this theory.

RQM is emerging as a prominent reconstruction of quantum mechanics that brings
information to the foreground as the physical basis for the theory. It illustrates
that rather than being an unimportant, merely derivative part of physics, epistemic
ideas - and also the use of perspectives in connection with this - can play a central
role in our interpretation of a theory and the way that physics characterises the past
and future. However, RQM is still a relatively underexplored theory with many
remaining conceptual problems, largely relating to how systems share information
over time. Temporal becoming and its connection to the use of records may be able
to help to make some sense of these problems. I intend to use RQM to show one way
in which temporal becoming, and particularly the use of records in combination
with it, can help us to understand physics. RQM provides a case study where
this model of time is both useful and convincing, and working this out in detail
articulates what the metaphysical picture looks like when applied to a particular

theory.

However, I do not intend to tie localised temporal becoming to RQM alone. Tem-

poral becoming can be used more broadly than that and may well fit with other
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interpretations of quantum mechanics as well. This chapter is meant to demon-
strate just one way in which we can understand quantum mechanics in terms of
information; and show how this supports the claim that the flow of time can be
found by looking at epistemic structure. This builds on the work of the previ-
ous chapter on quantum darwinism, but shows that the information approach has
multiple different applications. One need not accept either quantum darwinism
or RQM specifically to recognise the importance of information and to see that
there is a strong connection between time and epistemic structure that is found in

multiple areas of physics.

I will first lay out RQM and the ontology behind it. Then I will present in detail
the account of temporal becoming I will be using and show it works with RQM.
Finally, I will focus on the role of records in creating a definite past and how this
suggests solutions for some issues in RQM. These problems appear when RQM deals
with sequences of interactions over time; in its current form it cannot adequately
explain first, how predictions work for microscopic systems without a preferred
basis, and second, how different systems communicate their previous results. I will
discuss the recently proposed solution to this from Adlam and Rovelli (2023) and its
shortcomings. As an alternative I will suggest that focusing on decoherent records
would significantly restrict this problem. Ultimately, however, a full solution for
the problem will rely on working out the ontology of RQM in more detail; without

this RQM cannot make sense of how to model decoherence.

6.2 Relational Quantum Mechanics

6.2.1 States and Values

Relational Quantum Mechanics, originating with Rovelli (1996), is based on reject-
ing the ontological importance of the wavefunction. Instead, Rovelli takes inspi-
ration from the original mathematical theory as it was formulated by Heisenberg
(1925; also Born & Jordan, 1925; Born, Jordan, & Heisenberg, 1926) and indepen-
dently by Dirac (1956). Heisenberg’s work focused only on describing observable
outcomes and made no claims about objects and their properties beyond this. This
is the starting point for RQM. RQM takes definite outcomes to be the sole fun-
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damental elements of reality and claims that there is no reality beyond this. This
is combined with the postulate that there is a definite outcome at any interaction
between two systems (including microscopic systems). The wave-function, which
gives the continuous evolution of properties such as position (or the probability
distribution of position at least), has no meaning beyond being a tool to store in-
formation about past interactions; information that is then used to calculate the
probabilities for what values will be manifested in future measurements. The mys-
terious ‘wave-function collapse’ is an illusion; all that is happening is the updating

of the predictive function with new information.

The concept of information is central to RQM and much of the interpretation is
formulated in terms of information theory.! Primarily information is meant in the
information-theoretic sense of correlation. If two systems are correlated then the
total possible number of states for the combined system is less than the product
of possible states for the systems taken individually. Applied to RQM: when two
systems interact they exchange information (become correlated) and the value of
a variable of one becomes dependent on the value of a variable of the other. As a
result, those variables each become actual or definite relative to the other system.
This combines the information theoretic sense of information as correlation with the
slightly different sense of information as outcomes. RQM states that any correlation
corresponds to a definite outcome regardless of whether a formal measurement has
taken place. What makes it relational is that there is a definite outcome only

relative to the systems involved and not to any third-party systems.

To explain this more clearly we can look at what happens during an interaction.

Suppose we start at t; with a system s; in a superposition.

) = (alt) + 8 ) (2)

When a system s, interacts with s;, s5 finds a definite result of spin up or spin down
(the wavefunction ‘collapses’). Hence the state of s; with respect to so (indicated
by a ‘/” in the subscript) is either [¢), , = [1); or [¢),,, = [{);. The theory is

fundamentally probabilistic, and these results will occur with probabilities o and

1See Rovelli (1996) for details about the principles of information that RQM is built on.
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3?2 respectively.

Now consider a system sz that does not interact with systems s; or sy during the
measurement process. System s3 possesses knowledge (through a prior interaction)
of the initial states of the two systems. Using this knowledge s3 can predict what
will occur during the interaction between s; and s, using unitary evolution of the

wavefunction.

((@[1) + 8 )) @ [ready))rz — (a[1) © |up) + S 1) @ |down)), (3)

The final state of s12 With respect to s3 is the superposition [¢) 5 3 = (a |1) @ [up) +
B 1)) & |down))i2. This state is a description of s3’s knowledge of s15 rather than
a state with ontological meaning attributed to it. Using it, s3 can predict what
they will find if they were to interact with s;5 themselves. At this point s has no
definite value with respect to s3 even through s; has a definite value with respect

to sy (and s9 has a definite value with respect to sq).

This analysis deals with a clear case of measurement. However, RQM claims that
values become definite at any interaction where systems become correlated, ir-
respective of decoherence, the creation of records or other signifiers of textbook
measurements. Whenever two systems become correlated a value is actualised,
even for microscopic systems. Given that all definite values are relative, actuali-
sation does not prevent the measurement of interference effects by other systems

since relative to them there is still a superposition.

6.2.2 Ontology

This section will take a closer look at the ontology of RQM. The previous section
established that the wave function has no ontological meaning; instead the fun-
damentals of the theory are the manifestation of definite values of observables at
the point of the interaction between systems. In many ways this is similar to the
object-property ontology of classical mechanics but with two major differences: a)
properties are only attributed at interactions and b) properties are relative. This

gives up the classical idea that objects have defined properties at every moment in
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time (and indeed the idea that objects come before properties). This move is mo-
tivated by theorems such as the Kochen-Specker theorem that indicate that not all
variables can have definite values simultaneously without violating the predictions

of quantum mechanics.

Rovelli (2018) calls the actualisation of a variable at an interaction an event. In
classical mechanics every moment in time is populated by such an event where a
physical system has definite values. In quantum mechanics the ontology is much
sparser; Laudisa and Rovelli (2019) call this a sparse or ‘flash’ ontology. This event
ontology can be interpreted in various ways. Early versions of RQM maintain that
events are entirely relative to the systems involved and have no ontological status
beyond that. Later versions (Adlam & Rovelli 2023; Dorato 2016) take the event
ontology as objective. It is an absolute, non-relational fact that an event has
occurred and some value has been actualised; but only relative to the systems

involved is there any particular definite value.?

There have been a number of attempts to flesh out this ontology. Candiotto (2017)
gives an ontic structural realist interpretation of the theory. Her argument is that
the relational nature of RQM is perfectly suited to an ontological interpretation
that takes the structure and relations of a theory to be ontologically prior to the

objects in it.

On the other hand, Dorato (2016) rejects the possibility of a relation without the
existence of its relata. He also raises the question of how to address non-interacting
isolated systems (and systems between interactions). To answer these worries he
suggests dispositionalism where quantum objects exist without intrinsic properties

but rather with “intrinsic dispositions to correlate with other systems/observers

20ne difficulty for RQM is identifying exactly when an interaction has occurred and a value
actualised. Rovelli (1998) suggests a solution to this. Interactions and the formation of correla-
tions can be modelled with a probability distribution over the times an interaction might be said
to occur. Similarly to how the wavefunction in RQM describes the different possible outcomes
but only one becomes definite, this probability distribution describes the possible times of inter-
actions relative to an outside observer but the interaction occurs at one of these times relative to
the systems involved. In some cases of weak interaction the probability distribution also includes
the possibility that no interaction takes place at all. If we take the occurrence of events as a
non-relational fact then it must be presumed that the time of the event (and indeed if there was
an event at all) is also non-relational. However, no information about this is accessible to any
observers except the ones included in the interaction.
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O, which manifest themselves as the possession of definite properties q relative to
those Os.” (Dorato, 2016, p. 239). This fits well with the original presentation of
the theory (Rovelli 1996, van Fraassen 2010) where systems are defined by the set
of questions that can be asked of them; i.e. the set of properties that could take a

definite value when enquired about.

Metaphysical indeterminacy can also be used to examine how different events relate
to each other. Proposed by Calosi and Mariani (2020), the suggestion is that
metaphysical indeterminacy can help us explain various problems such as what to
say about non-interacting systems. They propose this as an alternative to the other

understandings of the ontology, but the views are not mutually exclusive.

An outstanding problem that has not received much attention is what exactly a
system is in this theory. The fundamental event ontology is of definite values of
variables and not of objects and systems. However, defining systems to which
these variables belong must be done prior to the actualisation of definite values
between them, else the interaction cannot be derived. RQM largely assumes that
there are well defined systems between which interactions take place. Dorato’s
dispositionalism and Calosi and Mariani’s indeterminacy attempt to deal with how
to describe systems between interactions but this does not address the question of
how to define a system in the first place. Adlam and Rovelli (2023) state that events
are what is fundamental, and systems are identified by tracking lawlike patterns
among the events that pick out systems evolving over time. However, this idea has
not so far received much attention or critical development. Adlam (2023) further
explores what a system is in relation to how RQM could be reduced to quantum field
theory (QFT). In relativistic approaches, systems and trajectories are approximate
and emergent only; Adlam briefly discusses some potential solutions to this such as
accepting a vague ontology, replacing systems with regions of spacetime, or adding
a sharply defined ontology by hand. All of these have their drawbacks (see Adlam

for details) and none have been developed in depth.

In addition to the issue of reduction to QFT, we can see further problems for defin-
ing systems when it comes to subsystems and complex composite systems even

within non-relativistic quantum mechanics. It has not been made clear whether
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events are only microscopic: either there are events corresponding to macroscopic
systems as well, or macroscopic events are built out of sets of microscopic events.
In standard quantum mechanics macroscopic systems are commonly described us-
ing a tensor product of their subsystems. However, at times Rovelli and other
authors deny that we can straightforwardly make sense of tensor product states in
RQM and rely on this to solve various challenges (for example see Cavalcanti, Di
Biagio, & Rovelli (2023) where this is used in rejecting a potential no-go theorem
for RQM). A product state is just a collection of all the information that a third
party holds separately about a set of subsystems, but it ignores all the values that
the subsystems must have relative to each other. We can only understand systems
in isolation by looking at these internal values, tensor products cannot do this.
What this means for thinking about macroscopic interactions and the correspond-
ing events has not been made clear. At many other points in the literature there
are examples used that clearly involve macroscopic, composite systems and these
are described as single events without considering what they are made up of. This
potentially leads to a double set of events, one at the macroscopic level and one
at the microscopic, for the same interaction. No composition relation for events
has been spelled out, and without doing so how we should think about systems
remains unclear. Therefore this issue remains a significant outstanding problem
for spelling out the ontology of RQM. It is especially relevant for how to think
about decoherence in RQM as traditional analysis of decoherence involves thinking
about open systems and how correlations form between many subsystems.® As
decoherence will play an important role in the arguments to come, my conclusions
will make some suggestions towards what we should look for in a solution but leave

this issue ultimately unsolved.

6.3 Temporal Becoming in RQM

With this overview of RQM in mind and taking an event ontology as the basis for
understanding the theory I will now look at how temporal becoming as a model

of time’s flow fits with this interpretation. The event ontology of RQM makes

3Adlam (2023; 2024) and Adlam and Rovelli (2023) give some discussion of decoherence and
how it runs into issues such as cross-perspective links (see section 6.4), but no clear solution is
reached.
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it a good fit for temporal becoming and this project has already been begun by
Dorato (2016) with a comparison to his version of localised temporal becoming.
RQM’s formulation in terms of information offers further resources to explore the
link between records and the open future that the previous chapters have focused
on. This would be an extension of Dorato’s view of becoming in RQM and shows

that RQM supports the use of records in conjunction with temporal becoming.

First I will summarise the overall picture of temporal becoming developed in pre-
vious chapters (and how it differs from Dorato’s account). Then I will work out

the details of how this picture of temporal becoming would work in RQM.

6.3.1 Temporal Becoming and Open Future Indeterminacy

Becoming in time is defined as events becoming definite or coming into existence;
also commonly described as the occurrence or happening of events. The particular
version of the view that I am using is a more recent attempt to use becoming to rec-
oncile time’s flow with a block universe. However, I argued that we should instead
focus on the perspectival aspect of this account where the tension between presen-
tism and eternalism comes from a failure to specify the position of the observer
in relation to the time they are describing. When situated at a moment inside
of time, the events at that moment are all that exist and past and future ones
do not - this is presentism. But when you remove the perspective of any specific
observer you can take a god’s eye view of the entirety of time with all the moments
taken together -this is the eternalist view. An event coming into existence at a
specific moment is temporal becoming, and the change in existence from moment

to moment in the presentist perspective constitutes the flow of time.

Dorato (2016) - in his attempt to connect localised temporal becoming to RQM
- claims temporal becoming has three necessary ingredients: 1) events (an event
ontology), 2) local succession of events along a worldline, and 3) irreversible suc-

cession.

Condition (3) comes from a prevalent assumption that once something has Become
(become determinate) it remains so. This has been an assumption right from

the beginning of discussions of temporal becoming which used a growing block
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ontology. When applied to localised temporal becoming, the same principle has
been assumed to hold: once an event has become it remains definite thereafter in
the future. I have argued in previous chapters that this assumption has no basis.
An event comes into existence and at the next moment goes out of existence as the
next event comes into existence. This occurs both forwards and backwards in time.
The irreversibility of becoming comes from the desire to be able to talk about a
definite past that, once is has become, is fixed even if it no longer exists relative to

the present.

Related to this is the question of the indeterminateness of the future. Dorato does
not attempt to preserve an open future and thinks that, although they have not yet
become relative to the present, future events are fixed by the eternalist perspective.
However, I have argued in previous chapters that this ignores the presentist side of
this combined view in favour of a more familiar eternalist view. Doing so weakens
the concept of becoming and leaves out essential features of the structure of reality.
As such I claim that the future is metaphysically indeterminate with respect to the
present. This is because the localised present state does not determine what the
future will be. Outside of quantum mechanics this is due firstly to the lightcone
structure that limits what can be known (and therefore used in predictions) in a
localised present, and secondly due to higher level probabilities in theories such as
thermodynamics (which are potentially but not necessarily derivative from quan-
tum probabilities). Both of these are examples of ways in which the amount of
information available within the present perspective is limited and prevents the

future from being predicted with certainty.

If this notion of indeterminacy describes the openness of the future then we are left
in need of an account of the determinateness of the past; this is where epistemic
considerations can be most fruitful. To restore a determinate past I have argued
that determinacy can be based on records of the past that are preserved in the
present. Records are physical systems that provide information about the past.
This information preserves the determinacy of the past beyond the moment it came
into being; no such information is available for future events so an asymmetry is
created. The physical creation of records plays an active role in physics, illustrating

that the epistemic asymmetry is an integral part of the way we describe the world
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as well as how we identify temporal asymmetry within physics.

To summarise, Dorato’s three ingredients for localised temporal becoming can be
amended to: 1) events, 2) local succession of events on a worldline, and 3) asym-
metric succession based on records of the past and an open future. Condition 3
does a huge amount of work in establishing temporal becoming as an ineliminable

feature of reality.

6.3.2 RQM: Temporal Becoming

With this picture in mind I now turn to indeterminacy and temporal becoming in
RQM. This section and the next will respectively explore the general picture and
then future indeterminacy. Establishing a definite past on the basis of records will

then be the topic of the rest of the chapter.

The first of the amended conditions for temporal becoming - the existence of events
- can be instantly fulfilled with RQM’s event ontology. The actualisation of a value
at an interaction corresponds to the becoming of that event. The second condition
is also fulfilled. Becoming occurs along the worldline of each system and tracks
the succession of interactions that it is involved in. Dorato describes becoming in
RQM as follows:

“In the form of relativistic becoming endorsed by RQM what we have
is a crisscrossing of little ripples, unrelated to each other, which give
us local, non-worldwide becoming (corresponding to the incomplete in-
formation that each observer has about the universe, given that she is
inside it). The fact that in RQM we have no universal and cosmic tide
of becoming also corresponds to the locality of RQM” (Dorato, 2016,
p. 260-261)

(Note that the locality of RQM has been challenged and discussed at length.
Martin-Dussaud, Rovelli, and Zalamea (2019) discuss the senses in which RQM
is and is not local. The relevant sense in this context is that interactions are lo-
calised between systems, and events can be tracked along the worldline of a single
system. Non-locality in EPR experiments is debated - though the above reference

argues that there is no meaningful sense of non-locality in RQM - but will not be
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considered here.)

The ontology of RQM also fits well with the perspectival relation between presen-
tism and eternalism. This is perhaps unsurprising as Rovelli is one of the propo-
nents of this view (Rovelli 2019), although he has never explicitly connected this
view of time to RQM. The presentist perspective is made up of the definite values
at events and the epistemically understood wavefunctions that each system uses
to encode information it has gathered from past interactions and to predict future
definite values. The set of all events is objective and forms the eternalist perspec-
tive. Note that the eternalist perspective does not include the particular definite
values relative to the systems involved at each event, only that there is an event.
So this is a clear example of how the eternalist block does not provide a complete

description of the world and must be supplemented by the presentist perspective.

6.3.3 RQM: The Open Future

The third condition regarding an indeterminate future and a definite past provided

by records will take more exploring.

Metaphysical Indeterminacy in RQM is discussed by Calosi and Mariani (2020).
They base their account on Wilson’s (2013) determinable account of metaphysical
indeterminacy; the variables of systems are determinable properties and the values

that are actualised in events are the determinates.

Calosi and Mariani (2020, pg 162) adapt the general definition for quantum meta-
physical determinacy to apply it to RQM as follows:

“Metaphysical Determinacy. A quantum system s; is metaphysi-
cally determinate with respect to observable O iff, necessarily, for every
other quantum system s,, s; has a unique value vy of O relative to
sg. Or, equivalently: necessarily, s; has O = v, relative to every other

quantum system s,.”

There is a general point to be made about the way that Calosi and Mariani consider
metaphysical indeterminacy. Their definition considers the absolute status of a

variable of a system as determinate or indeterminate; only if every other system
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has a definite value of a variable will that system be metaphysically determinate
with respect to that variable. As such, a system cannot have a determinate variable
unless it has interacted with every other system in the universe (and interacted in
way that actualised that specific variable at that time). This is impossible; every
system comes out as metaphysically indeterminate with respect to all its variables
(Calosi and Mariani note this in footnote 35 of their paper). This is not a huge
problem as only relational values are important in RQM. However, given that
relationism is the foundation of RQM, it seems straightforward that we should
also consider indeterminacy relative to perspectives. Calosi and Mariani do not
give much attention to this. They only take into account indeterminacy due to
the combination of different values being taken relative to different systems. In
terms of the perspectival relationship between presentism and eternalism defined
previously, this corresponds to indeterminism in the eternalist perspective.* This
neglects what metaphysical indeterminacy can be found within a single perspective
(relative to a single system) that corresponds to the presentist view. Values become
definite (i.e. determinate in some way) at the interaction between systems; a single
value is actualised and becomes definite relative to the other system involved in the
interaction (but not to outside observers). Therefore, it is important to consider
determinateness from the perspective of a single system so as to satisfy RQM’s

fundamentally relational nature.

This is easy to do, we already have all the necessary tools. It simply requires
understanding determinateness as a perspectival property rather than an absolute
one. The definition of metaphysical determinateness can be adapted by simply

removing the references to multiple systems:

Metaphysical Determinacy: quantum system s; is metaphysically
determinate with respect to observable O relative to system s; at a time

t if system s; has a unique value vy of O relative to sy at time t.

A system being metaphysically determinate relative to another system is nothing

more than for a definite value of a variable to be actualised in an interaction

4This already differs from the standard eternalist view such as that of Dorato in that the
eternalist view of events contains no determinate facts at all. In RQM all determinate values are
relational.
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between the systems. During an interaction a correlation is formed between two
systems that acts as the physical determinate for the determinable property. Prior
to interaction no value can be assigned to s; by s, and so s is indeterminate with
respect to s3. The actualisation of the value when the systems become correlated
corresponds to temporal becoming. Becoming is localised and is part of a succession
of interactions relative to a specific system. All events that are not part of this
succession are events that have not (yet) occurred (or become). In the classical
literature this refers to just future events. But in the localised version of becoming
it includes not only the future but all events not on the worldline of the observer,

in other words, all systems that the observer has not interacted with.

There is an important clarification to note here. Most often in discussions of
quantum indeterminacy the indeterminateness is seen to come from superpositions.
For example, Wilson (2013) argues that a spin superposition of up and down values
is a case of metaphysical indeterminacy, as the determinable of spin has no single
determinate (only a superposition of them).> This is not the case in RQM. No
superpositions are ever part of the ontology; only single values are actualised.
Superpositions, as part of the wavefunction, are only a predictive tool that represent
what information has been gained in the past and hence cannot be seen as a case
of metaphysical indeterminacy in and of themselves. The superpositions make
predictions about the future but open future indeterminacy is due to the lack
of knowledge prior to interaction. In this bigger picture, this also means that
quantum indeterminacy in RQM is no different from indeterminacy in areas such
as thermodynamics that I laid out in chapter 3. Here the indeterminacy was
perspectival due to limits from both the lightcone and what information is available
in the macrostate. While this is potentially grounded on quantum probabilities,
higher level probabilities are often seen as less fundamental and of a different type.
In RQM however, quantum probabilities and indeterminacy are equally due to

limits on knowledge due to your perspective and there is no substantive difference.

5This is already contentious in the context of - for example - an Everettian view of quan-
tum mechanics or any interpretation that adopts some sort of state realism. In this case the
wavefunction is seen as a ray in Hilbert space and there is no indeterminacy. It should not be
read as being indeterminate between two measurable properties at all but as a single determinate
quantum state.
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So far RQM is very hospitable to localised temporal becoming. It can provide
events, local succession and an indeterminate future. What is more, the indeter-
minacy of the future - and the corresponding becoming along a worldline - is an
integral part of the theory. Section 6.2.1. laid out a simple situation where s; has
a determinate value relative to so, but relative to s3 both are in a superposition
with no determinate result. The indeterminacy with respect to sz is necessary to
preserve the interference effects that we expect to find in quantum mechanics and
to make correct predictions about the future. If s3 were to make a measurement
of interference effects then its description of s15 in a superposition state is an ac-
curate predictor of the measurement results s3 would find. The indeterminateness
from s3’s perspective is as important as the determinateness from ss’s perspective;
without it the empirical results of quantum mechanics (finding interference effects)
could not be explained. Hence metaphysical indeterminacy relative to a perspective

is essential for a complete explanation of reality.

The remaining aspect to consider is the definite past. RQM is fundamentally time
symmetric (Adlam & Rovelli 2022; Di Biagio, Dona, & Rovelli 2021) in its math-
ematics and its ontology (from an eternalist perspective). It appears asymmetric
when we consider the wavefunction that contains information about past inter-
actions and is used to predict future ones.® At first glance this seems to highly
motivate the picture that I have suggested, in which the definite past comes from
having information about the past in the form of records. The wavefunction rep-
resents a ‘record’ of the past interactions where values have become definite; this
is physically realised in the correlations between systems. However, the theory
cannot be straightforwardly interpreted in this way as it does not use a robust
sense of records. Rovelli stresses that values become actualised in any interaction
regardless of whether or not it is a measurement and produces physical records.

Any correlation counts.

The next section will explore in more detail how the past is made definite and show

that some current problems for RQM relate to this issue of how definite values from

6Rovelli claims that the wavefunction is essentially used to map between events in a lawlike
way and that this can be done in either direction in time. Hence the wavefunction is asymmetric
but only trivially so. The question of how to talk about the initial state of the universe is not
addressed in the RQM literature but would likely determine which way to apply the wavefunction.
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the past are preserved. The conclusion from this will be that while it is coherent
to maintain that values become definite at any interaction, the continuity of this

definiteness into future interactions relies on the presence of robust physical records.

6.4 The Propagation of Definite Values

Having laid out the general connection between temporal becoming and RQM, I
now turn to the status of past actualisations and examine what happens to them
as time passes. This touches on some recent issues that have been discussed in the
literature on RQM relating to how systems share information over time. I will show
that applying the idea that past values remain definite only if physically robust
records of them persist into the present can help to understand these problems and
reduce their impact. Some aspects of these issues remain and this chapter will not
attempt to resolve them entirely. However, it will show that, to the extent that
RQM has been developed so far, the most promising avenue for understanding it is
to assume a definite past only in the decoherent domain based on the presence of
records. The first problem I will consider is what happens in interactions where no
basis is selected and multiple possible variables seem to be actualised. Then I will

discuss a Wigner’s friend type situation that has been raised as an issue for RQM.

6.4.1 Interactions Without Outcomes
Rovelli claims that values are actualised in any interaction:

“Value actualisation happens at interactions because variables repre-
sent the ways systems affect one another. Any interaction counts, ir-
respective of size, number of degrees of freedom, presence of records,
consciousness, degree of classicality of S’, decoherence, or else because
none of these pertain to elementary physics” (Rovelli, 2018, p. 5)(where

S’ is the system interacting with the primary system S).

However, this calls into question what exactly is being actualised and what a quan-
tum event really is, particularly in cases of microscopic interactions that can take

place without any basis selection occurring.” The examples commonly used to ex-

"Similar points are raised in Mucifio, Okon & Sudarsky (2021)
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plain RQM use clearly defined bases and variables irrespective of the actual details
of the systems involved. This is not reflective of the complexity of quantum me-
chanics. To see why we will consider Zurek’s (1982) presentation of measurement
and decoherence that I will lay out in some detail. The full complexity of the
situation illustrates exactly what ways RQM struggles to capture the full scope of

quantum mechanics.

Zurek’s account of decoherence explicitly links measurement to the creation of
records through interaction with the environment - although this applies to any
interaction where decoherence might arise and not just formal laboratory measure-
ments.® He shows that there are two stages to a measurement: first, the interaction
between the system and a measuring system and second, an interaction between
these two systems and the wider environment.? To make this explicit he considers
the case of a pair of two-state systems interacting. The spin in the z direction of one
system can be described by the [1), |]) basis. The other system is doing the measur-
ing and can be described in the basis of ‘ground’ |=) and ‘excited’ |=) states. Both
systems start in a maximally entangled state and they can be written in many differ-
ent orthonormal bases. For example spin can be rewritten as |®) = (|1) +[1))/v/2,
©) = (1) — )V or as =) = (I1) +3 [D)/V2, <) = (IT) — i 1)) V2. Similarly
the atom basis can be rewritten |+) = (|=Z) +|=))/v2, |-) = (|Z) — |=))V2 or as
L) = (1) +i|=))/v2, [T) = (1) —i]=))v2.

The interaction between these two systems transforms the initial state

(i) = (1) +N)/V2) @ ((12) + |=)V2) (4)

to the final state
W) = (1) @ |2) + 1) @ |=))/V2) (5)

8This repeats in more detail the analysis laid out in the previous chapter regarding whether
a single photon scattered off a central atom can be regarded as a record. However, this situation
does not require us to accept quantum darwinism as a theory of decoherence. The example is
deliberately chosen from early in the development of decoherence to illustrate that these are basic
and widely accepted results independent of any specific program.

9The ‘measuring system’ Zurek uses is a very thin notion consisting of just a two state system
- it does not imply a measuring device that a complex human observer would use. For complex
measuring devices the device on its own can often play the role of both apparatus and environment.
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where the interaction Hamiltonian is

HA% = g(IL) (L] = [T) (T @ (1) {11 = ) (L) (6)

and acts over the interval 7, = 7h/4g (where g is the coupling constant).

In RQM this interaction would give events with either |1) and |=)

[ spinjatom) and [=) 0. Jspin 85 possible definite values with equal likelihood (where

or

spin/atom atom/spin

the values are relative to the systems involved, as indicated by the ‘/” in the sub-

script). This event would occur probabilistically sometime over the period ;.

However, Zurek shows that this final state can just as easily be rewritten as

W) = (10) @ |+) + @) @ |-))/V2) (7)
which in RQM would give an event with either |®) i /om 204 [+) 4rom/spin O
D) spin Jatom A0 | =) wiom Jspin @5 possible definite values with equal likelihood.

Zurek goes on to show that only with the further interaction with the environment
does a basis get singled out and a record formed (the singling out of a basis fixes
what states of the atom correspond to what spin states, hence allowing the atom
to act as a record). This is the process of decoherence where the off-diagonal terms
in the density matrix of the system (when the environment is traced out) tend

towards 0.

Under Rovelli’s account the first stage of Zurek’s measurement is an interaction
and hence results in the actualisation of a definite value.!* But what value is it?
The interaction has resulted in an exchange of information between the systems
such that the variables of one are correlated to the variables of the other. But
no single variable is singled out and we can freely switch between different bases.
Each possible basis defines a different possible set of events with different values

actualised. Adlam and Rovelli suggest the following to describe what happens here:

101t is essential in RQM that this sort of interaction does produce an event so as to produce
a well populated flash ontology that describes all levels. Without events from these microscopic
interactions it would seem that microscopic systems couldn’t be said to exist at all. This is
presumably an unwelcome consequence.
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“quantum events do not typically have the simple form ‘variable V
taking a value v relative to Alice.” Rather they must have a conjunctive
form: ‘variable Vi taking value v; relative to Alice, and variable V5
taking value v, relative to Alice,. ..’ and so on, specifying definite values
for each of the variables singled out by the interaction Hamiltonian in
all of the different possible bases for it.” (Adlam & Rovelli, 2023, p. 15)

This must then be extended to account for the different bases of the measuring
system that take a value relative to the system being measured as well. For the
situation above, an event for the atom would be the actualisation of (for example)
) spin/atom A |®) (i arom and so on for all possible bases. For the spin system
and |+)

the event would be (for example) |= and so on.

o
_>atom/spin atom/spin

This seems to violate the common textbook interpretation of quantum mechanics
that generally states that systems cannot have definite values of all variables at
once. Having a definite value of one variable should mean that the value of a second,
non-commutable, variable is indeterminate with a probabilistic distribution over
the possible values that can be calculated. This, however, is only a problem when
considering sequences of measurement. Measuring one variable - for example spin in
the x direction - gives a definite value of that variable. A subsequent measurement
of spin in the y direction should give up and down with equal probability. At a single
point multiple variables can take on definite values; what needs to be ensured is
that in subsequent interactions these values are not preserved and only probabilistic
predictions apply. This will mean that one cannot, in successive measurements, get

results for spin in the x, y, and z directions together.

The question then, is what we use to predict the next measurement in the se-
quence. The wavefunction in RQM is a predictive tool that encodes information
about past interactions and predicts the outcomes of future ones. When an event
occurs and a value becomes definite this updates the wavefunction, reducing it to
the eigenstate for that value (which looks like ‘collapse’). Applying this to the sit-
uation above of Zurek’s first stage of measurement, what should the wavefunction
be updated to? A collapse in one basis updates the wavefunction to |T>spin Jatom

but in another basis the collapse gives the wavefunction |®) These are

spin/atom*
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orthonormal bases related by |®) = (1) + [4))/v/2. As such, these are incompat-
ible wavefunctions; the system cannot be described by both. Taking this further,
we can ask which wavefunction should be used to make predictions about future
interactions (for example a second interaction between the spin-atom systems on
a short enough time span that the wavefunctions have not appreciably spread).

The two wavefunctions give incompatible predictions (either |1) with cer-

spin/atom and H”>

the uncertainty principle between non-commuting variables, consistency is required

spin/atom

tainty or |1) with equal probability). So as not to violate

spin/atom
between what the interaction updates the wavefunction to and what is used to pre-
dict subsequent measurements. Hence if the interaction gives V) i iom = @) gpin
then |©) = (|1) +]4))/v/2 must be used to predict future interactions in the [1) /[{)
basis. But given that it is not clear what we should update the wavefunction to,

there is nothing to ensure that this consistency holds.

What this makes clear is that the ontological solution - expanding the notion of
event to include the actualisation of multiple variables'! - does not solve the prob-
lem entirely and we are left with questions about the wavefunction and how to make
predictions. Adlam and Rovelli summarily dismiss such concerns by saying that
standard quantum mechanics does not have anything to say about how to make
predictions when qubits interact, because this does not count as a measurement as
we would understand it. Quantum mechanics only makes predictions about out-
comes at a decoherent level. But this undermines the very basis of RQM where the
wavefunction is understood to be a summary of information from past interactions
used to predict future ones. If there is no meaning to prediction at the level of
qubits then this dramatically undermines RQM. At the very least RQM must pro-
vide an answer to an additional aspect of the situation that Zurek demonstrates:
if the interaction continues for an additional time 7,, = 3wh/4g then the final state
(Eq.4 or Eq.6) is transformed back into the initial state (Eq.3). No information
about any specific outcome at 7; is preserved at 7. A second interaction between

the two systems would proceed with the original pre-interaction probabilities. In

Tt is somewhat unclear whether this should be taken as a single conjunctive event where
multiple variables become definite, or whether the original definition of an event as a variable be-
coming definite should be preserved and the situation interpreted as many overlapping events (in
the same place and time). However, this difference should have little effect on our understanding
of RQM.
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RQM the wavefunction would be updated at 7; and evolve from there, presumably
spreading out again under evolution according to the Schrodinger Equation. RQM
has not answered the question as to whether at 7. the predictions concerning a
second interaction of the two systems made by the updated wavefunction match

those from unitary quantum mechanics.

In light of this we can use the model of temporal becoming previously developed
to suggest a solution. This model says that definiteness of the past is dependent
on records being propagated into the future. Temporal becoming describes how
things are made definite at each moment (or event) but this does not guarantee that
this definiteness is propagated into the future. For this to be the case something
physical - a record - must be passed forward in time. Only when a robust record

is created should we update the wavefunction that is used for predictions.

As already noted, this fits well with RQM’s principle that information is contained
in physical variables. This is also what the problem described in this section comes
down to: which variables are correlated in informative ways and what this informa-
tion actually is. The interaction between the two systems establishes a correlation
between them. In Rovelli’s information-theoretic sense this means that informa-
tion has been passed between them and this is encoded in the physical correlation.
This is the basic idea on which RQM was developed. However, in actuality the
correlation is not in any particular basis and while the states of the two systems
depend on each other, it is not a strong enough dependence for the state of one
system to tell us anything definite about the state of the other. This assumption
of strong dependence seems built into RQM, which requires that the correlation
makes definite a value of a specific variable in a specific basis such that the state
for one system is tied to a particular state for the other system. This goes beyond

the information that the physical correlation actually contains.

Ontologically there may be good reason to argue that any information exchange
should be counted as an event - a correlation has been created and there is always a
thin notion of information related to this. However, a further implicit assumption
is being made in RQM, which is that all events (and the specific values made actual

in them) should be counted when predicting the future and all events should be
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used to update the wavefunction. This additional step is unwarranted in situations
- such as the one presented above - where no physical records are made. Only a
minimal amount of information is physically preserved forwards in time and only
this should be used to affect future predictions. The best description for making
predictions is still the original superposition that has not been updated based on

values from the event.

Before moving on I will show how this fits into the picture of metaphysical indeter-
minacy that I have developed. I have argued that future interactions and systems
that have not interacted can be treated as metaphysically indeterminate (from the
perspective of a single system) in the same way that we can treat the open future
as indeterminate. We can expand this to include past systems for which no phys-
ical records are made and propagated into the future. While there was a definite
value (or set of values) actualised at the time of the interaction, at a future time
this value no longer exists and the value is indeterminate. This is in the same way
that future interactions will actualise a definite value but currently the variables
of the system are indeterminate. Maintaining multiple different values into the
future leads to incompatible predictions. As such, it must be the case that none
of these values are propagated forwards or used in predictions. Only in further
stages of interaction with the wider environment — what Zurek calls the second
stage of measurement — are records made and a pointer basis is selected. At this
point, information about a specific basis is encoded into the physical correlation
between systems, and the definite value is maintained into the future. The system
can continue to make definite claims about what value was actualised in the past

interaction and use this to make predictions of future interactions.

6.4.2 Intersubjectivity and Cross-Perspective Links

There is another place where comparing results at different times causes difficul-
ties for RQM. This concerns what happens when multiple different systems make a
sequence of measurements and try to communicate their results to each other (sim-
ilar to the Wigner’s friends thought experiment but applying to both microscopic
and macroscopic systems). This issue has recently been discussed in the literature
(Adlam & Rovelli 2023; Brown 2009; Pienaar 2021). I will present the problem
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and the proposed solution from Adlam and Rovelli as well as some limitations of
it. I will show that, despite outstanding problems with the ontology that prevent a
full explanation of decoherence in RQM, the situation so far strongly motivates the
same conclusion: that definite values should not propagate over time in sequences
of interactions (events) at the microscopic, non-decoherent level but should when

decoherence takes place and records are made.

To illustrate the problem I will return to the initial example presented in section
6.2.1 and extend the situation further. The basic situation was three systems.
System s, performs a measurement on system s; and gets a definite value as an
outcome. System s3 has only the starting states of s; and so and therefore describes
the measurement interaction as a unitary evolution resulting in a superposition of
outcomes. In the original presentation of the theory (Rovelli 1996) this leads to an
interesting consequence if s3 physically interacts with s, after the first measure-
ment of s; by sp. This measurement would proceed in exactly the same way that
the interaction between s; and s; did and s3 would find [¢)),, 5 = (|1) ® [up))12 or
[¥)19/5 = (|4) ®|down)),» with probabilities o and 3 respectively. This leads to a
situation where we could have [¢), , = [1), as the result of the first measurement
of s1 by s and [0)15,5 = (|{) ® [down))12 as the result of the second measurement
of s12 by s3. In RQM, these contradictory results between different interactions is
a possible physical situation resulting from the information held by s3. Before s3
measures s1, s; has no physical values with respect to s3 regardless of what phys-
ical values it may have with respect to other systems.'? This, however, is purely
from the perspective of s3. When considered from the perspective of s; there is a
worrying result. s, measures s; and initially finds |¢), o= [1)1; but the subsequent
interaction with s3 overwrites this value. Any communication between s, and s3
is an interaction that overwrites sy’s original observation and leaves s, unable to
communicate their original value to s3. s3 will find sy reporting up or down with
equal probabilities (according to the information they hold of s;5) regardless of the

original result.

12Note, however, that there are still the normal consistency conditions such that we will never
get a situation where there is inconsistency within in a single interaction. System s3 will never

find |1/)>12/3 = (I1) ® [down))12.
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That a solution is found for this problem of sequences of interactions is important
for two (interconnected) reasons. First, to avoid absolute solipsism. There would
be a problem with the theory if a subject is unable to communicate their own
experiences. Second, leading on from this, a lack of intersubjective communication
is not just a worry for what it would mean for our intuitive understanding of how
we can communicate, but it would also pose a problem for the methods of empirical
confirmation that are essential for science. If we were truly unable to communicate
our own knowledge and to use our own subjective experiences as representative of
objective reality then the methodology of scientific enquiry and the development of
quantum mechanics itself as a theory would be impossible. To empirically discover
a theory that rules out the possibility of empirical confirmation is a contradiction
(See Adlam (2022) for more on this problem).

Adlam and Rovelli have recently considered this problem and suggested a new

postulate for RQM that eliminates it. They propose a cross-perspective link:

“Cross-perspective links: In a scenario where some observer Alice
measures a variable V of a system S, then provided that Alice does
not undergo any interactions which destroy the information about V
stored in Alice’s physical variables, if Bob subsequently measures the
physical variable representing Alice’s information about the variable V,
then Bob’s measurement result will match Alice’s measurement result.”
(2023, p. 5)(where in this scenario Alice would be s, and Bob s3)

This is further explained as follows:

“a measurement on Alice aiming to establish her information about the
variable V should be understood not as probing her instantaneous state
at the time but as ‘looking back’ in a nonlocal way at the value that

becomes definite in the most recent interaction.” (2023, p. 8)

This solves the problem above by straightforwardly stipulating that the results of
the second measurement of si5 by s3 will automatically match the result of the first
measurement of s; by ss. An interaction is seen as looking at the recent history of
both systems involved to determine the outcome. The probabilities of the results

of s3’s measurement remain the same as the wavefunction used to describe s;9 is
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still in a superposition and this determines a real probability with respect to ss.
The value s; is only definite with respect to so. But given that si is as equally
involved in the measurement as s3 is, its history and the value actualised in the
measurement by s also affect the outcome. Furthermore, Adlam and Rovelli argue
that s3 would still be able to detect interference effects if the right experiment was
performed. In RQM all knowledge is physical and hence the superposition in s5/3
is physical and the interference in it can be measured. Interference measurements
by s3 can be seen as destroying the information about the previously actualised

value in the measurement by s, such that s, can no longer use it in predictions.

There are a number of doubts one might have about this solution, including whether
it can genuinely deal with interference effects as they claim; I will not lay out all
possible objections here. But the solution is immediately troubling. The non-
locality of ‘looking back’ is not explained; introducing a new form of non-locality
into quantum mechanics is not appealing. Additionally ‘looking back’ is only done
during measurements in the same basis as the previous measurement; when s3 mea-
sures interference in a different basis the previous results from s, are disregarded.
This difference seems arbitrarily contrived purely to get the results needed.'® But
putting aside these concerns I will note that if the solution from the previous sec-
tion is adopted - that interactions without a preferred basis are not used for future
predictions - then the immediate problem disappears in non-decoherent cases as
so does not get a unique definite value to use in predictions and instead uses the
superposition state to make predictions (just like s3). No continuity is expected
between the original and subsequent interactions so the overwriting of sy’s result
is not worrying, and the detection of interference effects in any basis is straight-
forward. The cross-perspectives problem still remains in cases where decoherence
has occurred and ss does get a single definite value (and expects a continuous ex-
perience), but this is a much restricted set of the original problem (and there are

no problems with interference effects).

Furthermore, the concerns that motivated cross-perspective links are only relevant

13This is confirmed further in Adlam (2023) where she notes in a footnote the ad hoc nature
of the postulate with the hope that further work will show that it can be derived naturally from
decoherence, although there are doubts about whether this can be achieved as discussed below.
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to the macroscopic regime; despite the postulate applying universally. Adlam and
Rovelli note in several places that we should not try to understand what it means
for a qubit to experience a definite value; they clearly do not have subjective ex-
periences comparable to our own human consciousness. As such, neither solipsism
nor a failure of intersubjective communication should be worrying. These features
of experience, along with the expectation of continuity over time where values are
preserved in future interactions, belong to a much richer notion of observer than

RQM uses.

To look for a solution to the cross-perspective links problem that takes into ac-
count the differences between observers at different levels, we should examine how
observers are connected to correlations - which is the foundation of RQM. Any
system is an observer, regardless of scale or complexity, even a single qubit. This
follows from the principle that information is physical and any physical correlation
in the world represents an exchange of information; associating an outcome with
any correlation is the major interpretive step made to deliver this principle. How-
ever, not all correlations are the same. A robust macroscopic correlation is very
different from the correlation between two microscopic systems. This suggests that
it may be possible, and indeed strongly in line with RQM'’s principles, to interpret

different correlations in different ways.

Different correlations represent different standards of information and the features
associated with a more complex observer should be associated with the sort of cor-
relations that these sorts of observers enter into, and not assumed for more basic
correlations. The work on decoherence in the information framework, laid out in the
previous chapter, makes this especially clear. Decoherence describes the emergence
of correlations that are robust and impervious to many interactions with different
observers. These correlations are said to emerge classically precisely because they
exhibit features that purely quantum correlations do not. They have been labelled
as records because they latch onto what we mean when we say that information
is preserved. Decoherence, at first glance, has all the indications of presenting a
solution to the cross-perspectives problem and explaining how definite values are
propagated over time. All of the concerns raised about subjective experiences,

intersubjectivity and scientific measurement apply within the decoherent domain.
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And versions of decoherence such as quantum darwinism explicitly argue that one
of the central effects of environment-induced decoherence is to produce intersub-
jectivity by creating records that allow for objective agreement among multiple

observers about the state of the system.

However, there are a number of difficulties with deriving decoherence from the
current version of RQM and, ultimately, work on decoherence cannot progress until
the ontology is worked out in more detail. The first problem is with the use of tensor
product states. Thinking back to Zurek’s (1982) account of decoherence laid out
in the previous section, when he comes to modelling the second stage - interaction
with environment to produce decoherence - he does so using the combined state
of the system-environment written as a tensor product. But RQM, as previously
mentioned in section 6.2.2, can only understand tensor product states as states
relative to a third-party system (because tensor products cannot account for what
states the different components have relative to each other). This means that
the systems involved cannot use tensor products to derive decoherence relative to
themselves the way that standard quantum mechanics does. Adlam and Rovelli
(as well as Adlam 2024) argue that we have to assume cross-perspective links at
a microscopic level to work out how all the component subsystems coordinate and
come to agree on what value is actualised. But if we recognise that we should
not expect continuity at the microscopic level this becomes significantly easier
- the values relative to individual sub-components can be overridden by future
interactions with no difficulties. Decoherence should not be understood as all the
subsystems getting together and reaching a consensus on what value is actualised;
this implies a level of self-awareness and organisation that should not be attributed
to qubits. Decoherence is a phenomenon of emergence where the microscopic level
is (conditionally) irrelevant to the behaviour of the system as a whole. This removes
the need for cross-perspective links at the microlevel and minimises the concerns

about using tensor products.

The real problem with working out how decoherence progresses in RQM is how to
think about the ontology of composite systems. As discussed in section 6.2.2, it has
not been specified whether interactions between macroscopic systems correspond

to distinct events in the ontology or whether these have to be constructed out
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of microscopic events. The former solution would make modelling decoherence
considerably easier; we can see macroscopic systems as patterns among macroscopic
events in the same way that microscopic systems are patterns among microscopic
events. Composition relations could be identified by looking at correspondence
between the different sets of events. This is certainly not a worked out solution
but provides a starting point. Adlam (2024) alludes to a solution like this but
does not connect the problem to ontology - she merely discusses the possibility
of macroscopic results not being derivable from microscopic ones.'* If we reject
macroscopic events as part of the ontology the problem is significantly harder and

it is not clear how to proceed.

To fully assess these options and how they would work in RQM would be a far
larger project than is possible here and would need to take into account the full
range of situations involving complex systems that RQM has to deal with. Without
this further work specifying the ontology, a full solution to the cross-perspective
problem cannot be developed. However, focusing on how correlations differ at
different levels, and being careful about what expectations we have about observers
associated with different kinds of correlations, is a useful guide to make progress

on this that remains in line with the principles that RQM is based on.

6.5 Conclusion

This chapter has examined how temporal becoming could work within the frame-
work of RQM. In so far as the interpretation has been developed up till now, there is
good reason to think it supports localised temporal becoming as a model for time’s
flow. The event ontology of RQM is a good foundation for quantum temporal be-
coming, as argued by Dorato, as it allows us to clearly define localised occurrences.
RQM’s information foundation also strongly supports basing our understanding of
metaphysical indeterminacy - and the open future - on the information available
from different perspectives. The indeterminacy from one perspective, even if there

is determinacy from another perspective, has real physical consequences in the form

1She also labels this a case of strong emergence (with no supervenience on the microlevel at
all) - but it is not clear that this emergence is distinctly different from the way that standard
quantum mechanics considers decoherence as a process of emergence (as considered in the previous
chapter).
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of interference effects. We cannot ignore this aspect of the theory in favour of the

external eternalist view without losing significant explanatory value.

The issues surrounding sequences of outcomes over time - while not solved abso-
lutely - give good reason to think that definiteness of past results should be based
on robust physical records that persist into the future. At a microscopic, non-
decoherent level definiteness is limited to a single event and both future and past
(non-recorded) events should be treated as metaphysically indeterminate. This
also suggests a way forwards for RQM in addressing the outstanding problems it
has with cross-perspective links and the ontology of macroscopic, composite sys-
tems. Differentiating between microscopic correlations and robust macroscopic
correlations produced by decoherence is a natural progression of RQM’s claim that
information is physical. The assumptions of continuity over time and a subjec-
tive experience comparable to our own should only apply to systems that form
robust correlations. These are the correlations that can act as records to encode

information over time that is accessible to observers.

As I have mentioned already, I do not intend for this view of time to rest on RQM
alone. But RQM is a compelling example of how physics supports this model and
conversely of how this model can help us interpret theories. This builds on the work
of the last chapter on showing how records play an important role in connecting
different levels of reality. The same basic ideas about how robust correlations
come to exist through decoherence are used here; however, RQM does not need to
accept quantum darwinism in its entirety. Instead, the same conclusions arise from
applying only the same basic ideas about the emergence of robust correlations
to an entirely different approach to quantum mechanics; this recurrence clearly
demonstrates the broad applicability and widespread support for this model of

time.

What is more, RQM is just one of a number of developing views that make use
of perspectives and information. Other similar views include QBism, Perspecti-
val Quantum Realism (Dieks 2022), Pragmatist Quantum Realism (Healey 2012),
qubit based approaches (Héhn 2017), and several others. This family of infor-

mation based, perspectival approaches to quantum mechanics offer a new way to
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think about how time appears in physics. Recent work explores the philosophy of
time behind these views - for example Dieks (2022) presents his interpretation, per-
spectival quantum realism, and shows how it can be understood in terms of flow

fragmentalism?®®.

Many of them are also good candidates for localised temporal
becoming. The idea of a quantum temporal becoming has been around for some
time, although sometimes it has been judged negatively. For example, Callender
(2017) argues that quantum temporal becoming is impossible because it forces us
to accept an interpretation that has a preferred foliation of spacetime (at odds
with relativity) and interpretations that allow this (e.g. non-relativistic Bohmian
mechanics) seem to only provide a temporal becoming that is completely discon-
nected from experience. However, localised temporal becoming has no need for a
preferred foliation and has found more success (for example Mariani & Torrengo
(2021) apply localised temporal becoming to GRW as discussed in chapter 2). If
we want to connect becoming to the experience of flow then information based,
perspectival interpretations are even more promising, as the work of this chapter
has shown. All these views aim to reconstruct quantum mechanics from simple
principles about information. Due to this shared basis they all rely on the founda-
tional importance of information and use perspectives to explain counterintuitive

results of quantum mechanics such as interference and entanglement. Regarding

the use of perspectives in QBism, Chris Fuchs has also recently said that

“Quantum theory from the point of view of QBism tells us that reality
itself is something more than any third-person perspective can capture.
It is telling us that the universe is no block universe in the sense of
that William James spells out: i.e., having “no ambiguous possibilities
hidden in its womb,” and where “the whole is in each and every part,
and welds it with the rest into an absolute unity, an iron block.””
(Crease & Sares 2021 p. 546).

This strongly aligns with the project of this thesis: to emphasise the ineliminable

role of the internal perspective on time.

RQM, as a forerunner among these views, has been the best place to explore these

15Flow fragmentalism has many similarities to the model of temporal becoming presented here.
See footnotes in chapter 2 for a brief comparison.
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ideas in more precise detail. It also takes the most objectively realist stance among
this family of views by rejecting that consciousness has any particular role (in con-
trast to QBism where the subjective experience of a human agent is central - QBism
claims to be a realist interpretation but this is not obvious). But the lesson - that
when interpreted from an internal perspective quantum mechanics supports the
conclusion that the future is open and the past is fixed, due to the way that epis-
temic structures form in the world - may well be found in many other comparable
interpretations. Combined with the work on quantum darwinism of the previous
chapter - which is more naturally (though by no means absolutely) aligned with
Everettian style interpretations - it is evident that an information based, emergent
understanding of time is strongly supported by quantum mechanics, regardless of

precisely how it is interpreted.
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7 Conclusion

The goal of this thesis was to build a model of time’s flow by following a programme
of naturalised yet emergent and perspectival metaphysics. This rejects both the
idea that flow is a psychological illusion and the claim that we must find flow in
our most fundamental physics. Instead, I propose that objective flow can be found
in physics by focusing on the theories that describe the realm of our experience.
This means looking at how we interact with the world to gain information about
the past and future (which is the basis for our experience of time), and identifying
the physical structure that allows us to do this. It also means focusing on the
macroscopic level of reality that we are placed in and the emergent theories that
describe this. And going even further, it means acknowledging how our limited
perspective - at a particular moment in time, a particular point in space, and with
limited access to information - shapes the way that we can make inferences about
other times. I will now summarise and bring together how these three threads
- information, perspectives, and emergence - have been developed and how they

work together to give new insights into the flow of time.

The account I give is this: flow is the localised becoming of events along a worldline
that transforms an indeterminate future into a determinate past. Determinateness
is rooted in the epistemic structure of the world; the future is open because it
cannot be predicted with certainty from our embedded, localised, perspective on
time, and the past is closed because physical records of it exist in the present that

act as determinates for past claims.

I started with the idea that a model of the flow of time needs to grasp two things:
a) how reality changes from moment to moment and b) what the transformative
relationship between moments is. To achieve the first part of this I adopted localised
temporal becoming but argued that it should be understood in strongly perspectival
terms. If we place ourselves outside of and separate from time then we should be
eternalist, but from the inside when we are embedded at a particular moment we
should be presentists. In the embedded perspective, each event is present and

exists from its own perspective while another event exists at the next moment,
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hence reality changes from moment to moment. The importance of the internal

perspective led to the title of this thesis: learning about time from the inside out.

As for the the relationship between moments, this is where the open future comes
in. Relative to a particular localised present moment, the future is indeterminate
because there is no information existing in the present that can predict it (and
hence settle the truth value of future claims). And past is fixed because of and
to the extent that abundant records exist in the present that determine it. The
transformation between them is what makes becoming a substantial account of
flow. I argued in chapter 2 that this is compatible with the perspectival ontology
of localised temporal becoming, but what remained to be shown was that this is
not just important to our subjective experience or our intuitive way of thinking
about time but also to the way that physics describes the objective world. This
further link is what allows us to claim that flow is an essential and ineliminable
part of reality that cannot be reduced to a psychological illusion. It takes us from
a coherent metaphysical picture to one that we have good reason, motivated by

naturalistic principles, to think that we should adopt.

To find this link I defended the view that the openness of the future is a perspec-
tival metaphysical indeterminacy produced by the emergent epistemic structures
in our world. I argued that we should take seriously the emergentist project and

acknowledge that this plays an important role in our higher level theories.

Chapter 2 introduced the use of perspectives, and chapter 3 brought in emergence
and information. But how are these related? The connection between perspec-
tives and information is simple: our perspective dictates what information we have
about the past and the future. We only ever directly experience the present but we
make sophisticated inferences about other times by using the information available
in the present, combined with our scientific theories, to predict and retrodict. Two
further elements connect this to emergence: first is that our embedded perspec-
tive is situated at the macroscopic emergent level. Chapters 4-6 went on to show
that the epistemic structure we typically use to make inferences also emerges and
becomes robust at this level. Second, adding to this, our limitation to a localised

present perspective is what makes emergent theories so effective at allowing us to
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make inferences about the past and the future. Emergent theories are particularly
useful for dealing with incomplete, level-specific, and coarse-grained information.
Likewise, instead of precisely retrodicting the past, we are forced to rely on macro-
scopic records - which are local systems - to make inferences (chapter 5 discussed
how localisation leads to the essential properties of records, and the link between

records and the screening off condition for emergence).

What is more, this aligns with the widely accepted reductionist project of time’s
arrow that looks at how all the temporal arrows can be reduced to the asymmetry
of the thermodynamics, and at how this asymmetry emerges in statistical mechan-
ics. Becoming - which we take to be the succession of moments in one direction or
another - should likewise connect to emergence. To have a fundamentally asym-
metric becoming would be at odds with the physics of asymmetry that is only
found at higher levels of reality. The physics of time asymmetry also reinforces the
connection between time and information. Explanations of thermodynamic asym-
metry make frequent use of records and the associated accounts of the asymmetries
of causation and agency reinforce this. It becomes increasingly apparent that the
fact that we know about the past through records is far from being a subjective
and trivial aspect of our experience but is instead indicative of how the world itself

is distinctly asymmetric at the macroscopic level.

It is the fact that the limits on information are built into our theories that makes
it clear that this is perspectival but not subjective. It is not only that we do not
know the future but that we cannot know it; instead of arbitrary ignorance we have
a well-defined but incomplete set of information that can be known. This gives a
far broader physical basis for an open future than the literature on open futures
currently considers (which is largely limited to the lightcone structure alone, if the
physical basis is examined at all). And it much more clearly links the openness of
the future to how we experience the world and the role that our epistemic inferences

play in this.

The remaining three chapters laid out the physical justification for this model of
time and showed how it involves the three elements of information, emergence, and

perspectives.
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I first focused on information and developed an account of records, defining them
as correlations that are robust against noise. Records have received far less at-
tention than the notion of probability, and I showed in chapters 4 and 5 that this
account can be effectively applied in both thermodynamics and in quantum me-
chanics to provide new insights, such as how records feature in the debate about the
thermodynamic cost of information, how records could connect to coarse-graining
methods used to explain time asymmetry, and how records set a standard of clas-
sicality for quantum darwinism to aim for. This account also explains why records
are predominantly macroscopic. Chapter 5 picked up this strand and gave a more
detailed exploration of how records connect to accounts of emergence in the context

of quantum decoherence.

Finally, I considered relational quantum mechanics as a case study for this model
of time. The purpose of this was to illustrate that far from being a ‘view from
nowhere’, physics can and frequently is interpreted in a perspectival way and that
perspectives are closely linked to information. I showed that the model of time I
have developed is a natural fit for this interpretation and that it suggests new ways

to address current problems for the theory.

I have covered a broad range of different theories and interpretations and my in-
tention is not to say that this model of time holds because quantum darwinism
or relational quantum mechanics specifically are true. The aim of these chapters
was, firstly, to explore the themes of emergence and perspectives along with their
connection to information, and to demonstrate how this can be used to interpret
physics. Secondly, these chapters show how quantum mechanics fits into this model
of time: rather than being a unique and fundamental source of indeterminateness
there is a strong line of argument, which comes from a range of different interpreta-
tions, that indicates that we can view quantum openness (and fixity) as information
based and closely related to methods of inference and measurement. It also shows
how the quantum world is continuous with higher level classical reality; this lends
support to taking higher level indeterminateness seriously and to looking for the

flow of time at an emergent level.

The clearest outcome of a perspectival, emergent, information based account is that
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there is no unique flow of time. Flow is localised along a worldline; this in itself has
been accepted for some time since the results of special relativity have forced us to
accept new ideas about time. But flow is also different at different levels of reality.
The flow between microscopic events is distinct from the flow between macroscopic
ones. But acknowledging that flow is a) the change in reality from moment to
moment and b) the relation between moments which transforms indeterminateness
to determinateness, naturally leads to this result. Reality is described differently
at different levels and microscopic events are linked together by different laws than

macroscopic ones.

The emergentist project tells us that we have higher level objects in our ontolo-
gies as well as fundamental ones. If we take this metaphysics seriously then the
relativisation of flow to different levels is a necessary consequence. When we make
claims about the future we formulate this in terms of the objects the world is pop-
ulated with; but macroscopic objects do not reduce to clearly defined microscopic
objects. This is what makes it meaningful to probabilistically predict the possible
future macrostates of the world even when there is deterministic evolution of the

microstate.

The difference between levels can also help us understand the debate between
presentism and eternalism. If one looks at the type of examples that presentists
often use to talk about time, it becomes clear that most of the reasoning used
is about macroscopic objects of our direct experience. For example Prior (1968)
talks about chairs, tables, people and horses. McTaggart (1908) uses the death
of Queen Anne as an example of an event. And likewise the literature on the
indeterminate truth values of future claims commonly uses macroscopic examples
such as sea battles. Conceptually the motivation for prioritising the present is that
we - complex macroscopic beings - have privileged experience of it that we do not
have of the past and future. In contrast many of the arguments for eternalism
come from looking at fundamental physics; for example Price (1996) looks at the
microscopic fork asymmetry and denies that it can be found in collisions between
particles. Although this is a generalisation and much of the reasoning can be
imported to different scales, it reveals that the two views are to some extent focused

on different levels. The perspectival relationship between presentism and eternalism
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can make sense of this. At lower levels of reality there is no significant epistemic
structure in the world and there is little difference between the open future and
the fixed past. At these levels the presentist perspective may not be of much value;
the eternalist picture is perfectly adequate and potentially easier to work with.
Temporal becoming still occurs between microscopic events; but the additional
element of metaphysical asymmetry is weak or missing entirely. This element
is what turned becoming into a substantial account of flow. However, when it
comes to macroscopic reality, the eternalist picture is incomplete and the presentist
perspective is needed to make sense of the open future. Here flow becomes an

ineliminable aspect of the world.

What this thesis has achieved is to lay out the naturalistic basis for our everyday
experience of time’s flow. There are many questions which could lead on from
this; for example one could look at the semantics of truthmakers and how this
relates to metaphysical indeterminacy in more depth. I have relied on ideas about
indeterminateness mainly from Wilson (2013), along with ideas from Barnes &
Cameron (2010); further work could explore how a theory of truthmakers can be
adapted to make sense of the level-dependent, perspectival claims I am relying on.
But this is a secondary project, and what has been shown is that there is strong
physical support for understanding time’s flow in this way. And that information,
perspectives and emergence provide a robust and valuable approach to answering
these questions. To this extent the project of naturalistic metaphysics is satisfied;
the features which must be included in our metaphysics are now clear. This is also
not a comprehensive analysis of all the theories that use these ideas; further work

could explore other areas using the ideas laid out here as a basis.

The results of this thesis can be summarised in three claims: 1) Time’s flow is
grounded on information: it can be identified by the way that information is gained
from the world and used to predict or retrodict, and in how these concepts play a
key role in physics. 2) It is perspectival: it is a result of the limitations that having
a particular perspective puts on how you make inferences about the world. And 3)
it is emergent: it is found in higher level theories describing the macroscopic realm

of our experience.
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