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On the cosmological arrow of time
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The cosmological arrow of time is defined by the initial conditions of the Universe and its subse-
quent expansion. Wetterich [I] has proposed an alternative picture of the expanding Universe where
the observed cosmological redshift can equivalently be viewed as originating from the increase in
mass of particles over time. In this article, we address the following problem: How can the cosmo-
logical arrow of time be interpreted in a static Universe where the particle masses increase?” We take
the philosophical point of view that the set of minima in the effective potential of a symmetry-broken
quantum field theory represents physically coexisting groundstates. Tunneling of energy, carried by
instantons, within the set of groundstates, is suggested to induce the change in particle masses.
The directionality in which the instanton energy tends to flow, i.e. from high-energy-density to
low-energy-density groundstates, defines then the cosmological arrow of time. It is concluded that
the premises on which this article is built, i.e. the assumption that the set of groundstates physically
coexists, is invalid if it is found to be impossible to provide a sound argument for the increase in en-
tropy within a contracting spacetime. This is because otherwise the second law of thermodynamics

is violated.
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Introduction

The problem of the arrow of time has a long history in
theoretical physics and the philosophy of physics. It re-
mains to this day to come up with a convincing argument
for its existence that can resolve e.g. why the Universe
started in such a low entropy ordered state. From the
physics point of view, the most relevant arrows are the
thermodynamic arrow, the quantum arrow, and the cos-
mological arrow. The thermodynamic, or entropic, arrow
is defined by the universal increase of entropy from the
past to the future. The quantum arrow is given by the
build-up of quantum entanglements between the compo-
nents of a system as time passes. The cosmological arrow
is correlated with the expansion of spacetime. This arti-
cle will consider the cosmological arrow.

In 2013, Wetterich presented a model of the Universe
where the expansion of spacetime could equivalently be
described by an increase in particle masses with time [I].
The arrow of time was discussed by Wetterich within the
cosmological model presented, where it originates from
the attractive character of solutions to the cosmological
field equations [2]. In this article, we will present a novel
interpretation of the concept of the cosmological arrow of
time in a static Universe where the mass of particles in-
creases with time. It should, however, be admitted that
no specific model is put forth that aims to describe in
detail the cosmological dynamics of the Universe. The
reason for this is that we feel that the concept of the
arrow of time seems to be so fundamental that general
qualitative arguments should be possible to make, rely-
ing only on well-established principles of physics such as
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energy conservation and the second law of thermodynam-
ics, which illuminate the physical existence and origin of
the arrow.

The short answer to the problem of how the mass of
particles increases with time would simply be to state it
as a fundamental law of nature. However, that seems
to be quite unsatisfactory. Instead, we will in this ar-
ticle try to argue for a definition that is built on the
conservation of energy and a quantum cosmological ana-
log of the second law of thermodynamics. Furthermore,
we take for granted the possibility of quantum tunneling
through potential barriers that separate classically sta-
ble phases, as described by instantons in quantum field
theory. These ideas stand on solid ground in theoret-
ical physics. The key element of this article on which
the discussion is built is an assumption based solely on a
philosophical curiosity. The line of reasoning in stating
this assumption goes as follows. Let us suppose that the
expansion of spacetime can equivalently be understood
by an increase in the mass of particles with time. But
how can they increase their mass? That can be accom-
plished by absorbing energy. To satisfy the conservation
of energy, while particles absorb energy everywhere in
our four-dimensional spacetime, it seems necessary for
the Universe to be larger than what we are familiar with.
But larger in what sense? There exist several propos-
als for higher-dimensional theories, too many to name
here. The point of view that we propose in this article
is the following: The set of minima appearing in the ef-
fective potential, as a function of the field configuration,
in a symmetry-broken quantum field theory, do not rep-
resent the possible groundstates in which our Universe
might exist, whether it be the familiar four-dimensional
spacetime or the well-known higher-dimensional space-
times proposed in the literature. The entire set of minima
represents different phases of the Universe that coexist.
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The Universe from this viewpoint is thus not defined by
a single groundstate. The enlarged picture of the Uni-
verse is that the set of field configurations, for the known
fields of the Universe, whose energies are locally min-
imized in the field space, are all physically manifested
within spacetime, in a sense ’on top of each other’. Thus,
when we in this article speak of quantum tunneling be-
tween groundstates, which is a commonly studied prob-
lem in quantum field theory, we do not adopt the con-
temporary view that the Universe exists in e.g. the false
groundstate from which it might suffer a catastrophic de-
cay to the lower-lying possible true groundstate. Rather,
we speak of quantum tunneling within the set of differ-
ent phases, defined by distinct groundstate energies, that
are all physically realized in the enlarged picture of the
Universe.

The structure of the article is as follows. The philoso-
phy of the article, i.e. that the set of minima in the ef-
fective potential represent physically coexisting ground-
states, is stated within the simplest possible quantum
field theory, i.e. that of a real-valued scalar field. Tak-
ing this philosophy as a fact, we try to qualitatively de-
duce some consequences it might have for the Universe.
The concept of groundstate energy and quantum fluctu-
ations about its classical value is briefly discussed. The
tunneling between groundstates, as given by the theory
of instantons in quantum field theory [3], is then sum-
marized. We propose a quantum cosmological analog of
the second law of thermodynamics, which state that the
Universe, in which all phases physically coexist, tends
to evolve in such a way that the energy separations be-
tween the coexisting groundstates become zero, at which
the Universe has reached what we will refer to as the
state of quantum equilibrium. We then explain how the
increase in the mass of particles, suggested to be induced
by the tunneling of instantons, gives rise to an apparent
cosmological redshift thus giving the appearance of cos-
mic expansion and acceleration. From there, we discuss
how a pair of observers, living at each end of the quan-
tum tunnel connecting the pair of groundstates, perceive
the flow of energy within the coexisting phases. Their
perspectives are connected with the expansion and con-
traction of spacetime.

The cosmological arrow of time for the static Universe,
where the masses of particles increase with time, is then
suggested to be defined by the following statement:

The directionality for the cosmological arrow of time
is defined by the tendency of the Universe to evolve
in such a way that the energy separations between the
physically coexisting groundstates vanish, at which stage
the Universe has reached quantum equilibrium.

Groundstates of the Universe

To state the point of view on which this article is built,
pretend that the Universe consists of a single real-valued
scalar field ¢(Z,t) in four-dimensional spacetime, with
dynamics defined by the Lagrangian density £(v)),

L) = 000 — s V(). (1)

Furthermore, consider the situation when the mirror
symmetry of the effective potential V' (1.), where 1), is the
vacuum expectation value of the field, also referred to as
the classical field or the field condensate, has been broken
such that there are two local minima, at . = +a, with
an energy separation €, see Fig[l] The pair of minima
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FIG. 1. Effective potential with two energetically distinct
groundstates.

correspond to the two distinct classical groundstates as-
sociated with the unique pair of solutions to the classical
field equations of motion. The consideration of a single
real-valued scalar field in this article is for simplification
purposes only. The extension to the symmetry-broken
field theories describing the actual Universe is straight-
forward, albeit laborious.

In contemporary field theory, the common perspective
is that the Universe, in its groundstate, occupies either
the minimum V' (4a) or the minimum V(—a). They are
referred to as the true and false vacuum, respectively.
Both groundstates are stable in classical field theory. In
quantum field theory, on the other hand, the false vac-
uum is rendered unstable due to quantum fluctuations
allowing for the possibility that it decays into the true
vacuum. This decay process is the analog of nucleation
processes in condensed matter physics, e.g. the boiling
of a superheated fluid. There, the graph of the free en-
ergy of the fluid as a function of density would have the
same form as the graph of the effective potential in the
symmetry-broken quantum field theory. The lowest en-
ergy state for the superheated fluid phase corresponds to
the false vacuum, whereas for the vapor phase, it is the
true vacuum. Thermal fluctuations cause bubbles of va-
por to nucleate in the fluid. During the process of boiling,
both the superheated and the vapor phases physically



coexist. Considering this close resemblance between the
pictures for the boiling of a superheated fluid and vacuum
decay, with the difference that thermal fluctuations are
replaced by quantum fluctuations, it is the purpose of the
present article to initiate a study on the possible physi-
cal implications following the viewpoint that the pair of
minima of the effective potential in quantum field theory
does indeed physically coexist. Based on this philosophy,
the pair of groundstates represent distinct phases of the
Universe that are both equally real. It is not the case,
then, that the Universe exists either in the false vacuum
or in the true vacuum.

Energy of the groundstates

Does the absolute value for the energy of the ground-
state of a system make physical sense? Consider, as an
example, the groundstate of the hydrogen atom. Its en-
ergy is —2.18 - 107'8J. This means that an energy of
+2.18 - 10~ '8.J is needed to ionize the hydrogen atom to
reach the chosen reference state, with zero energy, when
it is in its groundstate. This illustrates the point that the
absolute value for the energy of any given state carries no
physical information. It is the comparison of energy be-
tween pairs of states which is physically observable. The
concept of energy acts thus as a measure to distinguish
between distinct states of a system. The absolute values
assigned to individual states have no physical meaning
unless they are being compared with a chosen reference
state, e.g. the state of ionization in a hydrogen atom.

In quantum field theory, the value for the ground-
state energy of the field experiences quantum fluctuations
about its classical value due to the Heisenberg uncer-
tainty principle. The amplitude of these fluctuations is
controlled by Planck’s constant. Given the assumption
that Planck’s constant has the same value everywhere
in the Universe, the strength of the quantum fluctua-
tions for the pair of groundstates, located at the field
condensates ¢, = —a and Y. = +a, must be the same.
The energy associated with these quantum fluctuations
represents the energy carried by the so-called quantum
vacuum of the field.

The quantum fluctuations of the classical groundstate
do not define a new state of the system. The system still
occupies the groundstate, albeit with a deviation in its
energy as compared to its classical value. This, combined
with the definition of the concept of energy as a physi-
cal measure for the distinction between distinct physical
states, is of importance in understanding the role played
by vacuum energy in attempting to relate it with the ap-
pearance of dark energy. In contemporary approaches, it
is an assumption that the origin of dark energy is some-
how due to the energy of the groundstate fluctuations
[4H8]. The problem is, however, that when the energies
associated with these fluctuations are summed up for the

known fields of the Universe, a value for the cosmolog-
ical constant is obtained which is between 50 and 120
orders of magnitude larger than the value obtained from
cosmological observations. This is the so-called cosmo-
logical constant, or vacuum catastrophe, problem. The
error with this calculation, suggested in this article, is
that we should not estimate the absolute value of the en-
ergy fluctuations for a specific groundstate. Rather, we
should compare the energies associated with the ground-
state fluctuations for the pair of groundstates. Given the
assumption that the fluctuations are equal in strength for
both groundstates, their relative energy difference should
be zero. The physically relevant energy to the problem
of dark energy is then the difference in energy between
the classical groundstates, e.g. € between the pair V(—a)
and V(+a). The role of the fluctuations is to initiate the
tunneling of energy between the pair of groundstates, in
the form of instantons.

Tunneling between groundstates

The flow of energy between the pair of groundstates
at Y. = —a and ¥, = +a is described by the theory of
instantons in the standard formalism of quantum field
theory [3], whose results are quickly summarized here.
The shift in the energy 0 F of the groundstates, per unit
volume and unit time, induced by the tunneling of scalar
instantons, is proportional to the imaginary part of the
instanton energy, i.e.
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where K is an imaginary-valued determinantal factor.
This estimate is valid in the thin-wall approximation, i.e.
when the difference in the energy density between the
groundstates is small. The tunneling amplitude I', per
unit volume and unit time, i.e. the decay rate, is propor-
tional to the energy shift, i.e.

T(e) ~ 0E(e). (3)

The value € = ¢, for which I'(e) is stationary, i.e. where
d.I'(e) = 0, is given by

1
Since d?T(€)|c=,, < 0, the stationary point € = €, max-
imizes the tunneling amplitude, which becomes
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The graph of the tunneling amplitude I'(e) is shown in
Fig[2] Consider the scenario when the decay process is
initiated at some initial energy separation € > ¢,,,. As the
decay process is underway, the energy separation between
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FIG. 2. The tunneling amplitude depends on the energy sep-
aration € between the pair of groundstates.

the pair of groundstates decreases. The rate at which
instanton energy flows from the groundstate at ¢, = —a
to the groundstate at 1. = +a increases until the energy
separation between the pair has reached € = ¢,,, where it
is at a maximum. After this point, the decay rate quickly
goes to zero as € — 0.

Towards quantum equilibrium

Supposing that the total energy is conserved in the
Universe, in which the set of groundstates coexists, the
total sum of the groundstate energies must remain con-
stant in time. Thus, if the groundstate energy for the
field condensate 1. = —a decreases by an amount JE,
then the field condensate 1. = +a will gain an energy
0F to its groundstate.

Thermal systems tend to evolve in such a way that
they reach thermal equilibrium with their environment.
Thermal energy tends to flow from high-density regions
to low-density regions. At thermal equilibrium, the
thermal fluctuations are, on average, the same every-
where within the system. With the picture presented in
this article, with coexisting groundstates with possibly
different energies for their groundstates, the following
quantum cosmological analog of the second law of
thermodynamics is proposed:

The Universe tends to evolve in such a way that
the energy separation between the groundstates becomes
zero.

When the Universe has reached ¢ = 0, it is in a
symmetric state where all groundstates appear identical.
They are indistinguishable from each other. This special
condition will, in this article, be referred to as the state
of quantum equilibrium of the Universe. The energy
separation tends to zero by having instanton energy
tunneling to groundstates with lower energy density
from groundstates with higher energy density, e.g. from
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the groundstate at V(—a) to the groundstate at V(+a).

Given the definition of the concept of energy, it is nat-
ural to select the state of quantum equilibrium as the
state of reference, with zero energy.

Change in particle masses

Due to the influx of instanton energy to the ground-
state at ¥, = +a, the particle excitations of the field ¢ in
this phase will increase in amplitude, i.e. the mass of the
particles will increase, per unit volume and unit time, by
an amount dm, given by

dm(e) = . (6)

The maximum increase in mass, per unit volume and unit
time, occurs when € = €,,, for which it becomes
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The graph of dm(e) has the same form as the graph of
T'(e), see Fig. |2| The rate of change for dm increases as
the energy separation approach €, from an initial value
€ > €. As the pair of groundstates are drawn further
closer to each other, the rate of change for dm decreases,
i.e.
lim dm(e) = 0. (8)
e—0
When the pair of groundstates becomes degenerate, there
is no further change in the mass of particles.

Frequency-shifted photons

In the discussion above, a real-valued scalar field was
considered. This is the simplest possible example. How-
ever, the same general conclusions hold when considering
e.g. quantum electrodynamics. The mass of the quan-
tum field excitations increases for symmetry-broken ef-
fective potentials due to the influx of instanton energy
from neighboring groundstates at higher energy density.

As the mass of particles, e.g. electrons, are increased
over time, the energy spectra of atoms are directly af-
fected. Consider e.g. the hydrogen atom, which is the
most abundant atom in the Universe. Since the proton
is about 2000 times heavier than the electron, the proton
can be considered as being at rest relative to the electron.
Then, the energy of the hydrogen atom is dominated by
the kinetic energy of the electron such that the n’th en-
ergy level in the hydrogen spectrum is proportional to
the electron mass m,

m
Byr——g n=123.. (9)



The energy difference AE between two arbitrary levels 4
and j, with 7 > 17, is
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Thus, as the mass of the electron increase, the separa-
tion AFE between energy levels in the hydrogen spectrum
grows. As a consequence, the energy and frequency of
emitted photons, given by

E,=AE=h-{, (11)

are increased. The emitted photons have become blue-
shifted. The same general conclusion holds for all types
of atoms.

Cosmological redshift

Consider a pair of galaxy clusters, Y and Z, with dis-
tances ry and rz > ry from an arbitrarily chosen galaxy
cluster X, which is to act as the ’coordinate origin’, see
Fig[3] The light reaching X from Z has traveled a longer
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FIG. 3. The galaxy pair Y and Z at different distances from
the origin X.

distance as compared to Y. Therefore, the light coming
from Z was emitted at an earlier time as compared to Y.
The picture of the pair of galaxies, as seen from the lenses
of X, shows them at different ages in their evolution. The
light coming from Z, reaching X, depicts the state of Z
at a ’'younger’ age as compared to Y, given that both
galaxies were born at the same time. This has an inter-
esting consequence when combined with the idea that the
masses of particles, and hence the separation in atomic
spectra, change with time due to tunneling between the
possible groundstates of the Universe. If the galaxy clus-
ters are located within a phase whose groundstate has
a lower energy density as compared to its environment,
such that it on the net has an inflow of instanton energy,
then the light from Z was emitted from atoms at a stage
when the separation of atomic energy levels had not had
as much time to increase as compared to Y. Therefore,
the light from Z, as compared to the light from Y, ap-
pears to have lesser energy. In other words, the photons
reaching X from Z appear to be red-shifted relative to
the photons coming from Y, with the conclusion that the
Universe is expanding.

If, on the other hand, the galaxy clusters are located
within a phase whose groundstate has a larger energy
density as compared to its environment, such that it on
the net has an outflow of instanton energy, the situation is
the opposite. The masses of particles decrease with time.
The light emitted from atoms would be redshifted with
the consequence that the light reaching the X from Z
would carry more energy as compared to the light coming
from Y, since the atoms in Y would have had more time
to decrease their energy level spacings. The more distant
galaxies would then appear to be blue-shifted with the
conclusion that the Universe is contracting.

The Big Bang

At quantum equilibrium, the groundstate energy of the
Universe is zero. The conservation of energy within the
Universe, however, allows for the possibility that sponta-
neous fluctuations push the Universe away from its state
of quantum equilibrium, as long as the total energy re-
mains zero. In other words, the groundstate at quantum
equilibrium, with energy zero, can be split into a set of
coexisting groundstates if their energies add up to zero.
This means that some groundstates have gained energy
whereas others have lost energy, relative to the ground-
state at quantum equilibrium. This, of course, does not
necessarily imply that the energy of a coexisting ground-
state can, at the fundamental level, take negative values.
The negative-energy groundstate is nothing more than
a statement that there is a net inflow of instanton en-
ergy from the environment of coexisting groundstates,
as compared to a positive-energy groundstate for which
there is a net outflow of instanton energy. In this sense,
the concept of energy does have a directionality associ-
ated with it in the Universe, in contrast to how the con-
cept is perceived within the four-dimensional spacetime
of any given phase of the Universe. This directional-
ity can be compared with the electric charge. That the
electric charge can take positive and negative values rep-
resent the experimental fact that the electric force can
be both repulsive and attractive, causing charged par-
ticles to accelerate, respectively, either away or towards
each other. The positive and negative energy ground-
states represent, respectively, contracting and expanding
spacetimes as they approach quantum equilibrium.

The physical event that the Universe spontaneously
fluctuates away from its state of quantum equilibrium,
is from the perspective of the phase with a negative-
energy groundstate seen as the Big Bang, where space-
time expands from a very dense and hot state. The same
event would look quite different for an observer within the
phase whose groundstate has a positive energy. There,
spacetime would seem to contract, starting from a very
dilute and cold state into the Big Crunch.

It is worthwhile to note that the common statement



that the Universe began at an initial singularity with
infinite density and temperature is based solely on the
classical equations of motion for the gravitational field as
given by the theory of general relativity. This statement
is based on the famous singularity theorems given by
Roger Penrose and Stephen Hawking. The questionable
validity of this statement is obvious and well-known, con-
sidering the importance that quantum mechanics should
play at this stage in the history of the Universe. The ini-
tial conditions of the Universe are, within the philosophy
of this article, the following. The Universe has no begin-
ning and it has no end. It is without boundaries. It has
zero energy at quantum equilibrium and due to energy
conservation it will remain at zero energy for all eternity,
both into the past and into the future. It is only from
the perspective within any given coexisting phase that
the Universe seems to have had a beginning. That be-
ginning took place when the four-dimensional spacetime
of the given phase appeared to have started expanding,
or contracting.

Cosmological arrow of time

The cosmological arrow of time is thus viewed as a
statement on the tendency of the Universe to change to-
wards the state of quantum equilibrium, where the set
of coexisting groundstates has become physically identi-
cal. When this state has been reached i.e. when the ex-
pansion, or contraction, of the coexisting phases within
the Universe has stopped, the cosmological arrow of time
ceases to exist as a physical concept. However, for each
spontaneous fluctuation away from the state of zero en-
ergy, there are new Big Bangs and Big Crunches, and the
concept of time is rebooted with a cosmological arrow
that is again pointing toward the quantum equilibrium
state of the Universe. In this sense, the Universe ap-
pears to be cyclic in a manner that is distinct from well-
known cyclic models, see e.g. the bouncing cosmologies
discussed in the reviews [9, [I0] and Penrose’s conformal
model [1T1, [12].

From the perspectives of both types of coexisting
phases of the Universe, i.e. groundstates carrying posi-
tive and negative energy relative to quantum equilibrium,
time should go from the past to the future. In both types
of phases, metaphoric people should grow older and the
metaphoric shattered pieces of a dropped glass of red
wine should never be witnessed to reassemble and come
back to the clumsy hand. This should be the case, from
both perspectives, if the second law of thermodynam-
ics is to be valid throughout the entire Universe, with
thermodynamic entropy increasing as time passes. For
this to be the case, the thermodynamic arrow of time
must coincide with the expansion of spacetime within the
negative-energy groundstate and with the contraction of
spacetime within the positive-energy groundstate. It is

thus necessary to provide a valid argument for the in-
crease in entropy as spacetime contracts. The opposite
argument, with an expanding spacetime, is well-known.
With continued expansion, spacetime becomes more ho-
mogeneous and isotropic thus approaching thermal equi-
librium where the thermodynamic entropy is at its max-
imum value. The author has some speculations on the
possibility of increasing entropy as spacetime contracts,
but they are still immature and therefore left for later.

Conclusion

In this article, we have attempted to address the prob-
lem of the cosmological arrow of time in the type of static
Universe where particle masses increase with time. The
basic assumption on which the discussion was built was
that the set of minima in the effective potential for the
known fundamental fields of the Universe does indeed
physically coexist. Based on this philosophy, the conclu-
sion is that the Universe has no beginning and no end.
Its conserved energy is zero and it tends to be driven
toward the state of quantum equilibrium, where the set
of coexisting groundstates are identical with zero energy.
This tendency defines the cosmological arrow of time.
Furthermore, each time the Universe spontaneously fluc-
tuates away from its state of quantum equilibrium, the
set of negative-energy phases experiences an expanding
spacetime from a dense and hot state at the Big Bang,
whereas the set of positive-energy phases experiences a
contracting spacetime from a dilute and cold state at the
Big Crunch. However, to not violate the second law of
thermodynamics it is necessary to have a valid argument
for the increase in entropy for the contracting spacetime
within a positive-energy phase. If this is shown to be
impossible, the philosophy of the article falls completely
apart.

[1] Wetterich, C., A Universe without expansion, Physics of
the Dark Universe, 2, no.4 (2013), 184-187.
arXiv:1303.6878 [astro-ph.CO]

[2] Wetterich, C., Variable gravity Universe, Phys.Rev.D, 89
no. 2 (2014).
arXiv:1308.1019 [astro-ph.CO]

[3] S. Coleman, “Aspects of Symmetry,” Cambridge Univer-
sity Press (1995).

[4] Weinberg, S., The cosmological constant problem, Rev.
Mod. Phys. 61 No. 1 (1989).

[5] Rugh, S.E., Zinkernagel, H., The quantum vacuum and
the cosmological constant problem, Stud. Hist. Phil. Sci.
B33, Issue 4 (2002), 663-705.
arXiv:hep-th/0012253

[6] Martin, J., Everything you always wanted to know about
the cosmological constant problem (but were afraid to



ask), Comptes Rendus Physique 13 Issues 6-7 (2012),
566-665.

arXiv:1205.3365 [astro-ph.CO)]

Haber, H., The  cosmological  constant  prob-
lem, Lecture notes, ucC Santa Cruz,
http://scipp.ucsc.edu/ haber/ph171/CosmoConstant15.pdf
(2015)

Nobbenhuis, S., The cosmological constant problem, an
inspiration for new physics, Ph.D. thesis, ITP-UU-06/36,
SPIN-06/30 (2006).

arXiv:gr-qc,/0609011

(9

(10]

(11]

(12]

Brandenberger, R., Peter, P., Bouncing cosmologies:
Progress and Problems, Foundations of Physics 47
(2017), 797-850.

arXiv:1603.05834 [hep-th]

Battefeld, D., Peter, P., A critical review of classical
bouncing cosmologies, Physics Reports 571 (2015), 1-66.
arXiv:1406.2790 [astro-ph.CO]

Penrose, R., Before the Big Bang: An outrageous new
perspective and its implications for particle physics, Pro-
ceedings of the EPAC 2006, Edinburgh, Scotland (2006),
2759-2762.

Penrose, R., Cycles of Time: An extraordinary new view
of the Universe, Bodley Head, London (2010).



	On the cosmological arrow of time
	Abstract
	Introduction
	Groundstates of the Universe
	Energy of the groundstates
	Tunneling between groundstates
	Towards quantum equilibrium
	Change in particle masses
	Frequency-shifted photons
	Cosmological redshift
	The Big Bang
	Cosmological arrow of time
	Conclusion

	References


