On the Reality of Time

By Gillian Drake

“For a good part of his [Kafka's] work consists of tentative steps toward perpetually changing
possibilities of future. He does not acknowledge a single future, there are many; this
multiplicity of futures paralyzes him and burdens his step.”

— Elias Canetti, Kafka's Other Trial: The Letters to Felice

“And | asked myself about the present: how wide it was, how deep it was, how much was
mine to keep." — Kurt Vonnegut, Slaughterhouse-Five

"All time is all time. It does not change. It does not lend itself to warnings or explanations. It
simply is. Take it moment by moment, and you will find that we are all, as I've said before,
bugs in amber.” — Kurt Vonnegut, Slaughterhouse-Five

“Old Time, the greatest and longest established spinner of all! ... his factory is a secret place,
his work is noiseless and his hands are mutes” — Charles Dickens

Entropy
“End of the film, the man behind me goes, ‘Ugh! that’s two hours of life I'm not getting
back.” | thought, ‘oh | have got some bad news for this guy: Every hour of your life is an hour
you’re never getting back. They’re gone forever. Time is not refundable. Death is the end.”” —
James Acaster, Mock The Week
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Abstract

What is time? A seemingly outlandish question. Time is so fundamental to our thoughts, to
our lives, to our functioning, it feels odd to ask such an obvious question. But time is
anything but a definition or a physical parameter that is agreed up widely in physics. This
paper goes through the different fields of physics and looks at the way in which time is
treated. The paper then goes into looking into the ways in professors of physics look time and
in there is a overall agreement on the view of time in the professional world, and if that
matches up with the literature on the history of time in physics. The paper was to look into
the questions of fundamental or emergent time and the probabilistic nature of the universe
versus the determinism of the universe. Knowing we look at space and not as much at time,
even though time is considered to be a fundamental aspect of space. This paper seeks out to
look at not just a broad overview of the view of time, but also at the anthropological and
philosophical view of time in consideration of how physics are looking at time and therefore
at how they can ask the correct questions to discover more. The paper comes to the
conclusion that there is less agreement in physics and that the overall view is that physics

have an agreement on the nature of time.



Chapter 1: Introduction

What is time? A seemingly outlandish question. Augustine wrote in Confessions, “What is
time? If no one asks me, I know; if I wish to explain, I do not know” (Muller, 2016). The
word time is used more frequently than any other word in the English language. Time is so
fundamental to our thoughts, to our lives, to our functioning, it feels odd to ask such an
obvious question. And yet, we do not know. It hovers around all of science, it is imprinted in
our language, our awareness, how we move and think, and governs our thoughts and morals
on the impetus of society and mortality. Not even space seems as fundamental to every aspect
of consciousness, and maybe that is why we cannot say what it is. | will propose to look into
the concept in so much as | am able in a mere masters thesis. We will begin by looking at
time (through a physics lens) and we will begin with the broad arena of pre-scientific
revolution (or more specifically pre-Newton, also Leibnitz will be discussed and we were

famously Newton’s contemporary and nemesis).

We live and govern ourselves via our mind, which is governed by whatever concept we hold
with the moniker: time. We’ll delve into the theories, that of change, of fundamentals, etc.
We’ll look at the ontological and epistemological differences in concepts and if that makes a

difference in physics at the end of the day.

But we’ll go back to how we arrived where we are. We have two large bodies of physics and
two bodies therefore of time: theoretical and experimental. Is time more than a ticking of a

clock? How did we even get to the concept of a ticking clock?



The road towards Newton is often forgotten but very important. Before the 20™ century, and
some could classify before the scientific revolution (but the scientific revolution wasn’t
exempt), our learning was derived and helped by religion. Especially in the west, knowledge
was saved and institutionalized through religious organizations. So we’ll dive back into

religion and philosophy to begin (where else can we begin).



Chapter 2: Literature Review

Methodology: A historical (western look) into changing opinions of time from a historical
perspective from physicists — first looking at relational time to Newtonian time, to general

relativity, to quantum, to theories of everything

This section will look at an overview of how physics has looked at time. Time is such a broad
and reaching topic, this section will take primarily a chronological review of how psychists
reviewed time. Sections 2.1 and 2.2 cover classical physics, while 2.3- 2.7 will cover modern

physics, nuclear physics, and a blending of all three.

2.1 Rationalism

”Time is one of the great archetypal experiences of man, and has eluded all our attempts
towards a completely rational explanation” (Von Franz)

As Ernst Mach said (1883) It is utterly beyond our power to measure the changes of things
by time ... time is an abstraction at which we arrive by means of the changes of things; made

because we are not restricted to any one definite measure, all being interconnected.”

Outside Western views:

Prior to the mathematical parameterization, which appears to come from Western philosophy
and physics, the contemplation of time is seen often as relational. It is not something

mathematically in and of itself, but a concept that relates events. This is seen similarly with



the understanding of space. You can ask where something is, (your headphones are on

your desk in the living room),you can similarly ask when something is (it’s in an hour).
(Rovelli, Von Franz Etc). Time is a relational concept, something that relates events. It is not
a solitary concept. Within this relationalism we can look at the physical aspect of time in
three main theoretical ways: linear and circular. Linearly, it is related to when it happens or
when something happened. There is a past, a present, and a future — linearly a flow that can
be seen in discrete events like the frames of a film. This linearity is tied heavily to mortality -
the linear birth and eventual death. Then there was also the concept of circular time. Circular
time was seen in part as our main form of measurement and how we developed clocks - the
earth revolving and circling the sun giving your days and your years (from the sundial).
Linearity was often related to an infinite or eternal nature of time, like the Egyptian god, Heh,
who was always shown with the symbol for life, not to be confused with the sun god, Ra who
ruled ‘time’. Not every civilization had a linear concept in the way the West has viewed time.
The Hindu religion has many gods symbolizing different forms of time: Shiva as ‘All
Devouring Time’ and Kali as time and death. Hinduism gives little credence to irreversible
time, as it is conjoined with man but a cyclical and eternal time (which is reinforced with the
idea of reincarnation). The qualitative way we center our ideas was different in different
cultures, like Hopi Indians not having past, present, and future in their language, but concepts
around something that is manifest and something that is beginning to manifest (Von Franz).
Interestingly (especially when ignoring non western ideas), the concept of a type of spacetime
(expounded in section 2.3) was seen in China and the Aztecs. The Chinese separate duration
and becoming. Duration comes with linking the concepts of yin and yang (where yin is time
and yang is space- and thus Time and space, says Garnet, “were considered an ensemble
[grouping, cluster] of occasions and places” (Von Franz). And the Aztecs had the god,

Omoteéotl, who created time and space simultaneously.



Relationist

“In man’s original point of view time was life itself and its divine mystery” (Von Franz). So
the to pivot to the relative beginning of modern science’s view, we will look at the Hellenistic
culture of Aristotle, Zeno, and Theophrastus views of a relationist view of time. A relationist
view of time is one of a relation between components (White 1989). Aristotle viewed time as
“a number of motion with respect to the prior and the posterior” (Aristotle, Physics IV, 11).
Here is where time is viewed in a more physical way and into the idea of time and the ‘flow’
of it as a number and eventually a parameter. Aristotle’s components are mainly of two parts,
the ‘topogological’ which is continuous and linear and as to do with change, whereas the
other component is the “number of motion” (Annas 1975). This number is more to do with
“what is counted or countable, not in the sense of what we count with” (Annas 1975). This
could be thought of the breaking down of time into a type of discrete quantities. Aristotle
further posits in Physics if time is a measurement of change, and therefore if nothing changes,
there is no measure of time, and therefore no time. This relationist view is similar to
Leibniz’s view of time as “an order of successions” (Leinitz in Ballard). Leibniz was a rival
of Isaac Newton, and wrote a series of letters to Samuel Clarke, which illuminated his views
on time and space as relationist and not absolutist. To note, both were arguing about this in
terms of a Judeo-Christian God. This view is the precursor of the relationist view of time
“that something happens when something else happens” (Rovelli, LGG). As Bunge writes,
this is not a “theory (=hypothetico-deductive system) of time” and the major difference in
relational and relativistic time is that “they did not make duration relative to a reference
frame” (1968). This idea of relational time started with Aristotle, continued with Leibniz, and
was furthered by the philosopher Ernst Mach. Relational time is then deemed to be related to

events. Leibniz’s view of a “an order of successions” is seen as a type of “primary



timelessness and Mach that ‘time is to be abstracted from change” (Anderson 2014). Time is
only seen relating events, and this view led towards the view held in General Relativity

leading to a background independence, as spacetime is not flat and universal.

Absolute Time

The relationist view of time came into question against the absolutist view of time. This
absolutist view of time, time thatis “self-existent” (Bunge 1968). This view comes mainly
from Judeo-Christian thought of “God as purely outside time, as having created time together
with the universe.” (Von Franz). Saint Augustine showed this view that God is therefore
timeless and that it is something outside of the self (Muller). This ontological view of time is
seen in the works of Kant “Time is” and most notably, Isaac Newton. This idea of time
helped with the cartesian development of time as a parameter and a measure of “‘successive

duration” (Gorham 2017).

For Modern Physics

These views of time shed light onto the ontological and epistemological views of time. As
Bunge there are four main views of time, “ontologically, time may be regarded either as
absolute ("Time is self-existent™) or as relative ("Time is the pace of change").
Epistemologically, time may be viewed as subjective ("Time pertains to the cognitive
subject™) or as objective ("Time is a feature of the world"). Consequently, from a
philosophical point of view, four kinds of consistent theories of time are possible:

AS: Time is absolute and subjective (Kant).

AO: Time is absolute and objective (Newton).

RS: Time is relative and subjective (Berkeley).

RO: Time is relative and objective (Lucretius)” (1968)
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These views still pertain to way modern physicists view time. To look further into theories of
everything, grappling with the marrying of gravity and quantum, physicists like Carlo Rovelli
and Lee Smolin are viewing time in a way of looking at whether it can be seen as
fundamental or emergent, and the fundamental and emergent views can look at the these

ideas on time.

2.2 Newtonian

There was a shift during Isaac Newton, the ‘father of modern science.” Before Newton (and
synonymously, see Leibniz), there was the idea of relative time. Newton believed in two
types of time: true and relative. We can find relative time (which is how time was perceived
previously), but there is a true time (religious) that we cannot calculate but is intrinsic to
nature. Newtonian (true) time is assumed to flow uniformly even when nothing happens, with
no influence from events, and to have a metric structure, we can say that when two time
intervals have equal duration. He believed absolute time was imperceptible and could only be
understood mathematically, “Absolute, true and mathematical time, of itself, and from its
own nature flows equably without regard to anything external, and by another name is called
duration: relative, apparent, and common time, is some sensible and external (whether
accurate or unequable) measure of duration by means of motion, which is commonly used

instead of true time ...” (Newton, Principia).

Much like Newton’s belief in absolute time, he similarly believed in absolute space,
(“Absolute space, in its own nature, without regard to anything external, remains always

similar and immovable” (Newton, Principia)). These ideas were put forward in Newton’s
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seminal work, ‘Pilosophia Naturalis Principia Mathematica’, Newton ostensibly birthed
modern science, and with this he ushered in our generalized heaviest influence on people’s
general thoughts on time. His ideas overall not only influenced (and bounded), our way of
doing science, he married his Christian religious ideas with his studied mathematical theories,
for his ideas of absolute space and time “were both emanations from God” (Von Franz 69).
There was now a separation of times, and a way in which you could ask scientific questions,
without confronting your beliefs. He separated “divine time” and “common time”, where our
common time was made into a linear parameter. This linear parameter is used for not only
earth but also the heavens. He radically changed our processing of time from relational,
separate ideas, into a uniform geometric (linear) parameter. This parameter could and should
be compared regardless of space (earth vs the universe). However, it would be easy to then
forget ‘common time’, wherein he believed humans are only capable of perceiving relative
time, which is a measurement of perceivable objects in motion (like the moon or sun). This
has in part fragmented the word time in our scientific endeavors, making the question, “what

is time?”” harder to answer when people in essence will use homonyms.

To put into context, “Ontologically, time may be regarded either as absolute ("Time is self-
existent") or as relative ("Time is the pace of change"). Epistemologically, time may be
viewed as subjective ("Time pertains to the cognitive subject") or as objective ("Time is a
feature of the world")” (Bunge) and Newton’s concept of time is absolute and objective. This
idea of absolute and objective time meant that you could scientifically (with mathematics)

compare different things in different places.

Newton’s creation of dynamics, he made five absolutes: “time, its direction, position and

direction in space, and scale” (Entropy and Arrow Barbour).
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This is the view of classical physics (pre-relativity and quantum). This absolute and objective
time is seen in the variable t, which is viewed as a real quantity (the measurement or duration
from a clock). Time in this sense, ‘flows’, and is “a special physical quantity, whose value is
measured by physical clocks, that plays the role of the independent variable of physical
evolution” (Rovelli 2008). This can be seen easily in the Euler-Lagrange equations or the

Hamilton equations of motions.

The Euler-Lagrange equation, for generalized coordinates, q;, and velocity, q;, where L is the

difference between the kinetic and potential energies of a system.

oL d L _

dq, dtaq, °

The Hamiltonian equations (used often in quantum mechanics) are

dt ~ apt
dp' _ 0OH
dt B Oql

Where p; is the generalized momentum and H(gj, p') is a function on the phase. (Morin,

2008; Rovelli 2008).

This absolute and objective time also helped make possible our shift into global time and
clocks, for “this incipient separation of “divine time” from measurable time is not unrelated
to the development of the clock™ (Von Franz 69), which develops into the uniformity of time
on earth — places used to have their own times, but with extended travel (trains and planes)
there became a need for everything to be on the same time duration. Clocks before the

industrial revolution were mainly sun dials, or other measurement devices made using the
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sun, the moon, or other measurement from the celestial bodies. ‘Clock time’ was in tune we
relational, common time, as it was measured directed from objects in motion. The time the
sun is highest in the sky in Copenhagen is not the same time the sun is highest in Paris, and
people were aware of this. This was their relative time. But with the development into
industrial era, there was a need for a more uniform time which relates to the general principal
of ‘true time’. Trains, which tied mainly. To business, to money, needed to make sure the
there was a uniform time. Just because the sun is a slightly different place in the sky, doesn’t
mean the times across Germany couldn’t be uniform, and with that synchronicity, we pushed
into global uniformity. Oddly with globalization, ‘uniform’ time has become necessary, but is
only possible with atomic clocks — a principle from General Relativity, which amusingly also

principally refutes the idea of absolute time and simultaneity.

2.3. General Relativity

Dovetailing from the Newtonian classical physics, we are now in the place of Einstein. In
1905, he transformed the structure of classical physics with the theory of special relativity,
which took into account Maxwell’s theory of electromagnetism. This concept of time takes an
ontological difference to Newton’s. Newton’s view of absolute time is now replaced with a
relative concept of time — many epistemological similarities may unfold, but within the reign

of classical physics, a new ontology of time is now true.

What is the new ontology of time? That time is relative. In Newtonian mechanics, Newton’s
concept of space and time were inherently different. Time was absolute and the idea of
simultaneity was true and justified. Two people can throw a ball simultaneously in different

directions at different velocities. Each ball (which we can minimize to a particle) has its own
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dynamical set — a 3-dimentional space coordinate and its own time coordinate — “in
Newtonian spacetime there is an absolute slicing into distinct copies of space at different
moments in time” (Carroll Spacetime Geometry p4). The distinct different when Einstein
came up with the theory of Special Relativity is that “there is no well-defined notion of two

2999

separated events occurring “at the same time™” (Carroll 2014). If we once had slices of space
separated by time (or “unique slices of space parameterized by time”’), we now have
spacetime that is defined by events where particles cannot move faster than light (photons).

Therefore we now have lightcones, and with this we can use Euclidean geometry and rotate

our coordinates, where our separation of time and concurrence no longer adhere.

Via special relativity, and into general relativity, no longer have simultaneity, and in a larger
sense, time is now a coordinate linked to space (for example (t, X, y, z) vs (X,y,z) at time t),
and this linking forms a geometry. We can look at a spacetime interval as between two events
as:

(4s)% = —(cAt)? + (4x)? + (Ay)? + (4z)?

Where c is a constant (the speed of light), that allows for t

Considering we are now looking at spacetime and no longer at space and time — and thus an
inherent ontological difference in the physical notion of time. And we can see a definition of
a single event through a /ight cone. Spacetime can now be seen as a manifold, and spacetimes
can interact with each other. To look at the new concept, a useful tool is a spacetime diagram,
and see how events are related. The points in the event can therefore be either timelike

separated, spacelike separated, or null separated.
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Figs 1 and Fig2 from Carroll’s Spacetime

We need to look at the paths of the particles in this new geometry of spacetime, and looking
at the line element and what that infers about the path.

A line element is defined by:

ds? = uvdxtdx”, where g, is our 4x4 spacetime metric.
ds? > 0 defines space-like separated events,
ds? < 0, are time-like separated events, and

ds? = 0, are null separated events.

For timelike paths, we are now looking at the proper time (which will be found with the

, dxt dxV
At = f _gﬂvﬁﬁdl’

integral):
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This proper time (At) is time measured by an observer moving along the trajectory, and the
spacetime path is via a parameterized curve x, (1), and this parameter, A, is not necessarily
identified with the time coordinate unlike in Newtonian Mechanics (Carroll 2014).

Paths are made of discrete events (each lightcone), a physical particle can have a path be
time-like in some places or space-like in other places. However, “physical particles never
change their character (massive particles move on timelike paths, massless par- ticles move

on null paths”(Carroll)

For this section, I am using the signature of the metric as (-, +, +, +), with the spactime
indices, (n, v)=0,1,2,3 =0,1,2,3 and the spacial indices (i, j) = 1,2, 3, as well as setting ¢ =

h=1.

With this progression of the understanding of Newtonian physics, there has been a splintering
of the definition of the word time. Time now can have different definitions and the certain
qualities are tied to the word. Time now has three main concepts: “relative order of events,

Newtonian non-dynamical time, [and] the gravitational field” (Rovelli, LQG).

In Special Relativity, we can see the qualitative effects of this new perception as time
dilation. (section B). And in General Relativity, we see that the spacetime geometry depicts
gravity (which is therefore no longer thought of as a force). The curvature of spacetime is

depicted by the Riemann tensor:

Rﬁ)uv = aﬂl}f/ - 6/11;1;1)/ + 11?/[/'16/ - I—l'g/rcr/;

The spacetime geometry is related to the energy momentum tensor (ie the matter of the

universe) through the Einstein’s equations:
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1
Ry, — ERgm, = 8nGTy,

These depictions of spacetime dovetail into the paradoxes surrounding time travel.

Time Dilation: Twin Paradox and Schwartzchild Blackholes

The twin paradox comes from looking at spacetime in relation to inertial frames, and not as
time and space.
The twin paradox can be shown through calculations using the time dilation equation. In

using this equation, I will go back to using the speed of light and not having c=1.

At

UZ
1=

In this time dilation equation, y is the Lorentz factor. If one twin (Twin A) stays on the earth

At' = yAt =

(which we will take as an inertial reference frame, then Twin A’s reference frame is at (t, 0, 0,
0) (as we are using Minkowski metric). Twin B’s (who will be traveling) frame will be (t, f(t),
g(t), h(t)). Twin B’s spatial coordinates will be in reference to movement, and therefore will
be a function of time. You would then need to look at the proper time (dt), which can be
found from finding the proper time difference,

dt? = dt? — dx? — dy? — dz?
Succinctly, the time dilation equation will display that the looking at the two twins, the twin
that does not leave (is not moving) will age quicker than the twin that is moving. In other
words,
If we look at the time dilation equation and the proper time (looking at clocks where one
stays and one leaves), you can first tell that the closer to the speed of light one travels, the

less time passes, ie ¥ = 1 when not moving and y > 1 when moving.
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For example, If twin A (Ashley) stays on earth, and twin B (Mary-Kate) leaves on a rocket.

Ashley views the duration of time in which Mary-Kate left as 10years. Mary-Kate travels at

the speed of 0.6¢, the using tp = %A,

10years 10years
then tz = = = = 8years

0.6C¢ 2
1 ( )/

And therefore Mary-Kate (twin B) viewed the time traveled as 8years, whereas Ashley aged

10years before Mary-Kate came back.

Time for both move relative to themselves, such that they cannot perceive a mitigation of 2
years- only when they see each other again do they see a difference. The paradox aspet comes
into play when you would consider if twin B (Mary-Kate) was the inertial frame and not
Ashley. You would consider that then Mary-Kate would view Ashley moving more slowly in
time. However, because in this rocket ship scenario, Mary-Kate first has to travel away and
then return, the journey going away would seen shorter and then journey back would seem
longer. This paradox then isnt a paradox, but you would need to use the relativity of

simultaneity in the Lorenz calculations:
xp = y(x4 + vip)
v
tg =v(ta + C_sz)a
to see that regardless, Ashley spent 10years waiting for Mary-Kate to return, while Mary-

Kate only traveled for 8years.

When looking at this twin paradox, we can see how distinctly time differs from Newtonian
time. It is an aspect of a ‘dynamical field, the gravitational field” (Covelli, LQG). The twin

paradox and basic time dilations are a part of special relativity, while the “General Theory of
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Relativity (GTR) provides a deep analysis to effects of time flow in the presence of strong

and weak gravitational fields” (Lobo 2003), as seen above with Einstein’s Equations.

Another form of time dilation in General Relativity is in Black Holes. Looking at a basic
Schwartzschild Black Hole (a stationary uncharged one - like from the collapse of star), the
time it would take for something to fall in would be calculated radically differently based on
the frame of reference. The Schwartzchild metric is found from solving the line element with

Ry, = 0.

2GM
r

1
ds? = — (1 — )dt2 + ————~———dr? + r?dQ?
11—

2GM _
r

With dQ? = d8? + sin?0d¢?

The event horizon of the static and symmetric black hole is called the Schwarzschild radius at
Ty = 2GM. Black holes not only have a singularity, but they also as seen shows the time
component of the metric to go to zero when then radial component goes to infinity. If one was
observing a spaceship from far away (r > ry) it will appear an infinite amount of time has
gone by before it reaches the Schwarzschild radius. Simplistically this can be seen when the
spaceship follows a time-like radial geodesic, with fixed angles and because the space is from

far away it will become a Minkowski flat spacetime. Solving you would find that

dt
= 0 whenr — 1y.

Whereas if you are close and watching the spaceship go towards 1y it will take a finite

amount of time.

Time Travel
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General Relativity’s introduction of spacetime and its spacetime geometry has introduced not
only the theory of time dilation, but also the possibility of time travel, and by this I mean
closed time-like curves (CTC). These particles travel along their time-like world line (using
the line element equation) and return to their start. These closed time-like curves were
confirmed by Kurt Godel (ie the Godel metric). Because the particle would travel back to its
start along the closed curve, they imply time travel to the past. This mathematical solution in
General Relativity leads to the grandfather paradox and its further implication in time and its
link to causality. This CTC bends two of the definitions of time (the relative order of events

and the gravitational field).

General Relativity as seen by Einstein equations and a small handful of examples, is a theory
based on the relational view of time. In Relativity we see the Leibniz definition of relational
time, “an order of successions”, as pertaining to an order of events. General Relativity has
done away with the notion of simultaneity and with that absolute time. The proper time and
the coordinate time are no longer the same, and therefore there is no longer a preferred
independent time variable, but multiple variables (ie multiple clocks). In a sense, we still
have flow of time (some continuous variable), but now as a succession of related events. This
does imply and order and therefore can imply causation (Lobo, 2003), but as seen by Gddel’s

CTC, the sequence of events can have little bearing theoretically.

2.4 Cosmology

Block universe and fatalism

If there is a block universe then do we have free will?
When we look at time in Cosmology, we see two main theories: the Block Universe theory

and the growing block universe theory (also known at the evolving block universe). Ellis also
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expands on the evolving block universe, deeming a crystalizing block universe. The major
difference between the two metaphysically is whether or not the future exists yet. The block
theory interpretation of General Relativity implies “timeless naturalism”. “Timeless
naturalism holds that laws are immutable and the present moment and its passage are
illusions” (Smolin, Temporal Naturalism). The block universe theory naturally evolves out of
general relativity and it displays a deterministic view of worldlines. Whatever unfolds on the
worldline (past, present, or future) are all as equally valid. This pictures of the universe is
“the result of deterministic and immutable laws acting on initial conditions” The block
universe is under ‘externalism’ in philosophy (the future already exists just as the past exists),
but also can imply fatalism — for if the future exists already then is there free will? But the
question of free will is only in the realm of philosophy. However, as a thought experiment, it
should be seen as an inditement of the block theory, and a question on how we can
ontologically look at these physical concepts, but “in the absence of a decisive experimental

test, both views remain in the realm of philosophy.” (Elitzur 2002)

The cosmological principle, which is an expansion of the Copernican principle, is that the
universe as an approximation, is isotropic and homogeneous on a large enough scale. This so
far has been confirmed by observations. This hypothesis leads to metrics with high levels of
symmetries, and the metrics that works in the system are the Friedmann Lemaitre Walker

Robertson metric. The curvature parameter is k= -1, 0, 1. This is for a perfect fluid.

When we look at an expanding universe, with the line element of the metric in cartesian
coordinates: ds? = —dt? + a?(t)[dx? + dy? + dz?] or s? = —dt? + e?'[dx? + dy? +
dz?]

And more generally: ds? = —dt? + a®(t)6;;dx"dx’.
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The expanding universe metric is a 4 dimensional hypersurface manifold embedded in 5
dimensions. De Sitter space is maximally symmetric with as many killing vectors as there are
in Minkowski space (10 killing vectors).This implies that the distance between different
points in space is growing exponentially via the scale factor, a, which is a function of time.
De sitter space is maximally symmetric spacetime with a positive curvature (k>0), anti de
Sitter space is a maximally symmetric spacetime with a negative curvature (k<0), and
Minowski space is the maximally symmetric spacetime with no curvature (k=0), or flat

space. De Sitter space is a solution to the Einstein’s equations (which is 4 dimensional, and

the cosmological constant is in 5 dimensions : R,,,, — % guwR+Agyy =0

. . . . . . 8mG ke A
In an expanding universe, you will derive the Friedmann equation, H? = = P t3

And therefore find the equation of state,

1
P So+V(p)

1,
p=7¢—Vw)

If we put the FLRW metric into Einstein’s equations above, you will produce the Friedmann-
Lamaitre equations, where H is the Hubble constant. The Hubble constant, as seen, is not a
constant, but is defined by the scale factor in time.

This led to the steady state version of the universe and the Hot Big Bang model — we correct

to the theory of inflation — which then goes into the Hot Big Bang model of the universe.
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Fig 3 from Bauman— a conformal time diagram looking at the redefinition of the ‘big bang’

In an expanding universe, there is no time like killing vector, the energy momentum tensor is
defined on a background that is changing with time. Looking at this Minkowski 4-D
spacetime, “all events — past, present and future — coexist along time just as all milestones
coexist along a road. Only a few heretic theories sought to incorporate time’s transitory
aspect within a new theory. Frustratingly, however, the debate never became genuinely
scientific. All physical observations are equally consistent with a Block Universe (“all events
coexist along time”) and with the hypothesis of Becoming (“events are created anew one after
another”). In the absence of a decisive experimental test, both views remain in the realm of

philosophy.” (Elitzur 2002)

Explaining the different notions of time in cosmology:
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Presentism

Growing Past

Eternalism

Block Unverse

-Only present objects
exist

-Past & future are
not real and thus
must be tied to what
is in the present

-The present is
ontologically
different than the

past/ future

Past is real and
growing larger all

the time

No objective
ontological
difference among the
past, present, and
future

Just like how there is
no ontological
difference between

here and there

The future is part of
the block is a region
of actual events (not
possible events)
Future is
ontologically real
despite
epistomological
limitiations

Block theory has
been accused of
spaciality time and
geometrizing time
Block describes
change but does not
change so ‘static’ is
a questionable

definition

Block Universe

To Smolin, the past hypothesis feels more like an admission of failure than a useful step

forward. As he puts it in The Singular Universe: “The fact to be explained is why the

universe, even 13.8 billion years after the Big Bang, has not reached equilibrium, which is by
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definition the most probable state, and it hardly suffices to explain this by asserting that the
universe started in an even less probable state than the present one.” (2015). The Block
Universe 1s based on determinism from initial data. (Looking at Gisin, is this possible to even
have this much information at the beginning of the universe?). The block universe both forces
at inherent determinism (which doesn’t coincide with the nature of quantum), but also forces
the early universe into an inherently low entropy system and the universe must also increase
in entropy. Looking at quantum fluctuations during inflation, then how could there be a
deterministic view of the unfolding universe. Quantum is inherently unpredictable, and from
a purely philosophical view, the block universe in many ways clashes with the idea of free
will. However, if we look further into the Block Universe theory, then we are looking at
moments along world lines, much like in General Relativity. If the world lines are looking at
the flow of time (a continuous sequence) and although everything flows along its world line,
the idea that everything is determined, then time in the present, the past and the future are all
relative concepts. There is no real difference between the past present and future and

therefore making time an illusion.

This block universe can be progressed to be seen in either a growing block universe concept
or in the crystalized block universe concept. These haven’t caught in the physics community
though, but are seen as a way differentiating past and future and the chosen paths they go on

(Ellis 2008).

Past Hypothesis:
The past hypothesis is a theory that the universe started in low entropy state — as we know
from the second law of thermodynamics, that the entropy of a closed system can only

increase and this gives an arrow of time. This hypothesis was coined by David Albert, the
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philosopher. Because the second law states that all isolated systems must increase in entropy
and that they must evolve towards maximum entropy or thermodynamic equilibrium, then the
universe (which is the only fully closed system) must have begun in a low entropy state, as it
must increase as time increases, and that the universe is moving towards maximum entropy
(aka thermal death). Although this is contested, it is the current practical explanation, and is
explained in part by the universe starting in a close causal state (by which I mean small).
“Loosely associating gravitational homogeneity with low-entropy and inhomogeneity with
higher entropy, inflation is arguably a source of a low entropy “initial” condition.”
(Standford). This is not to be confused with the Standard Cosmological Model, which has a
constant entropy over time but the temperature decreases with the adiabatic expansion on the
universe. This Standard Cosmological Model with constant entropy would put the idea of the
thermal death near the beginning of the universe (Prigogine 1989).

The horizon problem comes into play when we look at the homogeneity and isotropic nature
of the cosmic microwave background (CMB). The CMB is a blackbody radiation and is in
thermal equilibrium, which would imply that different parts of the CMB would be in the
causal contact with one another. The particle horizon is the maximum distance that distinct

particles could be causally related. We acquire the particle horizon distance from

td
D(t) = a(t)f Ti)
0

Where t=0 refers to the initial singularity. This problem was solved with the idea of inflation,
therefore having a period of rapid accelerated expansion, and implying what we would
previously have considered the Big Bang to come after inflation and recombination.
Recombination was the period in which electrons and protons bounded together to make
neutral hydrogen (p + e~ < H + y) as the “fluid” cooled. Inflation would solve the horizon
problem, as long as inflation lasted a long enough period of time, which would be attributed

to the slow roll approximation. The slow roll approximation in inflationary cosmology is
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when the kinetic energy (of the scalar field) must be significantly less than the potential
energy of the scalar field. ¢ < V(¢). Because the universe on the small scale is not
homogenous or isotropic, there is a need for the conditions of the big bang to have
perturbations, more than the perturbations from a perfect fluid (how we can see galaxy
formations). We know that inflation had to be for a long enough period of time to account for
the thermal equilibrium of the CMB, but to also account for the fluctuations come from
guantum variations. One of the fundamental properties of quantum mechanics is the
uncertainty principle. The uncertainty principle asserts that precise measurements (like
momentum and position) cannot be known. When we apply quantum variations to the
inflation field, which is a function of time and space, allows for a spatial fluctuations,

¢ (t, x), which are then coupled to fluctuations in time of the scalar field, 6t(x), meaning
the time of inflation for different regions of space vary. If the time of inflation varies for
difference regions of space, the local density will be different after inflation, dp(t, x).

Therefore, “inflation provides us with “natural” initial conditions” (Langlois 2008).

Other Hypotheses:

As an alternative to the problematic past hypothesis, Robert Penrose ”has proposed a
principle to characterize the absence of initial gravitational radiation, which he calls the Weyl
curvature hypothesis” (Smolin, 2014). This allows for a time asymmetry in early universe,
that is only imposed on initial singularities. If it was imposed on all singularities then there
would be no black holes. But “as pointed out by Weinstein, no electromagnetic radiation has

ever been observed that does not plausibly point back to matter sources. (Smolin, 2014)

Julian Barbour also looks at an increase in structure of the universe causing an arrow of time.
It is less to do with the growth of the universe and more to do with its changing shape. This

increase in structure is then not looking at increasing disorder (entropy), which does get rid of
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the problem of why the entropy of the past was so much smaller. Barbour’s theory is called
Janus Points because it can account for time going in two possible directions (and therefore

references the two opposing faces of Janus). (Barbour et al 2016)

2.5 Quantum Physics — Classical and Relativistic

Introduction

And when we thought general relativity threw cold water on us and our interpretation of time,
now comes Quantum mechanics to go and further scramble our intuitions. The movement and
meaning of space and time is so different in quantum that we still cannot understand the how
of it all. We have experiments to hopefully explain enough of what is happening, but our
overall grasp on why things work so differently when it is small is unknown. But to get back
to time and quantum, we will first look at quantum entanglement and the quantum wave

collapse and then at the double slit experiment.

Schrodinger’s Cat:Quantum Superposition and The Double Slit Experimentt

The quantum superposition is most famously known by the metaphor “Schrodinger’s cat”.
We’ve all heard it, but what does it mean? Mainly it implies discontinuity, and what does that
imply about time? Well, if everything is quantized (discontinuous, discreet, does not flow)

then what is causation, what is movement? What is direction?

Schrodinger’s cat metaphor is that if there is a cat in a box with an atom that has a certain
decay rate, if the atom decays, then it will trigger a reaction for cyanide to be released and kill
the cat, and if it does not, then the cyanide does not get released and the cat lives. But the we
know that particle is in a superposition of decay and not decayed until we open the box that

contains the cat. Therefore, the cat is both in the possibility of alive and dead until we



29

observe. Once we observe the superposition ‘chooses’, ie the wave collapses, and there is
now only one possibility. With the observation, the outcome is known. But before the box is
opened, the particle is in a superposition of both discreet places. It is not partially alive, or
partially dead, or is definitely in one place, but somehow (illogically) in both and neither.
“Quantum superpositions (at least on Bohr’s account) tell us that being/becoming is an
indeterminate matter: there simply is not a determinate fact of the matter concerning the cat’s

state of being alive or dead.” (Barad 2010, 252).

This is the Copenhagen interpretation, which appears to be experimentally accurate.

“Spooky action at a distance’ is how Albert Einstein famously derided the concept of
quantum entanglement — where objects [in such a state] instantaneously influence one another
regardless of distance. Now researchers suggest that this spooky action in a way might work
even beyond the grave, with its effects felt after the link between objects is broken . . .
memories of entanglements can survive its destruction.”(Choi 2009, 24)

Does the memory of the future affect the past? If it does then we are looking at something
new when it comes to time, but if memory affects the future then we are still just seeing the
arrow of time, but in an oddly different form. This new form would reinforce the arrow of
time, and with this it perturbates to a more fundamental level. The arrow was always seen in
entropy, in the macroscopic, but if it is in the microscopic, then it is more than just an
emergent force. It permeates everything, and might be the key to the ontological disturbance
we have in quantum — that of particle/ wave duality. Reshaping our world will allow us to ask

the right questions.

”Waves and particles are ontologically distinct kinds: waves are extended disturbances that

can overlap and move through one another; particles are localised entities that singly occupy
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a given position in space one moment at a time. Light can’t simply just be a wave and a
particle, extended and localised.” (Barad 2010, 252) “The nature of nature depends on how

you measure it?”’ (Barad — Aarhus lecture).

” Einstein, who rejects quantum theory and is committed to holding onto a classical ontology,
argues that this experiment would catch the entity in the act of behaving like a particle at the
slits and behaving like a wave at the screen — exposing the deficiencies of the quantum
theory.(...) Bohr’s exuberance is hard to contain as he explains that Einstein’s which-slit
experiment beautifully demonstrated his Principle of Complementarity according to which an
entity either behaves like a wave or a particle depending on how it is measured.” (Barad
2010, 256). “The point, he argues, is not that measurements disturb what is being measured
but rather what is at issue is the very nature of the apparatus which enacts a cut between
‘object’ and ‘agencies of observation’, which does not exist prior to their intraaction — no
such determinate features or boundaries are simply given. What results is an entanglement — a
phenomenon. The performance of the measurement with an unmodified two-slit apparatus
results in a wave phenomenon, while the measurement with a modified two-slit apparatus
(with a which-slit detector) results in a particle phenomenon. There is no contradiction, Bohr
insists. Classical metaphysics has misled us. Entities do not have an inherent fixed nature.”

(Barad 2010, 256).

”The source of the problem is the interderterminancy associated with the statistical
interpretation of the wave function. For ¥ (...) does not uniquely determine the outcome of a
measurement; all it provides is the statistical distribution of possible results. This raises a
profound question: Did the physical system “actually have” the attribute in question prior to

the measure (the so-called realist viewpoint), or did the act of measurement itself “create” the
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property, limited only by the statistical constraint imposed by the wave function (the orthodox
position( - or can we duck the question entirely, on the grounds that it is “metaphysical” (the

agnostic response)? (Griffiths 2005).

”According to the realist, quantum mechanics is an incomplete theory, for even if you know
everything quantum mechanics has to tell you about the system (to wit: its wave function),
still you cannot determine all its features. Evidently. There is some other information,
external to quantum mechanics, which (together with W) is required for a complete
description of physical reality.

The orthodox position raises even more disturbing problems, for if the act of measurement
forces the system to “take a stand” helping to. Create an attribute that was not there
previously, then there is something very peculiar about the measurement process. Moreover,
in order to account for the fact that an immediately repeated measurement yields the same
result, we are forced to assume that the act of the measurement collapses the wave function,
in. a manner that is difficult, at best, to reconcile with the normal evolution prescribed by the

Schrodinger equation.” (Griffiths 2005)

Quantum Wave Collapse

We will have to look at the microstates and macrostates of the universe to understand time.
Time as we’ve seen works differently in a micro and a macro state, and frankly physics itself
works differently at a micro and macro state. We have quantum in comparison to our classic
laws. Particles work fundamentally differently in a quantum space than they do in a macro

space. Most larger laws adhere in part to Newtonian dynamics (well GR once Einstein got
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involved). Fundamentally we’ve seen that quantum works in a way that isn’t highly
deterministic.

Looking at a particle, we must see its ‘movement’ or where it is. To do so one of our main
equations is the Schrodinger equation:

,haw_ hZOZ‘I’_I_VlP
' ot  2m 0x?

This equation explains the particle’s wave function, y(x,t), with f being Planck’s constant (ie
%). This wave function overall, “provided by Born’s statistic interpretation” (Griffith 2005,

2), that is shows the probability of where the particle is, and to be more precise, |¥ (x, t)|?, is
the probability density of finding that particle at the point x and at time t. It is not the precise
place, for we do not know. Discussed later via the Copenhagen interpretation or the orthodox
method.

You have a time independent Hamiltonian, and you have a probability of where a particle
likely is. We found out that the ‘orthodox method’ is correct via John Bell’s experiment in
1964. (Griftith 2005, 4). This experimental knowledge, that a particle is not in a definite
place, until it is ‘observed’ also makes quantum indeterminate rather than determinate, and
opens up that a foundational study of physics works differently than all forms of physics.

To explain the odd ways particles behave at a quantum level, we also have the Dirac

Equation:

% @ =ih % ¢, which is similar to the Schrodinger equation as it explains the wave function
and needs normalization, but the Schrodinger equation is based on the classical physics
equation:E' = g, whereas the Dirac equation is based on special relativity counterpart (E% =

p%c? + m?c*). Both are more or less useful to different tasks. If we find the wave function of

an observable (A) at t=t*, the initial wavefunction for t < t*is:

Y1(x) = ZpPpun(x)
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Once the measurement is taken, the wave function becomes

Y, (x) = ayuy(x), for some value of N. The data for t < t* does not determine the index N,
but does predict the probability that A will give certain eigenvalues, ay:

Prob (A=ay; P)=[¢n |

Regardless of description (many worlds, time-irreversible collapse, or decoherence), The
“initial state does not uniquely determine the final state; and this is not due to lack of data, it

is due to the foundational nature of quantum interactions”(Ellis 2005)

If done via the dirac equation, you would be looking at the state vector, |y), as a linear

combination of unit orthogonal vectors with u,, being an eigenstate of observable, A.

P)=2n Calua ()
The evolution of the system is through the unitary operator which is a standard evolution

operator,

. d P

ih E|11U1):H|9Ut>

When the Hamiltonian (H) is time independent, the unitary operator is

Uty ty) = e TRzt

Once a measurement (t = t*), the information is found in an eigenstate:

¥2)= cyluy(x))
and from this you find the probability density (or the probability of the outcome) (in Dirac

formulation):

Pn = CN2 = (eN|\|11)2

As seen below (from Ellis 2013), the wave function collapse is a time irreversible function.
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[1) = 32, cnlun(z)) — [12) = enup(z)

Indeterminate Transition Determinate

“This is the event where the uncertainties of quantum theory become manifest (up to this time
the evolution is determinate and time reversible)” (Ellis 2013, 4). This is where time’s arrow
comes into play. Not only does the final state not determine the initial state, the superposition
comes before the eigenstate, and the values of the coefficients (u,,) are all but lost, and
although we have some theoretical explanations (mentioned above), they cannot be shown (or
have not been shown) via experiment. We can merely see the wave particle duality through
the classic double slit experiment.

Notably though, quantum mechanics does not specify a direction of time. Within the unitary
vector, t; and t, can be swapped and you will still get an equation for the unitary vector but
with the opposite arrow. (Ellis, 2013)

“In the Schrédinger picture the operators corresponding to observables such as x, p, and S,
are fixed in time, while state kets vary with time (...). In contrast, in the Heisnberg picture the
operators corresponding to observables vary with time; the state kets are fixed — frozen, so to
speak — at what they were at t,. (Sakurai 2014, 83).

Looking at time in quantum mechanics (either through the Schrodinger equation or the Dirac
equation) you can see that space and time are treated differently. The space is treated as an
operator ie:

X|x)=x|x), whereas time is a just a parameter without an observable in quantum mechanics. If
time is made into an operator (which must satisfy [H, T] = ih), it will be incorrect. It will
either be self-adjoining and the Hamiltonian is unbounded below or it is anti self-adjoint.
This would mean it is has an arbitrary negative energy or T is not an observable, as in “the
context of ordinary Schrodinger Quantum Mechanics, no dynamical variable in a system with

Hamiltonian bounded from below can act as a perfect clock in the sense that there is always a
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nonvanishing amplitude for any realistic dynamical variable to ‘run backwards’” (Unruh
1989). The issue comes from not being able to integrate out the time components of the

Hamiltoniam. (See calculation in Appendix BLAH).

Quantum Entanglement

Quantum Entanglement is what Einstein described as “spooky action at a distance”. Much
like the wave collapse in the previous section, quantum entanglement. A simplistic version of
quantum entanglement is when a two particle wave function cannot be broken down to two

one particle wave functions.

The consequences of quantum entanglement have in part to do with causality and the same

issue that developed from the quantum superposition. Because the particles are entangled (ie

they cannot be separated into a two particle wave function).

Quantized Time

We can also look at what quantized time would entail. It would mean that time had to. Be
broken up into distinct parts — there is no such thing as a proper continuous flow, so there
must be a minimum of discrete value. We would assume that to be the Plank time (10"-44 s)
— which we cannot measure with a clock. Rovelli puts out that if that is the ‘minimum
interval of time’ and that below that, “the notion of time does not exist- even in its most basic
meaning” (Rovelli 2018, 84). He implies that if we look at the term continuous (Aristotle to
Heidigger) we are looking at “subtly discreet”. Everything is made up of packages, or parts,
sometimes we just cannot see the space between. He equates this with plank length (10"-
33cm): “the minimum limit below which the notion of length becomes meaningless™.

(Rovelli 2018, 86).
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Relativistic Quantum Theory/ Quantum Field Theory

If we look into relativistic quantum theory, time can become an operator, but more
commonly, space or position is demoted from an observable to just a parameter (Sakuri
2014). When we move from quantum mechanics to relativistic quantum physics (used in
Quantum field theory and theories of everything), the space and time components are in the
same position. The time component can become an operator over a parameter (Bauer 2013),
but the more common way is to turn the space operator and time parameter into a four
component spinor using the dirac equation to make space and time be on equal footing as it is
in General Relativity (with the caveat that the time will still have a different sign than the
space components). Using

(thy#6, — me)y
where 1 is not the normal wave function used in QM, and is instead a four component spinor.
The components of the spinor are a function of the 4 dimensional spacetime
s = (r,ct), where |s|? = (ct)? — r? which is Lorentz invariant. In this case, the space
components are downgraded to labels instead of making t an observable.
There is asymmetry in the way we treat the time component in QFT when doing Feynman
Path Integrals we integrate over all space in all three dimensions so we end up with

Hamiltonians that are time dependent.

2.6 Quantum Gravity and Theories of Everything
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There are 3 major contenders when we talk about theories of everything and time: Julian
Barbour, Carlo Rovelli, and Lee Smolin. These three men have spent a large amount of their
time on the question of time. All do adhere mainly to quantum gravity over other Theory of
Everythings (like string theory) — and interestingly, they all think philosophy and other

academic pursuits are paramount to figuring out this behemoth of a concept.

One of the main unanswered questions in physics is how quantum mechanics and gravity
work together- for they are incompatible, and yet both are needed for specifical cases (like
black holes and the ‘big bang’. This type of cohesion lends itself to two types of philosophies

in the search: “the timeless absolute” or the time being deeply fundamental.

Theories of Everything, but specifically I will be looking into Loop Quantum Gravity (LQG),
like general relativity must be background independent. This background independence
coincides with the theory of time being relationist (or relativistic). Whereas, Quantum
Mechanics adheres closer to the idea of absolute time (working from classical physics and
Newton’s ideas on absolute space and time). However, with relativistic quantum theory, the
idea of time must change to adhere to General Relativity which adhered to relationalism (and

the ideas of Leibniz and Mach as explained in section 2.1.

Quantum Gravity is quantized geometry, and therefore there are physical states (like in
guantum mechanics) that are then invariant based on the isomorphic and differentiable map

between manifolds (diffeomorphisms) (Rovelli,Smolin, et al).

Loop Quantum Gravity is centered around the Wheeler DeWitt equation (realized by Ted

Jacobson and Lee Smolin, and expounded on by Carlo Rovelli). This equation is “the
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fundamental equation in quantum gravity for the wave function of the universe (containing
all information about the geometry and matter content of the universe), are necessarily time

independent” (Ellis 2008).

The Wheeler DeWitt equation stems from the ADM formulism of spacetime. ADM
formulism involved having the spacetime foliated into spacelike surfaces, (Z;) (shown in

FigBLAH).

Fig 4 from Wheeler DeWitt Notes

Starting from the Hamilton Jacobi formulation, which does not depend on the time variable
but on the 3-metric of an Einstein space and S[q] is the action of a solution of the field

equations in this region. These equations are equivalent to solving Einstein Equations.

oS 0S|qgl 6S
D, L] =0, Gabea _[q] L] + detq R[q] =0
Qap Qap 9ca

Where Gupca = Qacpa + 9aa9pc — 9ap9cq, @nd R is the Ricci scalar of the three metric gab

of a spacelike surface.

1 6§ &
Where |(qapdve = dacdba) Sac-sama T detqR(q)|¥(q) = 0
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And in this case W(q) represents the wave function. (Rovelli et al, Smolin, Kamenshchik

etc)

The Wheeler DeWitt would then have a ‘disappearing’ time component, and the variables of
the system change together. This can be seen as a type of timelessness or a relationist (and
relativistic) view of time. The time component is necessary on the foundational level, and
when viewed, it can only relate events to one another.

Smolin and Rovelli work heavily in quantum gravity and use some of their time to look at
time, and they came to different interpretations. Smolin believes time is fundamental,
whereas Rovelli believes an emergent quality to time from the fundamental equation of thee
Wheeler DeWitt doesn’t rely on the time variable. Smolin posits that the “problem of time is
a key challenge that any complete background independent quantum theory of gravity must
solve” (Smolin 2006).

Lee Smolin looks at a lattice structure made up of spin foams, which end up with an
emergence of space, whereas time being fundamental. Rovelli on the other hand used the
theory to disregard time, and look at the dynamics. The dynamics instead have to do with

probability amplitudes for processes.

These are fascinating looks at the emerging concepts surrounding time, and to look at the
question of whether time is fundamental or emergent. They do both rely on the theories
surrounding Quantum Gravity over other theories of everything. The idea of time from these
concepts can see a separation of looking at a continuous variable or a smooth geometry, but

relies on quantum interactions between pieces of spacetime.

2.7 Entropy and Irreversibility
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The fundamental inconsistency of time is its seeming irreversibility. As discussed previously,
time is seen as a parameter, but a linear parameter. It goes in a single direction unlike other
parameters in physics. This irreversibility feels to be obvious as people, common sense in a
way. As often mentioned, you can break an egg but can’t unbreak it. And as seen to be
previously important, we are all mortal and can’t change our lives. This arrow of time is
seemingly what gives people (myself included) the main interest in time. But as shown
before, although we are unsure why this is true, there are a few examples in our physical

world that we can look at different concepts that uphold this irreversibility.

Irreversibility is seen in both macroscopic and microscopic concepts. This section will focus
on the entropy gradient, the arrow of time’s biggest and oldest ally. Irreversibility is also
shown in the quantum wave collapse (section BLAH) and the block universe (section

BLAH).

Second Law of Thermodynamics

The second law of thermodynamics was discovered by the research of many scientists
(notedly Ludwig Boltzmann, Lord Kelvin, and Max Planck) (Entropy Non-Tech). Rudolph
Clausius discovered that heat cannot transfer from a cold body to a hot body (whereas heat
can transfer from a hot body to a cold body) (Rovelli, Order of time). This followed the first
law of thermodynamics which is the conservation of energy:

AU=Q-W
where AU is the change in the internal energy of the system, Q is the sum of the heat transfer,
and W is the work done. The second law came about by looking into the question ‘how
efficient can we make a steam engine?’. What they discovered was the second law of

thermodynamics:
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dS>0
Where S is the total entropy of an isolated system. In other words, the entropy of a closed
system can never decrease, and will remain constant if and only if all processes are
reversible. Therefore, if we look at the equation for the universe, then it would become,
dS>0, because the total entropy of the universe must not only not decrease, but must also
always increase. The total entropy of the closed system refers to both the internal and external

exchange of the system as seen in figure BLAH

ds = des + diS
d;S  :intemal entropy production.
d,S  :entropy exchange.

Fig 6 from Prigogine
The increase of entropy only applied to a closed system, as the internal and external
exchange. But what is a closed system? Local entropy can decrease, but then must increase
somewhere else outside of the system. This is seen consistently in the universe and critically
on Earth. Decrease in entropy is necessary for life. A common example would be a fridge in
the house. To make the inside of the fridge cold (and decrease the entropy within). This
comes from adding energy to the system. The added energy (heat) will then increase in the
house and therefore the system will increase in entropy when the system is looked at through
the exchange of the internal entropy production and the entropy exchange outside
the system. More fundamentally we can look at this through the lens of living things.
This difference in entropy is necessary for life. Prigogine and Stengers considered life a part
of a system called “dissipative structures”, which are “dynamic, self-maintaining systems
including include cyclones, whirlpools, flames, and black holes and are characterized by
importing useful forms of energy (free energy) and exporting (dissipating) less useful forms

(entropy), particularly heat.” (Schrieber). As long as the systems are maintaining their
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system then they do not go into thermal equilibrium, and will only do so once they are no
longer self-maintaining, in the case of living organisms, that is until death. (Schreiber). These
are not fully closed systems, and are interacting with the larger system. If we keep going out

and out, then the only ‘true’ closed system is the universe.

This irreversibility is often cited as the only physical law that distinguishes past and future.
As Rovelli states: “the difference between past and future does not lie in the elementary laws
of motion; it does not reside in the deep grammar of nature. It is the natural disordering that
leads to gradually less particular, less special situations” (Order of time).

Beyond this macroscopic heat relation, entropy is often described by the disorder of a system,
but what would that actually entail? The entropy is often looked at the heat of the system or at

the microscopic patterns of the particles, hence disorder.

)
< = Thermal flow + Antidiffusion 20

ds 20 <0

Q="ordcr“ + "disorder"
dT

Figure 7 (from Progogine)

The isolated system will always move towards thermal equilibrium which will be towards its
maximum entropy (as seen in cosmology that is part of the ‘heat death’ of the universe).
Another way of looking at the concept of order and disorder is the number of possible states
the system can be found in. The increase of entropy is therefore defined by saying there are

more possible states the system can be in increases with time (Schrieber). Boltzmann’s
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interpretation in the 1870s of the steam engine problem looked at the behavior of the

microstate of the system.

This fundamental macro effect (which nothing seems to escape - not even Black holes), gives
inherently an arrow to time and therefore a property on time that is not the same as space. So
even when using QFT and Quantum Gravity, making time on the same level as space, there is
always a difference. In a spacetime metric, the time and spacial components always have to
have opposite signs (like in Minkowski space with a (-,+,+,+). And when we are doing

dimensions, it is always even mentioned in its lowest form as a 1+1 dimension.

Boltzmann H-Theorem

The Boltzmann H Theorem is a theory as to how we have the second law of thermodynamics.
The H Theorem was discovered by Bolzmann and does seem to explain the 2nd Law, but
only with a low entropy beginning (and once again, why would we arbitrarily have a low
entropy?). This theory uses mainly statistical mechanics to explain the increasing entropy of a
system, using a very large amount of particles in an ideal gas. Classical mechanics and

statistical mechanics: H(f,) = [ f;(v) In f;(v)d3v

Where dP;—(tft) <0, anddf;—(tft) = 0if f,(v) = Ae B"’ (stationary for Maxwell distribution)
This can also be written as H(t) = [ h(t,F)d7 = [ fInfdpdT

In both formulations, H must be negative for the entropy to increase as t — oo, h(t,r) is the

evolution of the density, which as stated before leads towards the Maxwell distribution.

This statistically shows that the collisions of the molecules on the time scale mathematically

go display an increase in entropy of the system. Others (like Argonne) have looked at the H-
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Thm based on quantum states, which agrees with the decreasing H-thm showing an increase
in entropy. As Schreiber notes, the second law also does not necessarily mean an increase in
disorder, but in fact is about “the likelihood of finding it in its original or any given state
tends to approach the likelihood of finding it in any other state” (2010). This is then looking
at the possibilities of state, and not in an arbitrary order. The definition of a type of order
within the entropy gradient is often used as an argument against the definition of the arrow of

time through the seemingly emergent property of the second law of thermodynamics.

Far and Close to Equilibrium

Interestingly, if we are looking at system close to equilibrium, we can see in Poincare’s
Recurrence Theorem that a dynamical system can be periodical. The theorem explains that
for any closed system, the system can return to its former state after a sufficiently long time.
This is interesting as a note on entropy for then “therefore differene btw irreversibiliy and
reversibility would only be the scale of observation” (Prigogine, 1989).

An interesting facet of our clearly entropic universe comes from what happens when
something is far from equilibrium. We think of these as our fundamental ‘time cannot
reverse’ images, like an egg breaking. Far from Equilibrium events are scale invariant, and
“one important recent realization has been that there are two classes of singular break-up
events: one in which the neck shape is universal since it does not remember the initial
conditions, and one where there is memory of the early stages of neck formation and thus no
universality” (Jaeger & Liu 2010). Condensed matter physicists are looking more into far
from equilibrium dynamics, statistical mechanics just simply doesn’t work as well, as you
can’t view it as a Gaussian distribution as easily or frequently. The dynamics of the system

are unpredictable and can be “exhibiting for example slower, exponential decays, power-laws



45

or additional peaks, so that catastrophic, but rare, events can dominate behavior.” (Jaeger &

Liu, 2010).

2.8 Research Gap

The topic of time permeates to every subset of physics and into biology and chemistry. This is
a relatively brief overview of pertinent aspects of time in use and the thoughts surrounding
the definitions of time. Because this is such an overview and a masters thesis, there are surely
more areas to explore in different ways and different mathematical findings. People explore
time in the fluctuations on quantum scales in condensed matter theory (briefly touched on in
entropy). There is more literature on radioactive decay in its spontaneity and its relation to the
arrow of time. The theories of everything section, delved mainly into Loop Quantum Gravity,
but there are other theories of everything that utilize different concepts surrounding the use of
time and dimensions.

There is also the look into the mathematical side of numbers and mathematics ultimate failing
points (shown by Gddel’s incompleteness theorems) and even in newer mathematical
concepts, such as intuitionistic mathematics re-shaping indeterminism in physical theories.
Mathematics would touch the most closely with physics as it is the language of physics, but
because this topic is so profound on our thoughts and lives, scientists like Rovelli, Smolin,
and Carrol have all expressed a need to utilize philosophy and biology — as Rovelli noted
(2008), our brain needs to structure our thoughts, so the question of a progression is ingrained

within how we are capable of thinking.
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Chapter 3: Anthropology

3.1 Introduction (Aim and Rationale)

The issue of the concept of time in physics is plagues by our perception of reality. As seen in
the previous sections, time still often lies in the nebulous ideas of science and philosophy.
Our brains cannot separate time in a way that it can separate space, and the question has
plagued people for centuries.

The push of physics is to understand the physical world, beyond our perceptions, to discover
the workings of the world and to push past our prejudices. To understand beyond our limits.
But with the cracking of philosophy and physics primarily in the early 20" century with the
public debate between French philosopher Henri Bergson and physicist Albert Einstein, the
physics community in part has lost sight of our own failings, and without knowing our
prejudices, | believe we have hindered our sights.

Using the anthropological technique of the ethnographic interview (Spalding), | wanted to see
the views of contemporary physicist insights into time.

As Spalding explains, the ethnographic interview is set out to understand the human
perceptions, while understanding your own. The interview (as it is merely a social science) is
fraught with difficulties and both the informant and the ethnographer’s culture and

personalities must be taken into consideration to get as much useful information as possible.

Aim

The aim of this section is to outline and justify the rational of this section of the section.

Below will be an outline of my interview questions and research methods.

3.2 Literature Review
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The issue of the concept of time in physics is plagued by our perception of reality. As seen in
the previous sections, time still often lies in the nebulous ideas of science and philosophy.
Our brains cannot separate time in a way that it can separate space, and the question has
plagued people for centuries.

The push of physics is to understand the physical world, beyond our perceptions, to discover
the workings of the world and to push past our prejudices. To understand beyond our limits.
But with the cracking of philosophy and physics primarily in the early 20" century with the
public debate between French philosopher Henri Bergson and physicist Albert Einstein, the
physics community in part has lost sight of our own failings, and without knowing our
prejudices, | believe we have hindered our sights.

Using the anthropological technique of the ethnographic interview (Spalding), | wanted to see
the views of contemporary physicist insights into time. As Spalding explains, the
ethnographic interview is set out to understand the human perceptions, while understanding
your own. The interview (as it is merely a social science) is fraught with difficulties and both
the informant and the ethnographer’s culture and personalities must be taken into

consideration to get as much useful information as possible.

Section 1: Methodology

1. Introduction
The aim of this section is to outline and justify the rationale of this section. Below will be an
outline of my interview questions and research methods. I will then analyse and discuss my

positioning within research and limitations.

There was a schism in academia between the sciences and the humanities. As seen in Chapter

2, the major break came in the early 20th century (coinciding with the major advances in
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General Relativity and Quantum Mechanics). This schism was shown in relief with the open
debate between Albert Einstein and Henri Bergson (Canales 2015, Covelli 2018, Frank
2012, et al) . This has in modern times led to prominent physicists publicly denouncing the
use of philosophy, and leading to physicists not as openly researching and looking at the
fundamentals of time as it could lean too much into metaphysics. | believe this is a

detriment to the discoveries just around the corner as long as we can ask the right questions.

2. Research Questions

Before beginning this study, I discussed this need with my supervisor, Jens Hjorth. | lead the
interest in physicists' ideas around questions of time in discussion of such a broad and
‘fundamental’ topic. We discussed the big questions I was looking at, and how these could be
addressed. We came up with a list of people to ask, as the first stage of a research project

involves gaining permissions officially and cooperation is not guaranteed (Cohen et al 2007).

My research is conceptually centered around my ‘big questions’ surrounding the topic of
time. | wanted to look at how much time was actually taken into consideration by working
physicists, and how they view the topic might define how they think on it or how they
could answer questions.
One of the main key questions | asked outright at the end of the survey. | had open ended
questions and these could devolve into further more specified questions.
1. Is Time fundamental or emergent?
a. Iftime is fundamental, then why aren’t people looking into time as a more

prominent aspect of the fundamental laws? (Why is it not fully considered in
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the Standard Model?) We look at space and not as much at time, even though
time is considered to be a fundamental aspect of space.
b. If time is emergent, then where does it come into place in the Standard model?
c. Why is time not as considered when looking at small vs large, when we cannot
separate space and time as one of the main aspects of our force. Laws (gravity)
— is this in part a reason why gravity cannot be properly seen in the same way
as the other forces?
2. Can time only move in one direction?
3. Why are both quantum and entropy (two fundamentals of our world — space and time)
probabilistic? Whereas the way in which we determine physical effects as

deterministic?

3. Research Design

3.1 Choice of Research Method

The method of approach for gathering data was written interviews, some were written
responses while others recorded their answers. All participants were given the same interview
questionnaire (Appendix A). This was not a mixed method approach, and instead was an
ethnographic, open ended interview style, where everyone was given the same questions with
the ability to answer either written or orally (the majority opted to write their answers). Its

diminutive size was a response to the common problem of low response rates in these types
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of data collection (Cohen et al 2011; Bell and Waters 2014), as it can be perceived as “an
intrusion into the life of the respondent” (Cohen et al 2011).

Guided or focused interviews were chosen for both more of an open-ended structure in
comparison to a questionnaire. This allowed for “freedom to talk about the topic and give
their views in their own time”’(Bell, 2014). And because it was also predominantly over
email, the questions were focused and follow-up questions weren’t expected because of

people’s busy schedules.

The interview questions were run by my advisor as well as an anthropology professor (Dr.
Daniel Souleles at Copenhagen Business School) to try and diminish bias, because
“Interviewers are human beings and not machines, and their manner may have an effect on

199

respondents”’(Sellitz et al 1962). Further limitations of the interviews were from the format -
although the questions were in an order to try and diminish bias, the interviewees were able
to see all the questions before their response. People also are not as free flowing in their
responses when written versus when speaking face to face (Spradley), but tone and bias from
my end was less on the interviewees in written form. But as Mishler has argued that
authenticity, achieved through understanding rather than positive analysis may be stronger

than validity in qualitative research (1990), so an interview form was preferred to

a questionnaire or a mixed method approach.

My approach to epistemology was to adopt a structured interview. The first couple of
questions could have been a questionnaire, but given the expected rate of response, an entire
block interview was given to elicit a higher response rate to the valued questions with a
baseline of understanding their background, in comparison to a mixed method approach. This

was also borne out of the essential subjectivism in representing and evaluating people.
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Having worked in education, studied in the United States (and with some of the participants),
as well as knowing and working with physicists from Australia, | used an ethnographic
approach for my method. This “participant observation enables researchers, as far as is
possible, to share the same experiences as the subjects, to understand better why they act in

the way they do” (Bell 2014).

3.2. Research Participants

The participants of the study are Western English speaking research physicists. Due to
connections and number of questions, the size of the participant response was diminutive. All
physicists involved were either in quantum or astrophysics research, and therefore had to
intimately work with the concept of time on either the largest or smallest scales. The
participants were a mixture of people | knew and strangers. All were given the opportunity to
ask clarifying points, questions back, and the ability to be anonymous. The low number of
responses does support Dencomble’s claim that how participants are approached initially is a
critical factor in affecting the response rate (2008). A small response rate of interviews is

expected however for the depth and open ended nature (Bell 2014).

The first few questions of the interview were closed to establish their educational background
and areas of study. All the participants worked in western countries (Western Europe, United
States of America, and Australia), and all had their higher level education in the United States
or Australia. It was a split of male and female professors, and all are full time professors and
researchers. Of the interviewees, two of the professors were known personally to me (as |
was their student). While their student, the concept of my interest in time and anthropology
were not discussed, so | do not believe the findings would have been skewed, and just

allowed for a greater depth to the participant observer.
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3.3 Interview Process

All the interviews were arranged via email communication. With the busy nature of
academia, this led to some people wanting to respond but said they did not have the time.
Within the email, each participant was given explicit information on the board topic of the
interviews and thesis (but broad enough not to bias their answers). All were given the ability
to not be quoted or to remain anonymous. All the participants who responded to the interview
questions were open to discussion, possible follow up, and none opted for anonymity.
Because they were all conducted via email (and not face to face or over the phone), each
interviewee was given a copy of the interview questions, and as this was a semi-

structured interview (with a preference for a single session), and the participants were aware
of the questions (Appendix A), along with the fact that | was not their active student but was
also not a fellow professor (and therefore not a colleague), this allowed for relatively frank
and honest responses. The aim and use of the semi structured interview was to enable more
complex issues to be explored as an interview's aim is for “ discovery rather than

checking”(Denscombe 2008).

4. Ethical Considerations

| followed the guidance mainly from Bell and Waters (2014), Cohen et al (2011), and
Denscombe (2008) for ethical guidelines for this section. Bell and Waters (2014) espouse
confidentiality and anonymity as essential foundations of informed consent. There are key

differences between these terms. Confidentiality is defined to be “a promise that you will not
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be identified or presented in identifiable form™ (Sapsford and Abbott 1996 in Bell and
Waters, 2014), whereas anonymity is defined to be the “promise that even the researcher will
not be able to tell which responses came from which respondents™. (1996 in Bell and Waters,
2014: 51). Given the type of interviews conducted and the form of reaching out, | was able to
give confidentiality but not anonymity, which is something very difficult to achieve (Cohen
et al 2011). Within this, no one asked for confidentiality, and all were aware that their
interview and quotes could be used within this report. | hope that having the interviews done
via email (and therefore having written consent) and transparent communication has allowed
for an ethical finding and “greater rapport and trust between researchers and participants

(Cohen, Manion, and Morrison, 2011)

5. Limitations

There are limitations to the research, as there will be with any such project. To begin, the
participants were far reaching in scope. They were all educated and currently reside in the
‘west’, but they were from different continents and researched different areas of physics, and
not everyone grew up in the west. This is then just a sample of thought and no broad
conclusions can be reached. The amount of interviewees that responded to the questions and
a certain amount of ‘cold interviews’ led to less familiarity and lower rate of response. There
is also a clear distinction on length of response from audio recording the interview questions

and email responses.

6. Data Analysis
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To analyse the data, | assess in line with the research questions and the themes that arose
from the literature. Because these were structured interview questions, the data was not built
for easy answers, and therefore there was no attempt at statistical analysis. Therefore,
following Denscombe (2008), the broad picture painted by the interviews was used for their
social rather than statistical significance. Suggestions from Cohen et al (2011), were useful in

with analysing the qualitative data:

e building a logical chain of evidence — noting causality and making inferences;
e clustering — setting items into categories, types, behaviour and classification”;
« seeking plausibility — trying to make good sense of data, using informed intuition to

reach a conclusion.

By using an interview (even if it is semi-structured) there are multiple interpretations often
required in the analysis and there are “no single or correct ways to analyse and present” the
qualitative data (Cohen et al 2011; Densombe, 2008). My aim is to analyse the data in a

compelling and honest way to see the key perspectives of the interviewees.

Section 2: Findings

First 1 will look at my main questions. 1. Do physicists consider the notion of time in their
research? | looked at this by asking (see Appendix BLAH) on their views of time in both an
academic and personal setting. With my questions, | had internally thought about the

association with particle physics and the standard model, but did not structure my questions
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in that direction, as they all were in different fields and | wanted to see how they
contemplated the concept from their own perspective.

Physics has inherently dovetailed away from philosophy and appears to shy away from any
contemplation that could be considered metaphysical. In many ways, this allows for a solid
questioning of what we can see experimentally. Even in theoretical physics, where sometimes
an advancement comes from messing with the mathematics of relatively known concepts (as
looked at before say with the Boltzmann H Theorem and considerations of the quantum
hidden variables), but they can go into explanations that cannot be shown experimentally
(hidden variables being many worlds theorem), or at not experimentally in any way we can
comprehend. The advancements in physics from the past 100 years or so (General Relativity
and Quantum) seem to engender this separation, but in part, both the discovery of Quantum
Mechanics and General Relativity occurred before the schism (which mainly occurred with
the public debates between philosopher Henri Bergson and physicist Albert Einstein
(Canales 2015), and some current physicists contemplating the broad, verging on
philosophical topics, desire a need for philosophy (Rovelli 2018). And as large experimental
discoveries in the 21st century shows, “Empirical results such as the detection of the Higgs
particle and gravitational waves, and the failure to detect supersymmetry where many
expected it, question the validity of philosophical assumptions common among theoretical
physicists, inviting us to engage in a clearer philosophical reflection on scientific method”
(Rovelli 2018)

| wanted to look at if and how perceptions and contemplations of time adhere to their work

and if it was a question they contemplated.
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Only one person seemed wary of a metaphysical contemplation (Prof Liliya Williams). Three
of four of the interviewees worked in some form of cosmology or astrophysics, and yet they
all differed on their definitions and contemplations on time.

“Time is something we use to measure change.” - Dr. Tamara Davis

“I would say that that's one of the more interesting unsolved questions in physics.” - Prof
Liliya Williams

“As a consequence of the 2nd Law Thermodynamics [this would be a bit of work, but I'd
remind them of some chemistry course they had in HS, where they, perhaps, were introduced
to the concept of entropy....” Dr. Tim Halpen-Healy

“l would describe time as an emergent construct that at the level of our perception seems to
be something that, you know, orders events one before the other. What exactly is it? We're

still trying to understand” - Dr. Subodh Patil

Within the first half of the questions, the interviews did agree it wasn’t a concept we fully

understand, and all brought up the arrow of time and entropy.

Most of the participants believed that notions of time adhere rather commonly among
physicists, and assumed lack of knowledge in a lay person, with Professor Williams
exclaiming, “I would avoid that conversation with a layperson!” Outside of Prof. Patil, who
mentioned a philosophical contemplation with relation to mortality and religion, and Dr.
Williams opted out of answering entirely, their perceptions of time do adhere to their physical
knowledge. This is an interesting dichotomy in the idea of the flow of time (and their use of a
monotonous time parameter -which would enable a form of flow), but also not believing a lay
person to engage. To be fair to this question, without me able to speak to them, the layperson

could be considered an unintellectual not just a non scientist or non physicist.
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Three of the Four professors interviewed were cosmologists (Dr. Patil, Dr. Williams, and Dr.
Davis), with Dr. Halpin-Healy was a condensed matter theorist. Dr. Halpin-Healy expressed
the most worry about his answers being different from his peers, which should be noted for a
collected belief that their concepts of time would be the same if not similar. Dr. Williams and
Dr. Halpin-Healy both said that they did not use the ‘flow’ of time in their work, where Dr.
Patil said that the idea of the flow of time “is what cosmology is” expounding on the idea of
“breaking time translation invariance”, and Dr. Davis specified that use the idea of flow in
terms of treating time “as a continuous variable”. And although Dr. Williams did note that

she did not use the flow of time her work, she did say:

“The standard answer is that, even though basic physical laws do
not specify the direction of time flow, on large scales, where
statistics and probabilities take over, the arrow of time is well
defined. That explanation is probably partially true, but maybe not

in detail.”

And Dr. Halpin-Healy expounded,
I'm concerned, research-wise, w/ the "emergence” of order in
systems w/ many degrees of freedom; e.g., phase transitions,
cooperative phenomena, etc. exhibited by superfluids, critical
points, etc., as some external parameter

like the temperature is varied”
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The physicists collectively consider the notion of time in their research, but to
varying degrees, regardless of a relative similarity in study (cosmology). Their
concerns on time and views on time were shown to view time and their concerns
around time (and mainly its arrow) in different ways. The condensed matter
physicist was most concerned with the probabilistic nature of time, and was not
concerned with the concept around time being reversible. The cosmologists all
spoke of the reversible nature of time or idealised larger scales, and for Dr.
Williams and Dr. Davis, the use of a type of arrow with a smooth flow of time
was all that was necessary to ponder specifically in their research.

Their contemplations of the larger question of time did not adhere as much to
their work. Although the definitions of time they used adhered to their field of
study, the definitions, as | explained in Chapter 2 did seem to differ per physicist

based on their field.

I then wanted to see if they contemplated this notion to see if it was fundamental or emergent
and if this was considered when working in their field. The idea of time’s emergence is more
prevalent than fundamental, with Dr. Patil expressed surprise that it was the final question of
the interview. The interviewees allowed for a caveat of the unknown for all though. Dr. Davis
expressed that “we treat it as fundamental”, and Dr. Williams said, “That's a tough question,
but it does not affect my work in any way.” The pull of focus on time on its inexorable link to
entropy permeates all the answers. They all acknowledge that there is a notion, in reality, that
there appears to be a direction of time, and the idea of emergence or fundamental is
something that is more to do with the theoretical view of quantized spacetime or conformal

field theory.
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Chapter 4: Discussion

As viewed through the history of physics on time, we can see that the view of time is so
fundamental to our (human’s) thought, process, and understanding that it seems impossible to
attempt an objective experiment (thought or physical) that could differentiate the ontological
and epistemological theories around time. The entire way we as humans conceive of thought,
entails a mixing of metaphysics and physics (as in the question of what and why around the
concept of time). However, it is a feat we shall try to overcome none the less considering.
The question of time is fundamental or emergent and how physicists could grapple with this
question. The fundamental problem of having time being a way of thought, but also having it
with the advent of GR, being bound to space. Can we have space be fundamental and not
time? Must the fundamental concept of time be bound by the forward momentum of its
seeming arrow?

Let us look at the arrow of time and entropy. Although we have the fundamental laws be time
reversable — we cannot fathom ever see time not move in one direction. Why is time so
unique? Looking at the question of fundamental or emergent, I want to look at the role of
entropy in the arrow of time. As shown in part 1, The second law of thermodynamics states
that in a closed system, entropy will never decrease. We do know however, in a non-closed
system that the entropy can decrease. The decrease of entropy is shown most notably on
earth and the development of life. Earth cannot be a closed system for me to be writing this
thesis at this moment. And yet we have not seen an instance of reversing time, reversing
physical phenomena, and the development of life (of evolution) allows for a physical
representation of the arrow of time. We have history literally written in stone (carbon dating

for one).
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If we can decouple entropy and the arrow of time, then we can look further into where and
why time works the way it does.

Time 1s fundamental to our experiments and laws, and yet few physicists study the nature of
it. It being so fundamental to all of physics, we should look at the nature of it, and with this

more appropriately look at the standard model.

Because the second law of thermodynamics also contends with the notion that it ‘tends’ as
“in any process in which a thermally isolated system goes from one macrostate to another, the
entropy tends to increase (Reif 1965)” we therefore have possibility of a non-deterministic
law. Does non-determinism demonstrate our need to redefine how we constitute a law

because a deterministic law is predicated on our current definition of duration.

When we look macroscopically, we see an arrow of time. The past and the future are
fundamentally different, and the present is some sort of unfindable thing (like the beginning
of a rainbow). If we concern ourselves with the notion that the past and the future are indeed
not the same, and it is not merely a flaw of our sentience, then the microscopic and

macroscopic are different — but how can time be different from up close versus far away?

This difference is forced upon the different notions of time — and can we even have a notion

of time separate from space (I’ll pretend for now as if we can).

The way in which we define a physical law implies a necessity for duration — but does not

need an arrow — which seems to be the way of the world.

Does time imply causality? If time implies causality then can time not be fundamental? When
we look at LQG and the Wheeler DeWitt equation, there where does causality go? Or is the
universe more probabilistic? Is this probabilistic nature the coursing towards an emergent

property of time allowing for an arrow? As Progogine state, “the basic problem is the
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conflictual situation between the static description proposed by classical physics, based on
deterministic and time-reversible laws, and the world as we know it, which for sure includes

probability as well as irreversibility as basic elements” (1989).

When looking at the query, ‘is time fundamental or emergent?’, there does not seem to be a
consensus, and do not seem to be closer to answering that question, and part of the issue
stems from not having a consensus on the definition of time. This is exemplified in both
chapter 2 and chapter 3. The definitions of time (both on a philosophical view of ontology
and epistemology and on the field of looking at time as a variable) are not concrete. These
solutions often stem from theories of everything and the main proponents are from physicists
looking at quantum gravity- but less in other fields. The theoretical cosmologist looks into
these fields, but there are less examples of theories, and as seen via Chapter 3, it appears as
though depending on the selection of study, the approximations are good to not have to look

further.

Further, | believe the discussions of that time and space are on a conceptual level need to
been looked at more in a cross academic way. There were few papers which dealt with
different ideas in physics, and there was a call for not just looking at these questions from
physics, but also from neurology, chemistry, biology, and even philosophy and the ideas
surrounding how we can ask questions that would lead scientists closer to an answer, which

would hopefully have an affect on the micro and macro state of the universe.

4.3 Conclusion

This is overarching look at the concept of time within physics. The overall view of time is
seen in many different ways. It appears that two of the biggest concerns of the concept of
time in physics arises from the schism of classical physics to quantum and relativistic

physics. These differences can be seen in the philosophical view and on the view in the
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different branches of physics. From findings, it appears as if the arrow of time and its break
with the irreversibility of fundamental equations is the greatest cause of contemplation, and

where questions are formed.
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Appendix A -Interviews
Interviews

1. Dr. Subodh Patil (recorded- transcription) - Universiteit Leiden (Netherlands)

1. Please explain your field of study/ your job?
My field of study has been physics, theoretical physics and I'm currently an assistant professor at
Leiden University.

2. What is your background? (eg Where did you study? What country did you grow
up?)

Well, my background is well, I'm. I'm Indian. | grew up in Hong Kong. Where did | study? | studied in
the US, finished my PhD in Canada. Yeah. And | guess | mentioned | go up in Hong Kong.

3. How has your idea of time changed since studying physics?

How's my idea of time changed since studying physics? | think everybody's notion well, | mean |
guess you have to ask since when right since childhood obviously like you know? What time is as a
physical construct versus your intuitive notion of it has of course, been changed drastically first.
When you encounter it in classical physics, it corresponds more or less to what you intuitively
understand it as is this thing that just keeps. Sort of happening. When you first come across special
relativity and you understand that in fact it is not a separate entity, but it somehow mixes with this
thing that we identify as space and so therefore the underlying reality of it is space-time. And then
when you get to general relativity and you understand that, you know all of this sort of responds to.
The you know the material properties of the universe, of the you know, like, you know, putting
matter in into a universe makes geometry in space-time different. And that's, you know, quite a
radical radical shift. And that's sort of a a notion of time. As is understood at the level of relativity
theory, now what it actually is, it's still a mystery. We don't actually know why there's this direction
that we always seem to only want to go in One Direction. It would be as if you could only move left in
One Direction. That's a bit strange. So the question of the arrow of time is something that occupies
people who think about this kind of thing in cosmology. And we don't have any good answers yet,
but | think it's fairly clear that operationally in terms of the fact that we're made-up of things that are
metabolism depends on our or in our perception of time as as as biological entities depends on
metabolising things. And that seems very intimately tied up with entropy. And so therefore, if you
were to tell me that the hour of time corresponds to the direction in which entropy always increases,
you know | | would find that very plausible. Of course, it's not a hard statement at this point.

4, How would you describe time?
a. To a layperson
b. To someone in your field?

Your 4th question is how would you describe time? A, to a layperson, B to someone in my field
where, well to a layperson, maybe in the zone in my field | would describe time as an emergent
construct that at the level of our perception seems to be something that, you know, orders events
one before the other. What it exactly it is, we're still trying to understand, but that's how | describe it
to a layperson. It's just an emergent concept of physics, of physical reality at the very, very
fundamental level, all of our equations. At the fundamental level seem to be time reversible. But
what happens is when you look at processes, there really does seem to be this quantity that seems
to always increase, and we call that entropy, and so maybe that's kind of how | would also describe it
to someone in my field. | guess my my answers aren't aren't going to be too far off. If you really
wanted me to get technical about what | believe is time. What | believe time is to someone in my
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field. | would say that we don't actually really fully know yet. We know that space-time that it's very,
very ultimate ultimate level at the best that we can sort of resolve it at the small small scales is
probably something very non geometric space itself. space-time itself is an emergent. Saying what it
is, we don't know.

What would time be?

How would | describe time to some in my field? | would say we have bootstrapped our way into
understanding the universe by assuming it's just this parameter that just keeps going. What it is
really. We're still finding out.

How does your idea of time vary amongst your peers?
Amongst physicists

Amongst non-physicists

Does it differ amongst different peers in STEM?

So ﬁfth question is, how does your idea of time vary among my peers among physicists? It really
depends on what kind of physicist you are. So to a condensed matter physicist, it might correspond
to the direction in which entropy always increases to someone with a string theory or tries to worry
about, you know, the actual origins of what space-time is the answer would be we're still finding out
we really we really have no idea. We know that it's possible to describe non G. Trick versions of
space, but we've yet to be able to do that to time. Every time we try to mess with time as anything
other than a continuous variable, it kind of messes up everything, so we don't know. Among non
physicists | would, | would say my answer would be. Well, how the idea of time vary among them. |
mean, | think it would just, most people wouldn't even think about it really. But if they were to, |
think most non physicist understanding of time would not be too far off. What? We what we
intuitively think of as just the direction that this keeps sort of going and it allows us to order events in
a temporal. UM. Does it differ among peers and STEM? | would say that basically only physicists
really get to ask the question fundamentally, what time really is so | don't really know how other
people might conceive of it in other scientific fields, aside from that, which would be similar to what
a layperson. Would think of it as.

0O oo WU

6. How do you contemplate or work with time in your profession?

So how do | contemplate the six question? How do you contemplate or work with time in my
profession? Well, | my one of the things | do is theoretical cosmology and time is, you know,
definitely something that | deal with. But | again, | treat it at the level at which we can handle our
equations. To handle it, which is that it is just more or less like this classical relativistic construction
that just. You know it's a coordinate in a coordinate system and it mixes up with space depending on
the coordinate system | put in, which depends on the amount of material stuff in the universe. Some
of the more speculative things I've worked on in the past, the sort of stringy geometries, how time,
how space-time might sort of. Emerge out of these things called matrix models, that sort of, you
know, geometry isn't predefined. It sort of emerges out of something. How do | contemplate time in
that is that I still have to treat it like a parameter in my theory, so it's still something we're struggling
and myself I'm struggling to understand.

7. Have you ever studied or worked with the effects of entropy or the arrow of time?
Have you thought it might not be an arrow?

Your seven questions. Have you ever studied or worked with the effects of entropy or the arrow of
time? Yeah, | think I've already addressed that before. It's a working definition of what the direction
of time is. | can't think of anything better you asking, have you thought it might not be an arrow? |
guess anything in one dimension has a direction that's just a mathematical fact. So by. Is in like you
know one dimension. You can order something left or right. It's unambiguous, so there's always
going to be an arrow associated with time if it's A1 dimension. One thing how it might not be an
arrow is if it was more than one dimension. Now the problem with that is you cannot make time
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more than one-dimensional because it actually makes all of our solutions to partial differential
equations, which is the way we write down the laws of physics, is completely unstable, so we
wouldn't even have a law physical laws if time were anything other than an arrow.

8. Is time reversible in principle (not practice) in your work and/ or does it fluctuated/
dilate?

Your 8th question is time reversible. In principle. | mean in, in in quantum field theory it you know
well you know all of our equations are invariant under time. There's a symmetry called CPT
invariance, which means if you simultaneously switch the charges of every particle in the universe,
reverse the arrow of time. And P stands for parity. If you just flipped. If you, if you. If you flipped, you
know, made the the the mirror, the universe, the mirror image of itself, everything would look the
same. So time is indeed in principle reversible. In fact, our equations are completely time reversal
invariant. Right.

Does it fluctuate or dilate? That's when you get into general relativity and yes, indeed it fluctuates, it
dilates it's there's, you know, time dilation is a very well studied and intrinsic property of of space-
time clocks move slower when they move faster that that we know. Cosmic slower the further down
the gravitational field. So yeah, so so this is just at the level of what we know in physics.

9. Do you differentiate your thoughts on time in practice and in your life or do they
adhere to a similar personal philosophy?

Your 9th question is do you differential thoughts on time and practise and in your life or the adhere
to a similar personal philosophy? | mean, if you're asking by this like, you know, like how much do |
think of how my daily life aside from mortality and, you know, the fact that, you know, the weeks just
sort of go by and the days go by and have. To do things | don't really think about it that much. At
least not in any deep sense. You know if, if if you know you're asking what is. A more sort of
philosophical notion of time, that sort of informs my life well. | mean, | suppose the older | get, the
more and more | kind of. You know, maybe the sense in which you know Buddhist, Hindu notions of
cyclicity, kind of just sort of make sense. | can't justify that anything other than just sort of a dawning
personal realisation about the nature of things, whether my physics informs that or not. | would say
only partly. But yeah, | mean | think | | think in terms of you know how we view time and how | how |
view you know time is a physical thing. | mean, the way | really view, if you like, you know my
epistemology is I'm just something universe is doing and so and so are we all and so. The illusion that
we have inside our minds of what time is, is is a very useful one because it helps us to navigate the
world we in as biological entities. That is, have been evolved over over, you know, millions of years to
to be to practically fit into the universe at the scale at which we have to operate in in order to hunt
and and and reproduce. And so, you know, that's that's, you know, | try to be as consistent with. With
reality and how | how | view the world. But that's how | view it, is that it's it's just a useful illusion
that I'm feeling as a physical agent at a particular scale is that fundamental? Most definitely not. And
So what is time at the fundamental level? | think I've addressed that before. We don't know.

10. How has your perception of time changed throughout your life?

o #10, how is my perception of time changed about my life? | think | kind of traced through that in
answering my one of the previous questions, the previous questions about how my understanding of
physics has informed my understanding of life. So in fact it has changed indeed a lot.

11. Does your study/ work with time conceptually marry with your perception of time?
The 11th question is how does your study work? Work with time? Conceptually married, my
perception of time. | mean, you know, | mean, that's like asking, you know, how does? My
understanding of physics. Affect my, you know, perception of the world. | don't walk around with a
coordinate system, you know, putting on everything whenever | play a game of pool, | don't, you
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know, do equations in my head. | just sort of inhabit the universe. As an animal, intuitively. So | would
say, you know, unless if you forced me to think about it, it doesn't. You know, | am just something
universe is doing and I'm happy to go along.

12. Do you consider the effects of GR in your field of physics or quantum, and does it
adhere to a Newtonian simplification of time?

#12 do you consider effective GRR in your field of physics? What does it? Does it adhere to
intensification time? And the answer is yes. You know, as a cosmologist, of course. | | deal with, you
know, time and time in cosmology, does it adhere to? Tony intensification, | mean Newtonian in the
sense that you know, so most of it does not correspond to a Newtonian version of it because time is
a flexible elastic thing that responds to the, you know, the material stuff in the universe. If you meant
by does it? You know, | think by that if you meant, you know, some sort of an absolute thing that just
takes, | would say it does not. Of course, you know my notion of my working definition time is that
which general relativity has provided me up to scales at which you know, once you get to a sort of
microscopic, you know, scale then it doesn't. And so at that scale, we don't know. So you know | think
you know, physics is all about a nested series of understanding of the universe within certain
approximations. And those approximations only need to be as good as you. Your resolution, your
your ability to ask questions, the universe, and so far we have a pretty solid working model of it. And
and that's fine by me.

13. Do you use the idea of the flow of time in your work?

So your 13th question is do you use the idea of the flow of time in your work 100%? That is what
cosmology is. In fact, there's a way of actually classifying all of observational structures that we see in
the early universe as simply the consequence of breaking time translation invariance. OK, so it's a
very strict mathematical statement. Whatever you try to write down at the level of an effective field
theory is some sort of theory where the universe has realised as having spontaneously broken time
transition that actually determines the structures of how different observables in the universe
actually hang together, and it's actually a very consistent and beautiful set of ideas. So need the flow
of time, or rather the breaking of time transition variances means the universe is the same all the
time, which clearly it isn't. If that was true, nothing would ever happen. And you know, | wouldn't
even be recording this. So yes, the total time is very, very intrinsically tied up to the fact that anything
ever happened in this universe. And that is why we do.

14. Do you consider time to be fundamental or emergent? Does it make a difference in
your use of time in your work?

Your 14th question is something that I've I've alluded to quite a few times. | didn't realise this would
be a 14 question. Do | consider time to be fundamental or emergent? It is. | do indeed believe. It is
an emergent construction, but emergent means you know we are made-up of certain degrees of
freedom. Those certain degrees of freedom will have an answer for what time is. If we were made-
up of other degrees of freedom, would you have a different notion of time? And the answer is almost
certainly yes. So does it differ my use of time in your... in my work, yes it does, because you know |
am a theoretical cosmologist, but we are made-up of material particles for which time has a fairly
well definable notion and arrow, and a way to study it. And it's. If, on the other hand, we were made-
up of massless particles and all the universe was just made-up of massive things, time simply doesn't
exist, right? It's time transition and variance. There is something else. Well, no, it just it just really is a
very, very different universe. And this is stuff that we all kind of understand at the theoretical level.
And you know, there are theories that are called conformal field theories where time absolutely
doesn't have an operationally existing definition. The you know that that you know that that theory
is completely time transition invariant. So nothing. And so yeah, | think that's that's that's the best
answer | could give in ain a in, in this compact form that | can | | hope this is useful to you.
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2. Dr. Tim Halpen-Healy — Barnard College, Columbia University (United States)
1. Please explain your field of study/ your job?
Physics professor, Barnard/Columbia, since Sept 1989.

2. What is your background? (eg Where did you study? What country did you grow
up?)
Princeton BA, Harvard PhD, USA.

3. How has your idea of time changed since studying physics?
Yes, for sure....

4. How would you describe time?
a. To alayperson
As a consequence of the 2nd Law Thermodynamics [this would be a bit of work,
but I'd remind them of some chemistry course they had in HS, where they,
perhaps, were introduced to the concept of entropy....

>

b. To someone in your field?

Again, 2nd Law; but much more focus on statistical mechanics and the important

role of probability...

5. How does your idea of time vary amongst your peers?
a. Amongst physicists
Not much variation I'd imagine, but it's been a while since I've had occasion to
shoot the breeze w/ colleagues, informally, regarding our slightly different(?)
interpretations...
b. Amongst non-physicists
Hard to say...
c. Does it differ amongst different peers in STEM?
I'd guess that biologists & chemists are on the same page as physicists, although
the last group, | suspect have a more mathematical attitude regarding the
business...

6. How do you contemplate or work with time in your profession?

I'm concerned, research-wise, w/ the "emergence" of order in systems w/ many
degrees of freedom; e.g., phase transitions, cooperative phenomena, etc. exhibited
by superfluids, critical points, etc., as some external parameter

like the temperature is varied. The ordering process usually occurs at some magic
temperature, but for that critical temp, is also a function of time & depends on the
dynamics...

7. Have you ever studied or worked with the effects of entropy or the arrow of
time?

Yes, I've studied it as a grad student, and also taught entropy in PHYS G4023-
Statistical & Thermal Physics at Columbia, and more advanced graduate courses..
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Have you thought it might not be an arrow?
In my book, it's just a figure of speech suggesting monotonic behavior....

8. Is time reversible in principle (not practice) in your work and/ or does it
fluctuate/dilate?

For particle physicists, time is reversible, for condensed matter physicists, | think no,
since they typically consider systems w/ Avogadro's number of particles, rather than
an isolated system of 2 protons, let's say, colliding.

The Law of Large Numbers which underlies much of statistical physics dovetails w/
the notion of the thermodynamic limit; i.e. letting the number of particles go to
infinity.

9. Do you differentiate your thoughts on time in practice and in your life or do they
adhere to a similar personal philosophy?

Again, as a condensed matter theorist, I'd say no. The probability that all the
molecules that have escaped from an open bottle of perfume will suddenly all
reverse their individual trajectories and instantaneously flow back into the bottle is
vanishingly small; not zero, but so small that it is negligible in my book...

10. How has your perception of time changed throughout your life?
| didn't learn about entropy till | was 18, but it wasn't until 3-4 yrs later that | actually
calculated that vanishing small probability mentioned above.

11. Does your study/ work with time conceptually marry with your perception of
time?

To the degree that | might "worry" about such things, I'd say yes....

12. Do you consider the effects of GR in your field of physics or quantum, and does it
adhere to a Newtonian simplification of time?

Newton's absolute time got toasted by Einstein [SR], destroyed the notion of
simultaneity; the latter is entirely relative.

13. Do you use the idea of the flow of time in your work?

Not explicitly, but again, the emergence of order typically occurs temporally and in
some specified reference frame. Condensed matter physicists don't usually worry
about how such things, e.g., how the Curie Point of a ferromagnet on my lab table
might look to a spaceship that happens to be zipping by at 3/5 speed of light...

>

7

14. Do you consider time to be fundamental or emergent?

I'd put my chips on "emergent", though Einstein (not a condensed matter theorist)
might disagree.
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Does it make a difference in your use of time in your work?
No....

3. Professor Liliya Williams — University of Minnesota (United States)

1. Please explain your field of study/ your job?

| am professor at the Minnesota Institute for Astrophysics at the Univ. of Minnesota, Twin
Cities. | study cosmology, and more specifically propagation of light through the Universe,
aka gravitational lensing. | am also interested in the nature of dark matter and how it
interacts gravitationally with itself.

2. What is your background? (eg Where did you study? What country did you grow up?)

| was always interested in physical sciences, from the time | was in my early teens. | grew up
in Moscow, and Bangalore. | was an undergraduate at Princeton, grad student at UW-Seattle.
My two postdocs were at Cambridge, UK, and U Victoria, BC, Canada.

3. How has your idea of time changed since studying physics?

Most non-physicists do not realize that the fundamental physical forces do not indicate the
direction of time flow. It was a big revelation to me to learn that, when | was a graduate
student.

4. How would you describe time?

a. Toalayperson

| would avoid that conversation with a layperson!

b. To someone in your field?

| would say that that's one of the more interesting unsolved questions in physics.

5. How does your idea of time vary amongst your peers?

a. Amongst physicists

b. Amongst non-physicists

c. Does it differ amongst different peers in STEM?

| am not sure; the subject usually does not come up because it borders on philosophical. |
think at this time physics does not have all the tools necessary to fully answer that question.

6. How do you contemplate or work with time in your profession?

Most of what | do does not involve thinking deeply about time. In cosmology, cosmic time is
a straightforward and easily calculable variable. Given a cosmological model it can be
calculated based on the observed redshift of an object being studied. Cosmic structures
evolve with time, and ages of galaxies and stars can usually be measured.

7. Have you ever studied or worked with the effects of entropy or the arrow of time? Have
you thought it might not be an arrow?

My work on dark matter halos and their evolution does touch upon that subject, but only
slightly. I do think about the question now and then. The standard answer is that, even
though basic physical laws do not specify the direction of time flow, one large scales, where
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statistics and probabilities take over, the arrow of time is well defined. That explanation is
probably partially true, but maybe not in detail.

Here's an anthropic answer (which | don't really subscribe to, but who knows..?)

It's interesting to consider what the Universe would have looked like without a well defined
direction of time on macroscopic scales. Maybe a Universe could not have existed without it.
Unpredictable direction of time's arrow that changes randomly would not be conducive to
the evolution of intelligent life, and us asking about the arrow of time!

8. Is time reversible in principle (not practice) in your work and/ or does it fluctuated/
dilate?

Yesl On microscopic scales, or even on larger scales in idealized situations: for example the
motion of a planet around its star can be reversed. In practice because of friction and
dissipation, motions of planets would not look the same going forward vs. backward in
time.

9. Do you differentiate your thoughts on time in practice and in your life or do they adhere
to a similar personal philosophy?

10. How has your perception of time changed throughout your life?
11. Does your study/ work with time conceptually marry with your perception of time?

12. Do you consider the effects of GR in your field of physics or quantum, and does it adhere
to a Newtonian simplification of time?

| don't need to do that in my work, but when | do use time, it is perfectly well described by a
simple monotonic function. | should add that even though time in GR is a more complex
concept than in the Newtonian world, it is very different from the concept of time in the
guantum context. | think the latter is less clear.

13. Do you use the idea of the flow of time in your work?
No, there is no need for that in my day-to-day work.

14. Do you consider time to be fundamental or emergent? Does it make a difference in your
use of time in your work?

That's a tough question, but it does not affect my work in any way. | really do not know if
time is an emergent property.

4. Dr. Tamara Davis (Australia)

1. Please explain your field of study/ your job?

| am an astrophysicist and cosmologist studying the expansion of the universe using
supernovae and the distribution of galaxies.

2. What is your background? (eg Where did you study? What country did you grow up?)
| did an undergraduate double-degree in Arts/Science, majoring in philosophy and
physics. | then did a PhD in astrophysics. All were in Australia.
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3. How has your idea of time changed since studying physics?
| used to think time flowed evenly for everyone. Now | know its rate of flow changes
depending on your motion relative to others.

4. How would you describe time?

a. To alayperson

a. Time is something we use to measure change.

b. To someone in your field?

b. | would use equations to demonstrate the specific definition of time | am referring to.

5. How does your idea of time vary amongst your peers?

a. Amongst physicists

I think we mostly agree, however there will be debates about whether block time means
that there is no free will. There are also plenty of physicists who don’t contemplate any
deeper meaning of time than how it affects their experiments.

b. Amongst non-physicists

Many people don't appreciate that time is more than what their watches show.

c. Does it differ amongst different peers in STEM?

c. Not that I've noticed.

6. How do you contemplate or work with time in your profession?

We calculate using different times for different people based on their reference frame,
and this can be important for our cosmological calculations. One example is when
measuring the duration of an astrophysical event, if the source (e.g. a supernova) is
moving away from us then it's duration will be longer due to time dilation. For example
a supernova at redshift 1 (it emitted the light when the universe was half of its present
size) that is moving rapidly away from us, the time we observe for the explosion is twice
the time it took to explode.

7. Have you ever studied or worked with the effects of entropy or the arrow of time? Have
you thought it might not be an arrow?

Yes | have worked with entropy. Yes | have considered entropy an arrow of time. I'm
aware of the possibility that entropy will fluctuate and decrease occasionally but overall
its use as an arrow of time is extremely practical.

8. Is time reversible in principle (not practice) in your work and/ or does it fluctuated/
dilate?

Yes, fundamental physical processes are time reversible. And time dilation is a constant
aspect of our calculations in astronomy.

9. Do you differentiate your thoughts on time in practice and in your life or do they adhere
to a similar personal philosophy?
Personally and professionally | have the same view of time.
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10. How has your perception of time changed throughout your life?
Just my learning in physics has enhanced my understanding of the deeper nature of
time.

11. Does your study/ work with time conceptually marry with your perception of time?
Yep.

12. Do you consider the effects of GR in your field of physics or quantum, and does it adhere
to a Newtonian simplification of time?
Yes, we consider GR. It does not adhere to a Newtonian simplification.

13. Do you use the idea of the flow of time in your work?

We often treat time as a continuous variable (i.e. it flows). We also consider the
possibility that time is discrete (quantised). Much like a table appears smooth but we
know it is made up of atoms, similarly time appears to pass smoothly, but it is possible it
also is made up of "atoms” of time (there are discrete times with nothing between
them).

14. Do you consider time to be fundamental or emergent? Does it make a difference in your
use of time in your work?

Usually we treat it as fundamental but the concept of space-time atoms | mentioned
above could be considered as treating time as emergent. | usually think of the potential
of gravity as being emergent from the collective behaviour of quantised space-time
rather than time itself being emergent. But they could be two sides of the same coin.



	"All time is all time. It does not change. It does not lend itself to warnings or explanations. It simply is. Take it moment by moment, and you will find that we are all, as I've said before, bugs in amber.” – Kurt Vonnegut, Slaughterhouse-Five

