THE PROBLEM OF TIME IN
QUANTUM COSMOLOGY

THESIS SUBMITTED FOR THE AWARD OF THE DEGREE OF DOCTOR OF PHILOSOPHY

University of Nottingham, School of Mathematics

Student: Lucia Menéndez-Pidal de Cristina
Supervisors: Prof. Jorma Louko, Dr. Steffen Gielen

November 8, 2022



Abstract

This thesis contains an analysis of the problem of time in quantum cosmology
and its application to a cosmological minisuperspace model. In the first part, we
introduce the problem of time and the theoretical foundations of minisuperspace
models. In the second part, we focus on a specific minisuperspace universe, analyse
it classically, and quantise it using the canonical quantisation method. The chosen
model is a flat FLRW universe with a free massless scalar field and a perfect
fluid. We explain how different types of perfect fluid can be accommodated in
our model. We extract the Wheeler-DeWitt equation, and calculate its solutions.
There are three dynamical variables that may be used as clock parameters, namely
a coordinate t conjugated to the perfect fluid mass, the massless scalar field ¢,
and v, a positive power of the scale factor. We define three quantum theories,
each one based on assuming one of the previous dynamical quantities as the clock.
This quantisation method is then compared with the Dirac quantisation. We find
that, in each quantisation procedure, covariance is broken, leading to inequivalent
quantum theories. In the third part, the properties of each theory are analysed.
Unitarity of each theory is implemented by adding a boundary condition on the
allowed states. The solutions to the boundary conditions are calculated and their
properties are listed. Requiring unitarity is what breaks general covariance in the
quantum theory. In the fourth part, we study the numerical properties of the wave
functions in the three theories, paying special attention to singularity resolution
and other divergences from the classical theory. The t-clock theory is able to
resolve the singularity, the p-clock theory presents some non trivial dynamics that
can be associated with a resolution of spatial infinity, and the v-clock theory does
not show significant deviations from the classical theory. In the last part, we
expand our analysis in order to include another quantisation method: path integral
quantisation, and finally, we conclude.
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Part 1.

FOUNDATIONS OF QUANTUM
GRAVITY AND QUANTUM COSMOLOGY



1. NOTATION AND OUTLINE

This thesis is a comprehensive analysis of the problem of time in a concrete minisu-
perspace example. Here, we present the principal assumptions and meaning of the
mathematical notation used throughout the thesis. The reader can come back here to
remind themselves of the general notation. The presentation order is roughly the same
order in which the quantities are introduced in the thesis.

We use the sign convention (—, +, +,+) and we assume the speed of light ¢ is 1. The
abbreviations used in the thesis are:

e SR: special relativity.

o GR: general relativity.

e QM: quantum mechanics.

e LQG, LQC: loop quantum gravity, loop quantum cosmology.

Next we present a mostly exhaustive list of the main symbols used. We tried our best
to not repeat a same symbol for different quantities, but there are only so many letters
in the Greek and Latin alphabet.

® gy, 90, /—g: general relativity metric, inverse metric and determinant. We use
the units convention for which the metric is dimensionless.

S: classical action.
e R: Ricci scalar.
e K: Extrinsic curvature.

e k= 8w(G where G is the gravitational constant.

¢, p: free massless scalar field.

Gijki: superspace metric.

e p, m, p, w: perfect isentropic fluid energy density, pressure, mass and parameter
in the state equation.

e J%: perfect isentropic fluid flux.

a?, B, ¥ isentropic perfect fluid action Lagrange multipliers.
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N, N: lapse function and shift vector.

M =3 x R: usual representation of the spacetime manifold.
hij, Vo = [x dz®V/h: space metric and volume.

A, X: cosmological constant or perfect fluid mass.

‘H, C: Hamiltonian and Hamiltonian constraint.

7. conjugated momentum of the variable z.

3(1—w) . .
v a —» will usually be referred as “volume” for short in an abuse of language.

7, t: coordinate time in the metric and conjugated variable to A.
{-,-}: Poisson braket.

O: Dirac observable.

[: Laplace—Beltrami operator.

¥, &: quantum wave functions.

k: quantum conjugated momentum to .

Jy(x), Ky(x), I (z): ordinary and modified Bessel functions.
U = log(%) where v is a constant used for dimensional reasons.

(-|'): quantum inner product. The mathematical expression of the inner product
varies from theory to theory.

a(k,N), B(k,N), v(k,\), e(k,\) are parameters of the wave functions ¥ and ®.
When considering semiclassical states, the underscore sc will be added to these
parameters

0(k), 9(\) and ko(\) are self-adjoint extension parameters of the different theories.
Hsin, Hphys: kinematical and physical Hilbert space.

7, G and F are the operators that specify time evolution through a Schrédinger
or a Klein—Gordon equation in each of the theories.

d(xo — x): Dirac delta distribution. d(xg — x) = oo when x = z.
Oap: Kronecker delta.

(x)y = (¥|z|V¥) corresponds to the expectation value of the quantity = with
respect to the state W.

0y, 02: standard deviation and variance of the variable .

¥(x): digamma function.
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~: Euler-Mascheroni constant.

e =,, E,2, € cutoffs.

e DX: Functional differential of the functional X.

e ) X: functional variation of the quantity X.

e 0: gauge fixing of the lapse derivative in the path integral quantisation.
e II: Lagrange multiplier of the path integral quantisation.

e £(7): infinitesimal coordinate transformation parameter. For the gauge fixing of
the path integral quantisation it will be replaced by the anticommuting ghost
fields we(T).

e ¢, ¢, p, p: other anticommuting ghosts fields.

In general, a mathematical quantity with hats represents the quantisation of the
equivalent classical quantity. The meaning of quantisation will be specified in a case by
case basis.

This work is divided in five parts. In the first part we present an analysis of the current
landscape of quantum gravity and quantum cosmology and the necessary prerequisites
for the rest of thesis. In the second part we introduce the model we want to analyse,
first classically and then we quantise it using the methods described in the introduction.
In the third part, we analyse the dynamics of the model using three different quantum
clocks. In part IV, we show numerical results that provide more evidence to the analysis
realised in the previous sections, and finally, in the last part, we present an alternative
way of interpreting our model and the general conclusions of this work.

This thesis is the result of the work produced in the scientific papers [1], |2] and an
essay [3]. In particular, the results presented in [chapter 5| [chapter 6 [section 8.1] and
are based on |1|, whereas [section 4.3] |chapter 7, and [section 8.3| show the
results obtained in [2|. Other parts of the thesis, notably|chapter 3|may bear resemblance
to both papers. It is impossible to present the results of |1] and |2] independently, as
they are very intertwined together. We instead try to convene their message in a clear
and logical order, expanding whenever possible the analysis already done. isa
more speculative chapter based on still ongoing work. All the original work is presented
as such.




2. INTRODUCTION

2.1. Introduction to quantum gravity

2.1.1. The frontiers of physics

In 1900 Lord Kelvin delivered his famous lecture about the two “19*" century clouds in
Physics”, subsequently written as a paper [4]. There, he points out the two principal
unresolved issues at the time. We will call them the light cloud and heat cloud for short.

The light cloud refers to the failure of the Michelson Morley experiment. Maxwell
had recognised light as an electromagnetic wave and it was thus believed that it needed
a propagation medium, called aether. The Earth would be embedded in the aether
fluid, and due to its motion around the Sun, the Earth and the aether would have a
relative motion with respect to each other, leading to differences in the light propagation
speed. The experiment failed to observe this speed change, complicating substantially
the properties such a medium should have.

The heat cloud deals with heat properties, more concretely it refers to the failure
of the equipartition theorem to describe certain situations where quantum effects were
later found to be non negligible. For example, at low temperatures, the heat capacity
of a solid was lower than expected, and black body radiation was incorrectly modelled,
leading to the so called “ultraviolet catastrophe”.

The resolution of the first cloud came with the development of the theory of special
relativity (SR) by Albert Einstein [5], whereas the second cloud would lead to the
birth of the theory of quantum mechanics (QM) whose father is often considered to
be Max Planck [6]. Coming back to the light cloud, SR states that the speed of light
is always the same in all reference frames. However, if the speed of light is constant,
then time associated with the different reference frames has to be relative. The theory
was expanded to the general relativity theory (GR) [7], [8]. The geometry of space and
time is entangled and represented by a four dimensional Lorentzian manifold M, called
spacetime, with metric g,,. Einstein’s equations can be derived from the variation of
the Einstein-Hilbert action [9]

1
Sgg = / d4$R\/— , (2.1)
2K M

where k = 87G where G is the Newtonian gravitational constant, R is the Ricci scalar
and y/—g is the determinant of the metric. For manifolds that have a boundary, it is
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necessary to add the Gibbons—Hawking—York boundary term [10]

21 3.
/aM PrVhK, (2.2)

K

where K is the extrinsic curvature trace and /A the determinant of the metric at the
boundary.

The theory of GR explains the motion of slow and fast bodies under strong grav-
itational fields and has been thoroughly tested. The theory has a very vast range of
applications, ranging from solar system dynamics to the interaction between neighbour-
ing galaxies. Some examples of GR successes at different scales are the prediction of
Mercury’s perihelion precession [11], pulsar dynamics 12|, and gravitational lensing of
galaxies. Even given the success of GR, there have been many attempts to modify the
theory only relying on classical physics, leading to a very wide family of theories often
referred as modified gravity theories [13)].

The theory of GR predicts the existence of extreme objects, like black holes, intro-
duced first by Schwarzschild as early as 1916 [14]. Since their first theoretical postu-
lation, black holes have been a major subject of research. The first black holes to be
discovered were stellar mass black holes, like Cygnus-X, the first one to be identified
in 1971 [15]. Perhaps the ultimate confirmation test of GR is the direct observation
of gravitational waves from black hole merging coming from the LIGO-Virgo-KAGRA
collaborations |16]. The data provided by these collaborations has set strong constraints
for theories of modified gravity coming from the ringdown of the gravitational waves
[17], or the difference between gravitational wave detection and gamma rays detection
(in the case of a neutron star merger) [18], for example.

However, there are other categories of black holes, like supermassive black holes that
inhabit the centre of galaxies. The first quasars (quasi stellar objects), galaxies with
an active supermassive black hole in their centre, were identified in the sixties |19], and
strong indirect evidence of the presence of a supermassive black hole in the centre of our
galaxy, Sagittarius A*, was found in 1998 |20]. The first pictures of two supermassive
black holes, M87* (located at the centre of the galaxy M87) and Sagittarius A* were
taken by the Event Horizon Telescope [21], setting a landmark for the study of black
holes and GR. These observations set more constraints for theories of modified gravity
[22].

It seems that so far GR has been a success story, and that the theory is capable to
make accurate predictions even in the most extreme environments. However, there are
a couple of mysteries surrounding black holes. Mathematically, these objects have a
mass M concentrated in one point in spacetime; the metric g, becomes singular. This
singularity is often signalled by divergent tensorial quantities. Singularities, and in gen-
eral divergent quantities, are a hint that a theory breaks down in certain regimes and
should therefore be completed by another theory. In the black hole case, the singularity
comes with an event horizon. While a rigorous definition of an event horizon would
require pages of mathematical formalism, the pedestrian definition works fine for the
purposes of this introduction. In short, the event horizon is a region surrounding the
singularity such that all matter and light that has the misfortune of “falling in” is lost
forever for an outside observer. The event horizon effectively divides spacetime in two
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regions: a singularity-free region, where we live, and a region that contains the singu-
larity, and in which predictability is lost, among many other unpleasant consequences.
The event horizon protects us from the singularities of black holes, as they are effectively
unreachable for us (if we reach them we cannot come back).

The singularity of black holes may be viewed an indicator that GR is not a complete
theory. Copying Lord Kelvin’s terminology, singularities in GR may be one of the 215
century clouds in physics. Cherry on top, there are other types of even more challenging
singularities. These singularities arise from the study of cosmological spacetimes. GR
has been used to describe not only the spacetime around a massive object, but the
universe as a whole. It is assumed that to a certain scale, the universe is homogenous
and isotropic. These two assumptions together are often referred as the cosmological
principle. The content of the universe is supposed to be same everywhere (homogeneity),
and there should be no preferred direction (isotropy). A solution to Einstein equation
which is both isotropic and homogeneous is the Friedmann—Lemaitre-Robertson—Walker
(FLRW) family of metrics. The line element ds? of such metrics is usually represented
as:

ds® = —N(7)%d7? + a(7)*hijdz'da? (2.3)

where h;; is an euclidean three metric whose coordinates not depend on 7 and z° (i =
1,2,3) are the spatial coordinates. 7 is the time coordinate, the parameter a is called
scale factor and N the lapse function. We will come back to the lapse function later.
The metric h;; has constant curvature. These universes have been largely studied and
provide a very good approximation for our own universe. Some generalisations to the
FLRW metrics are the anisotropic and homogeneous Kantowski-Sachs models |23| of
metric

ds? = —N(7)%d7? + a(7)%dr? + b(1)?(d6? + sin? Ad?) . (2.4)

The presence of two scale factors a and b breaks isotropy. There are other more com-
plicated models like the Bianchi models. They are named after Bianchi’s classification
of 3 dimensional Lie algebras. Bianchi universes are homogenous cosmologies with a 3
dimensional group of isometries. Their line element can be written as:

ds® = —N(7)2d7? + hij(T)u' @ u? | (2.5)

where u’ are the invariant one-forms associated with the given isometry group. The
simplest Bianchi universe is Bianchi I, whose isometry group is R3. Its line element is

ds® = =N(7)%dr? + a(7)?da” + b(7)dy® + ¢(7)?dz?, (2.6)

where now we have 3 scale factors a, b and ¢. The most complicated (and interesting)
Bianchi model is Bianchi IX, that is associated with SO(3) symmetry. The one forms
u® can be written as:

u' = —sindf + sin @ cos Pdyp
u? = cosdf + sin @ sinpdyp, (2.7)
u? = cosOdy + dy

where, ¢, 0 and ¢ are Euler angles on the sphere.
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Most cosmological models share a common feature: a big bang and/or big crunch
singularity. In most cases, this singularity is signalled by a vanishing scale factor,
meaning that all matter in the universe is condensed in a single point in space. The
terminology big bangﬂ vs big crunch describe whether the singularity lies in the past
vs in the future of an observer. In fact, it has been demonstrated that under very
generic conditions cosmological models present an initial big bang singularity [24]. This
singularity is naked, i.e it has no event horizon to protect us from itself. The discovery
of the cosmic microwave background (CMB) points out that indeed, the universe seems
to have emerged from a very dense state and then expanded to what we observe today.
The latest data suggests a flat universe with several perfect fluids: matter (which most
of it is non-relativistic dark matter), radiation, and a cosmological constant A, ACDM,
that originated from a very condensed and warm state [25].

We may think that the presence of singularities in such extreme environments is no
coincidence. It is believed that quantum effects are supposed to play an important role,
and therefore one should try to include them in the theory of quantum gravity. The
19*" century light cloud has been replaced with the unavoidable presence of singularities
in GR, one of the frontiers of physics today.

However, to understand better why a quantum theory of gravity might be the answer
to the classical singularities, we need to introduce the solution of Lord Kelvin’s heat
cloud, i.e. the theory of quantum mechanics. Max Planck was the first to propose that
the electromagnetic energy was quantised in “quantas” each having an energy E of

E = hv, (2.8)

where v is the frequency of each and h is the now called Planck constant [6]. The
existence of a “light particle” (the photon) was theorised by Einstein and earned him a
Nobel prize for explaining the photoelectric effect |26]. Quantisation of the energy of a
system was a solution for most failures of the equipartition theorem, in particular the
ultraviolet catastrophe in the black body heat spectrum.

The theory of QM was developed by many talented people. Erwin Schrodinger intro-
duced the “wave formalism” of QM, and he is considered the father of wave mechanics.
His famous equation, the Schréodinger equation, may be written as

« 0

Hup(t) = ih () 29)
where 9(t) is a wave function that describes the system, # is a differential operator,
the Hamiltonian of the system, and £ is the reduced Planck constant h = % Werner

Heisenberg developed an approach based on matrix operators, that turned out to be
equivalent to the wave function formalism. The nature of the theory is probabilistic,
the wave function ) representing the probability measure of the system. Paul Dirac
found out the similarities between classical and quantum theories comparing Poisson
brackets and Dirac brackets |27] and formalised the notion of Hilbert space. The first
complete rigorous description of QM is attributed to John von Neumann [28].

!The word big bang was first coiled as a mocking term, because people believed that the universe
must have been static and therefore eternal. Expanding universes and the presence of a “beginning
of time” were (and are still) very unsettling.
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Needless to say, QM was not only a revolution in physics but also a philosophical
revolution. GR challenges the notion of time and space, but QM defies determinism and
the existence of our own reality. We recap briefly the postulates of QM. We assume the
reader is familiar with the braket notation. We will use this notation for the postulates
and throughout the thesis.

1. The state of an isolated quantum system is represented by a unitary state vector
|1), belonging to a Hilbert space ¢, the state space. If the system were to
be composite, the resulting Hilbert space would be the tensor product of the
individual state spaces.

2. Observables are self-adjoint operators acting on the Hilbert space . Measure-
ments of an observable O on a state v always result in an eigenvalue of O, let’s
say o. After a measurement, the state |1)) collapses into the subspace of eigen-
vectors of eigenvalue o. The collapse of the wave function is highly debated, but
unfortunately, we do not have time to focus on this issue of QM.

3. Evolution of a state vector is governed by the Schréodinger equation where H
is a self-adjoint operator. In other words, the evolution of a state can be described
by a unitary transformation:

(1)) = U (ko)) (2.10)

where |i)(to)) is the initial state at time to, and U = e~% is the time evolution
operator.

These postulates are of major importance, and we will come back to them. Despite its
philosophically challenging nature, the theory of QM was also an amazing success and
its applications lead to great breakthroughs in atomic physics.

However, to fully understand subatomic physics, or environments in which particles
are not only subject to quantum mechanics, but also have relativistic speeds, we need
another theory. The theory of quantum field theory (QFT) fills this gap. We can
describe QFT as a theory combining classical field theory with quantum mechanics and
special relativity. The major success of QFT is the theory of the standard model of
particle physics, that explains the electromagnetic, weak and strong interactions, see
[29] (and references therein). The standard model, like GR, has been thoroughly tested
and is a very successful theory. However, a few discrepancies signal that this theory
may also be incomplete. For example, the tension over the magnetic momentum of the
muon has been getting bigger recently [30], and evidence against lepton universality has
been discovered [31].

In addition to that, the biggest flaw in the standard model may be the incapacity to
include gravity. The standard model explains the electro-magnetic, the strong and the
weak forces with the exchange of bosons. When trying to apply the same technique and
include a new boson carrier of the gravitational force, the graviton, the theory becomes
perturbatively non-renormalisable. The presence of divergent integrals in QFT is a
common feature (see any QFT book, for example [32]). The different methods for
tackling these infinite quantities, usually referred as renormalisation and regularisation,
are very interesting and would lead to enough material for another PhD thesis. We
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will point only the implications for our work. The standard model is considered to be
a renormalisable theory: with the addition of a finite number of extra terms (called
counter terms), the infinite quantities can be made finite. The theory of the standard
model+graviton is perturbatively non-renormalisable: we would need an infinite amount
of counter terms to cancel the infinite integrals [33], [34]. The non-renormalisability of a
quantum field theory including gravity is a sign that QFT is also an incomplete theory,
that fails to describe environment in which both quantum interaction and gravitational
interactions are strong. The heat cloud observed by Lord Kelvin has transformed into
the incompleteness of the standard model and QFT.

In conclusion, both GR and QFT signal their incompleteness by the presence of
infinities in the form of singularities and non-renormalisability. There have been many
attempts to get rid of these infinite quantities, coming from the particle physics side
and the more geometrical side of the spectrum; however physicists seem to agree on
the following: both theories are incomplete and therefore need to be expanded. We
hope that this non exhaustive list of the feats and failures of GR, QM and QFT has
convinced the reader of this necessity. Of particular interest for us, are the attempts
of finding a theory of quantum gravity, i.e. a theory that is neither GR nor QFT and
is able to describe environments in which both gravitational and quantum effects are
important. We will explore the different proposals for such a theory of quantum gravity
in the next section.

2.1.2. What is really quantum gravity?

The concept of quantum gravity is very slippery. There have been many attempts
to reconcile GR and QM in very diverse environments and coming from different ap-
proaches. For example, people have tried to incorporate an invariant length scale into
SR. This length scale would be important for stages of large energy. This approach
is called doubly special relativity (DSR) [35], [36]. DSR would be a limiting case of
a theory of quantum gravity, when gravity effects are less important in comparison to
velocities and energy.

There have also been efforts to expand the theory of general relativity using “new
physics”, most notably to introduce QF T, or effective field theory, in the analysis of black
holes. One of the first attempts to do this was done by Hawking, who derived the black
hole temperature [37]; black holes could now vanish due to quantum effects. This lead
to black hole information paradox: what happens with the information that has been
“swallowed” into a black hole? [38]. A series of non-singular bodies, called black hole
mimickers, have been proposed, mainly coming from effective approaches to quantum
gravity, see for example [39] (and references therein). None of these techniques are
conclusive yet, but there is great effort in trying to understand black hole singularities.

Yet another approach linked to effective field theories is the idea of applying asymp-
totic safety to gravity [40]. Asymptotic safety is a theoretical paradigm that can be
applied to any quantum field theory by extending it in the high energies regime. A
quantum field theory including gravity could be made renormalisable via asymptotic
safety by the presence of a nice enough ultraviolet fixed point. In this framework one
works with the coupling constants of the theory and analyse their variations at high
energies. For some examples to see how this can be applied to gravity see [34] (also for
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some criticism) and [41], for example.

All the previously mentioned techniques are very useful tools that have their range
of application, but they cannot be called a theory of quantum gravity, with perhaps
the exception of asymptotic safety. Indeed, asymptotic safety is often considered a
quantum theory of its own right, as it is a renormalisable quantum field theory that
can potentially include gravity. Nonetheless, we think that a theory of quantum gravity
should come with the existence of drastically different physics and interactions to get
rid of the black holes and big bang singularities. There are people that have attempted
to find a new theoretical framework that would allow for a theory of quantum gravity.
There are two main starting points that one can use to try to find a theory of quantum
gravity. One is to start form QFT and particle physics, we will call this the particle
physics perspective. The other one is to start with GR and modify it, we will call it the
geometrical perspective. The two principal candidates coming from these perspectives
are string theory [42| from particle physics perspective, and loop quantum gravity (LQG)
[43], from the geometrical perspective.

String theory assumes that particles can be obtained by different vibrational modes
on a one dimensional object, called string. We will not discuss this approach to quantum
gravity in much detail, but we wanted to mention it to have a more complete picture.
In popular science, string theory and LQG often appear to be opposed theories fighting
for the same spot, but they have slightly different goals. String theory is an attempt of
expanding the standard model to include gravitational interactions, and hence can be
considered a “theory of everything”, in the sense that all forces would be explained by
the same formalism. LQG, and any other theory coming from the geometrical perspec-
tive, does not look at the other forces or interactions, rather focuses on how classical
spacetime can be made a quantum object. The starting point is so different, that it is
almost impossible to give a meaningful comparison between the two approaches.

Besides the particle physicist approach to quantum gravity, the first geometrical ap-
proach, namely the Wheeler-DeWitt quantisation |44], [45], was developed in the sixties.
This is the quantisation scheme we will use in a cosmological toy model, and therefore
we present here the principal characteristics of this approach. We follow [46] for the
derivation of the equations. The first thing we have to do is to define GR in the so-called
canonical formulation: we split spacetime in one time direction 7 and 3 space directions
zF, that are related with an euclidean metric hij, the metric induced on the spatial
hypersurface ¥ defined by z*. This is possible in general if M is globally hyperbolic.
The line element in this decomposition is

ds? = gypdatda” = (—N? + N'N;)dr? + 2N;d7da’ + hyyda'da? (2.11)

where N(7,2%) and N?(r,z*) are the lapse function and shift vector. In general, one

can think of N as the difference between the coordinate time 7 and the proper time

on curves normal to X. The shift vector measures how the normal changes from one

hypersurface to another. The coordinates are said to be commoving if N* = 0. Note

that we use h;; to lower and raise space indices: NiN; = hijNiNj and N; = hiij.
The Einstein-Hilbert action with a cosmological constant is

S = % </M d*z/—g(R —2A) — 2 /@M d%x/ﬁK) : (2.12)
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In the canonical decomposition, the gravitational action (leaving the boundary term
out) can be written with a Lagrangian density

S = /dm = 2i /de%N\/ﬁ{Kinij — K*+°R—2A} (2.13)
K

where Kj; is the extrinsic curvature, K = K}, and 3R is the Ricci scalar of the 3
dimensional induced metric. Thus, one can define a Hamiltonian form for the action

S = / drd3z {WON + 7' N; — NC — Nici} : (2.14)

where the canonical momenta are defined as

o 6L, oL

ON ON;
The constraints C and C* are
g h
C = 2ngijklﬂ'”7rkl — \[(3]% —2A),
K
C' = —2m, (2.16)

where the subindex ; j denotes the covariant derivative with respect to the 3-metric, the
momentum 7% is the conjugated momentum to the 3-metric

i = 08 Vi gy (2.17)

and the tensor G;;; is known as the Wheeler-DeWitt metric and has expression
Gijkl = %h_lﬁ(hikh]’l + hithji — hijhg) - (2.18)
Variation with respect to N and N? yields to the constraints
C=0, C'=0, (2.19)

These constraints, respectively called the Hamiltonian and the diffeomorphism con-
straints, are a consequence of the diffeomorphism invariance of GR, that can be viewed
as a constrained system [47].

Let us now analyse the configuration space of GR. We are interested in the space of
three metrics on the spatial hypersurface, but modulo diffeomorphism invariance, in or-
der not to count several times the same configuration. This space is infinite dimensional
and can be loosely written as:

{hij()|e € T} /Diffg(2) (2.20)

where Diffy(X) are the diffeomorphisms connected to the identity. The infinite dimen-
sions come from the fact that the space accounts for the metrics over all points z € X.
This space is denoted as superspace. The Wheeler-DeWitt metric is a metric on the
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superspace. If we label A, B € {hi1, hoa, hss, h12, h13, hos}, i.e., as running over the
independent components of h;; and write the Wheeler-DeWitt metric as

GaB = G(ij)(k) - (2.21)

It can be seen that this metric has signature (—, +, +, +, +, +) regardless of the signa-
ture of the spacetime metric g, .

To quantise this system, there are two main approaches, the canonical quantisation
and the path integral quantisation. Canonical quantisation consists in changing|(2.19)to
operators applied on a Hilbert space, in everyday language “to put hats”. This implies
replacing the momenta 7%, 7% and 7% by derivatives to find

CU =0, C'w=0, (2.22)

where ¥ is the wave function of the universe. The quantum constraint C! is easier
to deal with and encodes the covariance of ¥ under a coordinate change of h;; [48].
The quantisation of the Hamiltonian constraint leads to the famous Wheeler—De Witt
equation. This equation was first written as:

d? Vh

50y — | o082, Vg, _
Csz_( 2h ”g”’“liahijahkl 5 (R 2A)>\If 0. (2.23)

This comes from the replacement 7% — iha%ij in the first equality of |(2.16) Note

that this is not a single equation, but rather one equation for every point x in 3. The
operator C is an operator acting on the superspace. This quantisation leads to the
ordering problem. Indeed, while classically everything commutes, it is not clear which
differential operator we should use as a replacement for 7%/. The resulting quantum
theory depends on this choice. Our answer to this question is to use the following
ordering;:

g 0 0
gz’jklﬂuﬁkl N —m% (%u\/@ahkl) . (2.24)
Here +/—G is the determinant of the metric Gijki- The right-hand side corresponds to the
Laplace—Beltrami operator of the superspace metric. This choice makes the Wheeler—
DeWitt equation covariant under a coordinate change of the superspace metric [49].
We call this ordering the Hawking and Page ordering. The study of the solutions to
the Wheeler-DeWitt equation allows us to extract information about the possible wave
functions of a given universe. In this work, we analyse a cosmological model using
this approach to quantum gravity. Our model has a matter component, but matter
can be straightforwardly added to the action and quantised in a similar fashion,
expanding G;jx to include also the matter variables. See [46] for an example of such
construction with a massless scalar field. Although this quantisation scheme works
with symmetry-reduced models, The Wheeler-DeWitt quantisation is not well-defined
in the general case and its formulation remains formal today. This is why alternatives
formulations have been proposed.

An obvious one is the path integral quantisation. This quantisation method started
to be explored in the seventies [10b]. The idea behind it consists in expanding Feyn-
man QFT path integral representation to gravity. The path integral represents the
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probability amplitude to go from a universe with initial configuration in to the final
configuration f via a functional integral of the form:

<g;w,fa st‘g;ux,in’ ¢zn> = /Dgwlpd)i ... €XP [is(guw b, @Z;ia s ) . (225)

Here ¢ represents the matter components of the universe in a very generic way and D
is called functional differential. Here we integrate over all the possible paths of g, and
¢;. We will devote an entire chapter to the analysis of this quantisation
method. The path integral can potentially be a very powerful calculation tool (as
the Feynman diagrams and Feynman rules testify), but it is a slippery object that is not
entirely well defined mathematically. In this 3+1 canonical decomposition of gravity,
the path integral quantisation may be written as an amplitude between initial and final
hypersurface configurations 3;, and ¥

<hij,fa ¢fa Ef|hij,ina ¢ina Ein> = /Dguup¢i ... €Xp iS(gm/a ¢i7 Qb.ia v ) . (2'26)

The measure Dg,,, D¢; is ill-defined, and there are other issues (like the oscillations of
the action §) that difficult the obtention of a workable theory of quantum gravity from
this quantisation scheme. However, this method can once again be applied to simplified
models.

Last but not least, we ought to mention LQG. This geometrical approach is closely
linked to the Wheeler-DeWitt approach we have briefly outlined. Indeed, the starting
point is the Einstein—Hilbert action and the constraint equations As explained in
[43], work we follow for this introduction, the form of the constraints are non polynomial
in the metric h;; and its associated momentum 7. This makes them very complicated
to handle mathematically, especially the Hamiltonian constraint. In order to simplify
the constraints, GR is treated as a gauge theory by introducing new variables in terms
of an SU(2) connection A and an su(2) potential E¢ [50]. Here the uppercase letters
I,J etc refer to the internal SU(2) indices, whereas the lowercase letters refer to the
original spatial hypersurface indices. In these variables, the Hamiltonian density of GR
can be written as function of the connection and the potential

H(AE) = / dz®(NS + NV; + N1Gy), (2.27)
>

where

I ij

. , 1 o

G =D;E;, Vi=EJF., S= §e”KE}Ef,F-K (2.28)
again where €// - are the structure constants related with the SU(2) metric and Fé =
ZO[ZAJI.] + eIJKA;-]AJK is called the field strength. The notation D refers to the total (or

covariant) derivative. N and N? are the shift function and the lapse vector and N7 is
the generator of gauge rotations. To obtain the equations of motion one now need to
impose three constraints:

Gr=0, Vi=0, S=0, (2.29)

These constraints are often referred as the Gauss, vector and scalar constraints (which
explains the notation). The first one is new, and comes from the addition of the new



2. Introduction 23

variables, but the other two are the equivalent Hamiltonian and diffeomorphism con-
straints. This theory is equivalent to GR, but now the constraints are written in a
much simpler compact form. Now one can follow the canonical or path integral quan-
tisation on this theory, resulting in the quantum theory of LQG. However, instead of
directly quantising AiI and E}, one smears them respectively around curves (or loops)
¢ parametrised by ¢! and surfaces S with test fields f7, resulting in the holonomies and
fluxes

he(A) :Pexp[ / déiA{tl}, Epg= / d%S;f1E: . (2.30)
¢ S

One then proceeds to the introduction of abstract mathematical operators ilg(A) and
E t,5 as a base for the canonical quantisation. One can view the resulting theory as a
graph of links ¢ and vertices with intertwinners i,. The details on this construction are
rather technical, so we leave them out, but we can say that LQG gives a very unique
vision of quantum spacetime. Several models like the Barrett—Crane model [51] and
the EPRL (Engel-Livine-Pereira-Rovelli) model [52| have been proposed from a path
integral representation of LQG. They are often referred as spinfoam models

There is no experimental proof that none of the main theories of quantum gravity
presented here, namely string theory, Wheeler-DeWitt quantisation, and LQG are the
definitive theory of quantum gravity. The problem of recovering GR as a “classical
limit” of these theories is still ongoing (the notion of classical limit in itself seems to
be a conceptually hard problem). Nonetheless, all theories have promising features and
applications. In the next section we discuss one of the many technical problems of the
Wheeler-DeWitt (and LQG) quantisation and its application to cosmology.

2.2. The problem of time in quantum gravity

Let us come back for a moment to the Wheeler—-DeWitt equation . This is in
principle a nice second order partial differential equation. But on a closer look, a very
non-trivial question arises: How do we account for evolution in this equation? If we
come even further back, and we want to compare it with the Schrodinger equation
there is a striking difference: whereas the left-hand side is conceptually the same,
the right-hand side is zh%¢ in the Schrodinger equation and 0 in the Wheeler-DeWitt
equation. In short, quantum mechanics relies on the existence of an external continuous
parameter ¢t to account for time evolution, whereas such external variable does not exist
in the Wheeler-DeWitt quantisation of GR. The reason behind this is that in GR time
is a part of the spacetime manifold, and cannot be an external parameter. An equation
like the Wheeler-DeWitt equationimplies that W is frozen, it cannot evolve. This
issue is known as the problem of time and it is a central question in quantum gravity
[53]-[55].

In our case, with our Wheeler-DeWitt equation, there are several strategies one can
attempt to give meaning to the evolution of the universe. They fall in three main
categories [53|:

1. Tempus ante quantum: We choose an internal degree of freedom to serve as clock
before quantisation. This usually involves solving the constraints classically and
quantise the remaining “true” degrees of freedom. One example of this procedure
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is the reduced phase space quantisation [56]. This approach involves breaking the
general covariance of GR at the classical level. Then, a question arise: which in-
ternal variable should we use? This is known as the multiple choice problem. The
resulting theories stemming from this choice are generally inequivalent. Another
early example of this procedure applied to a cosmological model can be found in
[57].

2. Tempus post quantum: We first obtain the Wheeler-DeWitt equation (or an equiv-
alent wave equation depending on the quantisation scheme) and choose one of the
internal degrees of freedom to serve as a clock. We then build a Hilbert space with
respect to the remaining variables. This approach is the one we will follow for our
thesis. Although the idea is similar to the reduced phase space quantisation, as
it involves choosing an internal parameter to be the clock, the execution is very
different. The multiple choice problem also applies here and this is what we will
try to analyse. An effective approach to the problem of time can be found in [58].
In this setting, there is a conjecture established by Gotay and Demaret in [59].
They postulate that the principal features of the quantum theories, such as singu-
larity resolution are inherited by the classical properties of the chosen clock. If the
clock is classically slow, i.e. reaches the singularity in a finite time, the resulting
quantum theory will need a reflecting boundary condition to ensure unitarity and
this will lead to singularity resolution. On the contrary, if the clock is fast, this
boundary will not be needed. We will verify and expand their conjecture.

3. Tempus nihil est: We first build a too large kinematical Hilbert space using all
the internal variables of the Wheeler—-DeWitt equation, and this equation is then
used to find the true physical Hilbert space, where the wave function evolves.
This approach is known as Dirac quantisation. As observables are frozen in time,
dynamics must be expressed in a relational way. This implies taking observables
corresponding to the value of quantity A when quantity B takes a given value |60]—
[62]. We will also briefly analyse Dirac quantisation of our cosmological model.
Dirac quantisation, despite a priori looking better than the two other approaches
as no choice of clock needs to be made, is not as straightforward as it seems. The
way of obtaining a physical Hilbert space is complicated and requires an algebraic
procedure, like group averaging. Group averaging has to be implemented in a
case by case basis, see [63| for examples of this. Of particular interest is the work
of Hohn and collaborators [64], that presents a scheme for which one can change
relational clocks in the Dirac quantisation scheme.

Note that LQG also has a Hamiltonian (also named scalar) operator coming from
hence also presents the same issues, at least in the canonical quantisation scheme.

The problem of time rises many questions: should we choose an internal variable to
serve as clock? Then which one? Should we choose it before or after quantising” What
are the consequences of this choice? Are there alternative answers? It has been argued
that the path integral quantisation scheme avoids the problem of time [54], and we will
briefly mention this approach as well.

However, studying these questions within a given theory of quantum gravity can be
very complicated mathematically. Our approach to the problem of time consists in
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analysing the problem in a much simpler setting, namely studying a cosmological toy
model. On one side, We believe that the results found in these very simple toy models
can be very useful to find insights applicable for the full theory of quantum gravity. On
the other side, the study of these models can provide direct answers to the presence
(or absence) of singularities, which might be the main reason to consider a theory of
quantum gravity. In fact, the study of quantum cosmology is a very active sub-area of
the work of quantum gravity, along with black hole analysis. We present the basis of
quantum cosmology and our model in the following.

2.3. Introduction to quantum cosmology and our model

Quantum cosmology is the result of the application of the different quantum theories to
cosmological models. In the Wheeler-DeWitt quantisation the construction is straight-
forward: instead of working with the infinite dimensional superspace defined in |(2.20)]
we truncate most of the degrees of freedom to obtain a particular minisuperspace (or
midisuperspace if there are more degrees of freedom than usual). An usual truncation
is to assume a homogeneous metric, for example FLRW, (a calculation we will show
explicitly in the next section). There is some debate on whether this approach is valid
or it is a too brutal approximation [65]-|67]. Indeed, by reducing the infinite degrees
of freedom to a finite number with the imposition of homogeneity, one may lose crutial
aspects of the quantum theory. Such reduction may not be justified, especially tak-
ing into account that inhomegeneities could diverge at the singularity. In addition to
that, comparison of minisuperspace models embedded in slightly bigger midisuperspace
model suggests that minisuperspace behaviour cannot always be related to one of the
midisuperspace. In any case, these minisuperspace models should be considered useful
toy models, able to provide a testing ground for quantum gravity.

Minisuperspaces are based on the Wheeler-DeWitt approach to quantum gravity,
but there are other approaches to quantum gravity coming from other theories, see |68|
for a review. Notably, applying the prescripts of LQG to cosmological models leads
to the well known theory of loop quantum cosmology (LQC) [69]. LQC leads to very
interesting results regarding singularity resolution and other dynamics of the universe.
Another approach to quantum cosmology related to LQG is group field theory (GFT).
In general, GFT are field theories over a group manifold but there are in one-to-one
correspondence with spinfoam models |70] and therefore this formalism can be applied
to gravity and cosmology [71], |72].

In this work we study the problem of time and the multiple choice problem in a
minisuperspace model. The chosen model is a flat FLRW universe with two matter
components, namely a free massless scalar field and a perfect fluid. Different types of
perfect fluid will be discussed throughout the thesis. Why did we choose this model?
Other similar models have been analysed in the literature [57] but they usually contain
only one matter degree of freedom. This degree of freedom is often used as clock. As
our goal is to compare different clocks, having different matter components comes in
handy. We also think it is important that the model tries to be as realistic as possible.
Of course assuming isotropy and homogeneity simplifies the calculations by a lot, but
having a field gives the opportunity for more complex dynamics. We will quantise the
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model using three clocks, a clock ¢t coming from the perfect fluid, the scalar field clock
v, and a geometrical clock v where v is a positive power of the scale factor.

This model has been previously studied from different perspectives with the different
clocks. In their work |73], Gryb and Thebault worked with a universe that contained a
cosmological constant and used the ¢ clock. On the other hand Gielen and Turok [74]
studied a universe filled with radiation and used a clock equivalent to our v clock. A
very similar model with a fixed cosmological constant has been analysed in the Wheeler—
DeWitt and LQC quantisation using the ¢ clock |75]. The same model with a fixed
positive cosmological constant has been analysed semiclassically [76]. In this thesis we
will reproduce and expand their results, and give a meaningful comparison between the
three clocks.
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3. THE CLASSICAL MODEL

3.1. One model, many perfect fluids choices

3.1.1. Standard GR

We wish to study the problem of time through a toy model. As introduced previously,
the chosen universe is a homogenous and isotropic flat FLRW universe. The matter
contents of this universe are a massless and free scalar field ¢ and a perfect fluid charac-
terised by its equation of state p = wp where p is the pressure and p the energy density.
Some particularly interesting cases are radiation (w = %), dust (w = 0) and dark energy
(w = —1). We leave the specific choice of the perfect fluid for later.

We start by writing the action for our model. The dynamics of GR coupled to a free
massless scalar and a perfect fluid are defined by an action

S= /d4:c {\/TQ [2]1 — %g“baaqb@bqb —p <\|/%>} + J(0,9 + ﬂAaaaA)} . (3.1)
The perfect fluid action used here is Eq. (6.10) of 77|, which describes an isentropic fluid.
An isentropic perfect fluid is a fluid with constant entropy per particle. The dynamical
variables are the spacetime metric gqp, scalar field ¢, densitised particle number flux J¢
and Lagrange multipliers ¥, 84 and a. For isentropic fluids, p, the energy density of
the fluid, is a function of only |J| = \/—guJ*J? and /=g, but does not depend on
the entropy per particle. We have also defined x = 87G where G is Newton’s constant.
The Lagrange multipliers o represent a coordinate system for the flow lines of the
fluid. Given a spacetime hypersurface and a coordinate system o, with A = 1,2, 3,
a flow line can be labelled by the coordinate value of its intersection point with the
hypersurface.

In order to avoid divergent integrals we define spacetime as a manifold with topology
R x ¥ where ¥ is a bounded three-dimensional manifold. All the matter fields and the
geometry are homogeneous and locally isotropic on each copy of ¥. The metric is

ds? = —N(T)2d7'2 + a(T)Zhijdl'idxj . (3.2)

Here h;; is a flat metric, a(7) is the scale factor and N(7) is the lapse function. The
lapse function parametrises the freedom of choosing different time coordinates. This
coordinate system represents the canonical decomposition of our model. Due to the
FLRW symmetry, the shift vector N = 0 everywhere. The choice N = 1 means we
are working in cosmological time, but if, for example, N(7) = a(7) we are in conformal
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time. Due to homogeneity and isotropy, the field ¢ and the particle number density of

the perfect fluid are only a function of 7. Moreover the flux is of the form J* = a3nd?

where n is the particle number density. This means that the flux is proportional to the

commoving number of particles. All Lagrange multipliers are also only functions of 7.
The reduced minisuperspace action, after an integration by parts, is then

S—V/dT 73a2a+a73¢',2fNa3 (n)+a3n(19+5 dA) (3.3)
LT NR TN g e |

Vo= Js d3z+v/h is the coordinate volume of . In order for Vj to be finite, it is important
that X is bounded. For simplicity, we will suppose that 3 has no boundary (in particular
Y could be a three torus). However, the manifold M = ¥ x R has a boundary. It is
therefore necessary to include the Gibbons—Hawking—York term in In this simple
case it is sufficient to add the following term to the action:

3 [d(f)aQ(T)]T:OO

Seuy = — - N (3.4)

T=—00

Then why are there no boundary terms in the action |(3.3)? To obtain the final expres-

sion we have integrated the term coming from the Ricci scalar R, — 3]%2;, by parts.
The Gibbons-Hawking—York term and the boundary term coming from the integration
by parts cancel, leading to a well-defined variational principle.

The last term in involving 84 and a? may now be dropped: variation with
respect to ¥ imposes particle number conservation C%(ag‘n) = 0 and there is no further
constraints from these other Lagrange multipliers. The other constraints, requiring the
fluid flow to be directed along flow lines labelled by the a?, are trivial in a highly
symmetric FLRW universe.

Now, it is time to specify a bit more our perfect fluid. For a perfect fluid with equation

of state p = wp where w # —1 we have p = pon't™ where pg is a fixed constant. We

can then replace n by m such that na® = (%) T and write the action as a function

of m: ) 5
3a*a  a’ . m
S=V [ dr |- —¢? — N—— (| - 3.5
O/RT[ N T on? 3w T mX (3.5)
Here we have changed L Itipli = mTwd
ged Lagrange multiplier from ¢ to x so that x = ®—/* in an
I+w
Po
attempt to simplify the notation. Recall that d(gijn) = (0 implies %1—7: = 0, making m a

constant energy density (or mass) of the perfect fluid. A free field with no potential is
a perfect fluid with w = 1, which is in principle supported by this formalism. However,
we already have a free field in our theory. Having multiple identical quantum clocks and
being able to change between them is another very interesting problem that we leave
for future work. In addition to that, We will see later that this case is fundamentally
different. Finally, note that the quantities m and y appear as conjugated variables in
the action

What happens if the perfect fluid is dark energy? In that case we cannot do the
transformation that leads to as it is ill-defined. However using unimodular gravity
we can describe a similar action for this type of perfect fluid.
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3.1.2. Unimodular Gravity

The theory of unimodular gravity gained popularity with the different problems related
to the cosmological constant. Today we know that in order to obtain the right dynamics
of the universe the cosmological constant has to have a very small positive value. How-
ever, when we try to explain this value as vacuum energy coming from QFT there is a
massive disagreement between the predicted value and the observed one. Unimodular
gravity has been proposed as a solution of this problem |78]|, [79]. Moreover, unimodular
gravity has also been studied in the context of the problem of time [80], [81].

It was first noted by Einstein that a unimodular choice of coordinates, i.e., /—g =1
was a good way to partially fix a coordinate system [8]. Soon after, the first version of
unimodular gravity was introduced by fixing the determinant of the metric \/—g = 1
before deriving the Einstein’s equation [82]. This theory is invariant under a smaller
group than the full diffeomorphism group of GR, as \/—¢ has to remain unchanged
under a coordinate transformation. A consequence of this reduction is that only the
trace-free part of the Einstein equation is imposed as equation of motion. In the Hamil-
tonian formulation, a cosmological constant A appears as a constant of integration
corresponding to the value of the Hamiltonian on a given solution. We then recover the
Einstein—Hilbert action of GR with a cosmological constant “for free”.

However, in order to compare with we are interested in parametrised unimod-
ular gravity. A parametrised version of unimodular gravity is obtained by introducing
additional fields to restore full diffeomorphism invariance. This leads to the following

action:
Spum = /d:L’4 {Q;Q[R —2A) + A&MT“} , (3.6)

where A and T* are dynamical fields [83]. One can obtain this action by promoting a
special set of coordinates satisfying v/—¢g = « to dynamical fields X“(z), where = are
now arbitrary coordinate labels [81], thus restoring the full diffeomorphism invariance
of the theory. The fields T# depend on the X%’s. Variations with respect to A in
fix \/—g = K0, T* and variations with respect to 7" imply A is a constant.

In our specific case we work with an FLRW universe with a massless scalar field, so
the action is formed of the unimodular part and the field part. Given the FLRW
symmetries of the theory, the term AJ,T* reduces to AT giving the final form of the
action

P / [ 3Woa . 2 Voa3d-)2 ~ Voa®NA
2N K
Note that we have followed the same procedure that we used to obtain we add
the Gibbons-Hawking—York term and perform an integration by parts.
We see that the actions |(3.5)| and |(3.7) are very similar. They both contain a a
dependent term, a <]52 dependent term and a linear term either on y or T. A and m
play the same role. In fact, if we write the action as a function of A = E and T = VOT

we find the exact same expression as|(3.5)k

+AT| . (3.7)

2

3aa @ ., A < 4
- - 42N AT .
s V()/RdT[ b N AT (3.9)
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where w = —1. We have then derived an action expression valid also for dark energy.
Recall that A and T' (and A and T') are a pair of conjugated momenta just as m and x
were in |(3.5)] We thus will consider that [(3.5)|is valid also in the dark energy case.

3.2. The Hamiltonian formulation

In order to quantise our model, we want to bring the action |(3.5)[ to the Hamiltonian
form. Later on, when quantising, we will identify the classical momenta with derivatives.
The canonical momenta are

3

6a . a

Recall that m is the conjugated momentum to , satisfying the Poisson bracket relation
{x,m} = 1. The Hamiltonian of the model is

1 k2 1 ng m
H=N|—-———"24+_- Vo—1| , 3.10
12V0a+2V0a3+ Oa3w] (3.10)
and the action can be written as
S:/dT [waa+W¢¢+mx—H] : (3.11)

The lapse function N is multiplying the whole expression of H, making it a totally
constraint Hamiltonian. The lapse function is a Lagrange multiplier of the theory, so
from we can deduce that taking the variation of the action will lead the usual
Hamilton’s equations and to the constraint:

1 rr2 1 773, m
- — - Vi
12Vea T 2Voa3 V0

This constraint is the Hamiltonian constraint of the system. Recall that, when express-
ing GR in a Hamiltonian way, we usually also find the diffecomorphism constraint [84],
but it is trivial in FLRW symmetry.

In order to simplify notation, we set k = 1, and we perform the following change of

variables in |(3.5)]
3(1—w)

‘/ba 2 1 3w—1
R A o=\ 121,70 T (3.13)
3 8 T¢
_ /30 — /8 , 3.14
7 \/;( w)$, e \/;l—w (3:14)

The Hamiltonian takes the form

H=N : (3.15)
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where we have also defined the lapse as N = Na 3% = N (%) U and A = Vom.

The Hamiltonian constraint looks very simple after this change:

C——7r2+@+)\—0 (3.16)
- v 2 - .

In this form w no longer appears explicitly. Note that this change is only valid if
w # 1. Our description does not cover the case in which the perfect fluid is a free field,
but as said previously, that is an entirely different problem as our model already has a
free field ¢. In the dark energy interpretation and working in the convention where the
metric is dimensionless and the line element has units of length, the Hamiltonian has
dimensions of length and v has dimension of volume, whereas N is dimensionless.

The expression has many interesting features. On the one hand, it has two
quadratic momenta, but also a linear term, A. This linear term is a distinguishing
feature of our model in comparison to earlier models [57]. On the other hand, the two
quadratic momenta can be written using the Rindler wedge metric

g*P = <_01 ?) : (3.17)

v2

so that )
H=N [g"Brarp+ )] . (3.18)

If we consider the coordinate ¢ to be timelike and v to be spacelike, the metric g4p can
be used to describe a particle moving with constant acceleration. This spacetime, which
is a section of Minkowski space, is referred as Rindler wedge. In this analogy A > 0
would correspond to a “tachyon”, or a particle with negative mass squared, whereas
A < 0 would be a massive particle. On the contrary, if ¢ is spacelike and v is timelike,
this metric is used to describe a different section of Minkowski spacetime, often referred
as Milne wedge. The Milne wedge is used to represent the Milne universe, a hypothetical
flat universe with 0 energy density [85].

For simplicity, from now on we choose to interpret the perfect fluid as dark energy.
In this interpretation the coordinates and momenta are:

Vo 3 1 7,
= /= =) —2 3.19
VEEAV Y T o1, 62 (3.19)

Hence the v coordinate is proportional to a “scale volume” of the universe, justifying
its notation. Its conjugated momentum 7, is proportional to the Hubble constant and
A would play the réle of cosmological constant. There is nothing privileged about this
energy interpretation, but it is simpler to stick to a specific one in order to minimise
confusion. Almost all the following results are independent of the energy interpretation
and the ones that are not will be pointed out. As long as w < 1, v will always be a
positive power of the scale factor.

In this theory, the lapse function can be chosen arbitrarily, but a particularly at-
tractive choice is N = 1. In this case the Hamiltonian is of the form H = —Hg + A
with Hy = —gAB mamp. The Hamiltonian constraint becomes Hy = A, thus A plays the
role of the energy of the system defined by v and ¢ and their conjugate momenta. Let
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t = %0 be the conjugated momentum to A; in this gauge, % = 1 which implies that
we can use t to express the evolution of ¢ and v. Note that whereas 7 is just a label
for a coordinate in the metric, ¢ is a dynamical variable of the system. For dark energy
w = —1 and this corresponds to N = a3, but all perfect fluid choices similarly have a
preferred time coordinate in which the dynamics take the simplest form. The N = a3
gauge is often called unimodular gauge. In this gauge we have that the determinant of
the metric is one. The N = 1 gauge has been extensively used for the w = 0 (dust)
case [86], [87].

3.3. Classical solutions

Hamilton’s equations can be solved straightforwardly. In this model we are interested
in expressing evolution using different clocks. In principle, all monotonic variables are
good choices of clock, which makes t, ¢ and v all viable candidates, with the subtlety
that v experiences a turnaround for A < 0 and hence is not a good clock everywhere.
The loss of monotonicity can easily be avoided, by considering separately the evolution
in the v growing and decreasing branches. The canonical momentum m, would also
be a good clock everywhere, as it is monotonic. A similar clock has been studied in a
simpler model [57]. In this section, we present the equations of motion of the dynamical
variables with respect to the classical clocks ¢, ¢ and v.

A and 7, are constants of motion, which means that they are constant along a given
solution. We saw above that in the case where one thinks of a perfect fluid with
w = —1, A is essentially the cosmological constant and thus could take either sign. For
other types of perfect fluid one might assume that particle number density and energy
density must be positive and only consider A > 0. The classical solutions we present
are always well-defined for any interpretation of the perfect fluid matter. Recall that
the main difference between a cosmological constant coming from unimodular gravity,
rather than from GR, is that here solutions with different values for A\ are allowed, and
A has its own conjugated coordinate. This makes A a dynamical variable, rather than
the usual constant of nature.

We first present the solutions with respect to t. Remember that in the gauge we are
working % =1, hence t can be used as evolution parameter. For A # 0 and 7, # 0 we
have

7T¢ — 2)\(7f — to)
Ty + 2)\(t — to)

v(t) = \/—7;% + 4Nt —t0)?, »(t) = 1log + o . (3.20)

e

to and ¢( are integration constants. We see that v = 0 when [t — ty| = Tf\". For A\=0
the solutions are slightly different:

1 t
v(t) = 24/ |||t = to], @(t) = 5 sgn(m,(t — to)) log ‘to — 1’ + o . (3.21)

The scalar field diverges logarithmically when v = 0 for all values of A\. The plots of

v(t) and (t) are presented in figure |fig. 3.1}

It is easy to see from [fig. 3.1] that v reaches 0 at a finite value of ¢ and therefore there
is a range of the parameter ¢ for which v stops being well defined. However, this is not
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enough to prove that this universe presents a big bang and big crunch singularity. A
quick way to acknowledge the big bang/big crunch singularity is to focus on commoving
observers, i.e., dr = dy = dz = 0. Since curvature invariants diverge as v — 0, if v =0
can be reached in finite proper time 7, it would be clear that there is a singularity at that

point. We are working in the gauge for which N = %, / ‘%UN =1, hence N = 2 %v_l.

Let us consider A > 0, the expanding branch of the universe (¢ > 0), and tg,y = %.

Using the fact that in this case d7 = Ndt, the proper time for commoving observer
between T > Tging and Tgipg is

T1 t1
[a o afO
7 3 Jtuing V(1)

sing sing

Vo 2\t 4N%2
= —1 -1 . 3.22
) og<|mp| + ) < 0o (3.22)

Note that we have set tg = 0 for simplicity. This calculation can be adapted to the
A < 0 case. For the A = 0 case it is even easier:

T1 t1
/ d%:m/vo/ A, (Wt (3.23)
3 Ji. () 3|7y

fcing sing

In conclusion, a commoving observer reaches v = 0 in finite proper time, which implies
the existence of a big bang singularity (in the past of the commoving observers) and a
big crunch singularity (in the future of commoving observers).

As classically GR is covariant, we can express the dynamic quantities as functions
of ¢, which is a globally well-defined clock as long as m, # 0. We will assume this
throughout the thesis. Once again we have to distinguish between the different signs of
A. For A > 0:

7o Ty
v = , t(¢) = —=Fcoth(yp — +to, 3.24
() VA Rmh(o — po)] (p) = =5 coth(v — o) +to (3.24)
and for A < O:
|| Ty
- . t(p) = ——2 tanh(p — @) + to - 3.25
v(p) VX cosh(o — 9o)] () = —55 tanh(p — o) +to (3.25)

The case A = 0 is rather different. In this case ¢ takes all values from —oo to 0o in a
single branch (either the expanding or the contracting one). Hence we have to restrict
ourselves to parametrise half of the full solution The reason behind this is that
instead of reaching a constant value g at large volume, the field grows logarithmically
when A = 0. The equation of motion for v is

dv
dr
Given the fact that N > 0, the sign of 7, is what determines whether the universe is

expanding or contracting. In particular, if A > 0, the sign of m, does not change during
the evolution. The two possible solutions for A = 0 are

{v,H} = —2N,. (3.26)

v(p) =2 |t0%|e* Sgn(mw)(s@feoo)’ t(p) = to — [to] Sgn(ﬂv)eﬂsgn(mw)(wfsoo) . (3.27)
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These classical curves are represented in [fig. 3.2

We also want to study the clock v. As we can see from v is not a good clock
everywhere. In fact, for A > 0, v is a good clock in each branch separately. If A < 0,
the universe has a turnaround, hence v is not a valid clock around that point. The
expressions are different depending on the sign of A. For A # 0 we have

1 |2 w2 s 72
t(v) = to — sgn(m) 5 5+ )\75;’ ©(v) = o + log ‘:‘v + |)\|f)2 +sgn ). (3.28)

Depending on the sign of 7, ¢(v) is either and increasing or decreasing. Note that
kel
VIl
the maximum volume reached in the evolution. When v reaches this value is no
longer well-defined and in any interval around that point v fails to be a good clock (good
in the sense of monotonic). Note that in the turnaround 3—;"_ = 0 and hence 7, = 0.
Once again the case A = 0 is slightly different:

which is

for A < 0, the terms inside the square roots are only well-defined if v <

v U2

. 3.29
ERE

o(v) = o — sgn(mymy) log( >, t(v) = to — sgn(my)

24/ [tom,|

The curves|(3.28)|and [(3.29)|are plotted in figurelfig. 3.3 The v clock is rather special:
it is defined to take values from 0 to oo and the sign of 7, is what tell us whether we
lie in the contracting or expanding universe.

3.4. Dirac observables

Our system has a local gauge symmetry under time reparametrisations (a remanent of
the full diffeomorphism symmetry of GR). Given that all observables must be gauge
invariant, it seems that only constants of motion and quantities of the form “the value
of x when my time coordinate has value y”, are the only possible local observers [80].
However, there is a way to incorporate time evolution: building relational observables.
These quantities express how some phase space variables vary as functions of other phase
space variables. As our model is homogeneous, we only need one relational coordinate,
which acts as a clock. This gives a notion of relational evolution [60]—[62]. In this section
we define the Dirac observables that will be important when quantising our universe. As
we will be working with three different clocks, we define Dirac observable with respect
to all of them.

The Hamiltonian constraint defines a constrained surface € where the solutions
of the equations of motion evolve. Dirac observables O are functions of the phase space
variables that are invariant under the flow generated by the constraint C:

(C,0} ~0, (3.30)

where {-,-} is the Poisson bracket of the system and the notation ~ is a standard
notation that means that the equality only has to hold on the constrained surface &
rather than on the whole phase space (in which case we would use the equal sign).
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(b) ¢ as a function of ¢ for several values of A.

Figure 3.1.: In this figure we observe the evolution of the principal dynamical variables
using ¢ as clock. The chosen values of the integration parameters is tg =
o = 0. Note that tg = 0 is a singular value in the A = 0 case, but it can
be approximated continuously. The conjugated momentum to ¢, m, has
been chosen to have value 1. In these plots the big crunch and big bang
singularities lie respectively at ¢t = i% for A # 0 and at ¢t = 0 for vanishing
A. We see how the scalar field diverges at the singular points. We also see
that for A < 0, v is not a good clock everywhere.
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(b) t as a function of ¢ for several values of A

Figure 3.2.: We have represented the evolution of the principal dynamical variables using
@ as a clock. The constants chosen are ty = o = 0. It is interesting to
see that the singularity (v = 0) is pushed to co. In the A = 0 case, we
have chosen to represent only the expanding curve, the collapsing one is
symmetric with respect to the vertical axis. In this case {5 = 0 is a singular
value, so we have chosen ty3 = 1. In the limit ¢y = 0 the curves still have
the same qualitative forms.
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(b) t as a function of v for different values of \.

Figure 3.3.: Here are represented all the dynamical variables as a function of v. It is
clear from these graphs that v is not a good clock everywhere. We have
chosen m, = 1 and ty = @9 = 0 except for the curve p(v) when A\ = 0,
where we chose ty = 1. In this case, tyg = 0 is not well-defined. For clarity,
as ¢(v) takes values on the whole real line for any value of sgn (m,) in the
case A = 0, we have chosen to represent only one of the two resulting curves
to avoid crossings.
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This apparently subtle detail is what will allow the system to have non-trivial Dirac
observables. Concretely,

22 900 90  27m, 00 00
~ ® P ~
{C,0} ~0 < B om0 a¢+2””av”0' (3.31)

Our Hamiltonian is of the form NC so {C,H} ~ 0. From there we immediately deduce
that any Dirac observer O is a constant of motion. does not depend on A or 7,
hence any function of these conserved quantities is a Dirac observable. However these
observables are constant along a given trajectory, making them unable to account for
the evolution of the system.

We are interested in the study of three clocks, v, t and ¢. For this reason we are
interested in the relational observables t(v = v1), p(v = v1), v(t = t1), et = t1),
v(p = 1), and t(¢ = 7). These observables are all constructed following the same
fashion: we choose our relational clock z and we look at the values of the rest of
the quantities when the clock takes the fixed value x1. Because z; is fixed, all these
observables are constants of motion, however by making x; vary, we can construct a
complete family of observables that parametrises the evolution of the system.

Let us begin by fixing a starting point P in the constrained surface ¥. P has coordi-
nates (t;,vj, @j, A, T, , Tp); this initial data is enough to determine uniquely a trajectory
in the constraint surface. If we decide to use t as clock, we can ask ourselves what is
the value of the volume or the field when ¢ shows a value ¢;. The volume is a very
important observable because the classical singularity lies at v = 0. The expression for
this observable is:

Vit \ 2
\/—7}%+4)\<t1—t]~—g>\7) L A<0orA>0

U(t = tl) =
2\/‘7%’

The first expression is only valid when the argument of the square root is positive; as
we saw earlier, the classical solutions reach singularities at some finite value of ¢ beyond
which they would not be defined. Note that, logically the observables are defined such
that when t; =t; v(t = t;) = vj. The expression for ¢(t = t1) is

(3.32)

2
tl_tj‘f‘m, A=0.

arcoth (—% (tl —t; — %)) - artanh(U;f )+, A>0

vj

o(t =t1) = ¢ artanh (—% <t1 —t; — %)) - artanh(vi::j )+ @i, A<0 (3.33)
Ay (t1—t;
-1 sgn(m,my; ) log(# + 1) + ¥j; A=0

Note ¢(t = t1) is defined only when the absolute value of what is inside the hyperbolic
tangent /cotangent is smaller /bigger than 1, which is an equivalent condition than what
we saw for v. Outside this range, this observable is simply not defined. A similar
condition holds for the case A = 0 as the logarithm has to be positive.

However, we are also interested in other clocks, such as v. As we saw earlier, this
clock is not valid throughout the entire evolution of the system. Therefore, to match
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the numerical analysis of the following section, we choose to focus on a Dirac observable
valid in the expanding branch of the universe

i j’ 1, /0% To
tj — OPY + 3 7"‘?, A<OorA>0
tlv=uv) = . (3.34)
vy =V
41|7r¢\J + tj’ A=0.
and
sgn(m,,) arsinh (755 ) = sgu(m,,)arsinh (Z55) +01 A>0
(v =) = sgn(m,m,)arcosh (%) — sgn(my, 7,) arcosh <U1%> +i, A<0
—sgn(m,my,; ) 10g<%> + i, A=0
(3.35)
Note that for A < 0 the expressions are only valid if v; < ™ol which is the upper bound

V=X
of the volume. The sign of 7, is what determines which curve we are at (see [fig. 3.3)).
Finally, we present the relevant Dirac observables for the ¢ clock:

/

7l - , A>0
Vv \lsinh (901 — @5 +sgnmy; arsinh (vKE))‘
op=1) = . r<o (359
/=X cosh (<p1 — pj + sgn m,m,, arcosh (%))
vie sgn Ty, (P1—¢;) ’ ’ A=0
and
( T T, TFUVU‘
® hd i
5y © <<P1 ©j + artan <7ijvj>>+ it N
T Ty, Vj Try; Uy
tlo=p1)= —ﬁ tanh <<P1 — @ + artanh 7TJ<p > +1j+ 2;/\ , A<0
vV Vj j
b ) (1o Y 2sen(memy)(p1—e)) A=0.
< J + 47ij> < 4tj7ij 4 ’Uje J )
(3.37)

All these Dirac observables have something in common that distinguish them from
the simple constants m, and A. For m, and X\ we have {C,m,} = {C,A} = 0, ie,
the Poisson bracket is 0 everywhere, not just in the constraint surface. Conversely, for
t(v = v1), we find {C,t(v=01)} = fiv=v,)C, Where f;,—,,) is a non-trivial function
of the phase space variables. A similar non-trivial function may be found when doing
the Poisson bracket of the Dirac observable defined above. Of course, in the constraint
surface ¢ all Poisson bracket vanish, but the Poisson brackets of |(3.32)H(3.37)| are not
trivial on the whole phase space.

Let us do a quick summary of this chapter. First of all, we have deduced the action
of our model from GR (in the case where the perfect fluid is not dark energy), and then
from unimodular gravity (in the case where the perfect fluid is dark energy). Then,
we have chosen coordinates such that the Hamiltonian constraint has two quadratic
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momenta parametrised with the Rindler metric and a linear term related to the perfect
fluid energy density. After that, we were able to calculate the equations of motion of all
the dynamical variables using different clocks and plot them. This allowed us to have a
very good picture on how the model behaves classically. Finally, we have analysed the
classical phase space of this model and found out the relevant Dirac observables. This
concludes the classical analysis of the model, as we have all the tools we need to start
analysing the quantisation of this universe.



4. QUANTISATION(S) OF THE MODEL

4.1. The Wheeler-DeWitt equation

In this section we present the derivation of the Wheeler—-DeWitt equation of the model.
Recall this quantisation scheme is one of the first methods used for cosmological models,
being developed in the sixties [44], and still widely used today. In our case, the Wheeler—
DeWitt equation is solvable analytically; in this chapter we introduce its solutions and
analyse the resulting quantum theories focusing especially on unitarity.

In order to obtain the Wheeler-DeWitt equation of the model we need to recall the

Hamiltonian constraint [(3.16)|

2
7r
C:7W3+?§+AZQAB7TA7TB+)\ZO, (4.1)

where ¢g4P is the inverse metric on the Rindler wedge parametrised by v and ¢. To
quantise our universe, we replace the term g4Zm 4w with —h20 where O is the Laplace—
Beltrami operator on the Rindler wedge:

_ 1 0 (s, —0 \_ 10/ 9\ 19
0= e <g gf)gB) v <v30> e (4.2)

Hence, the Wheeler-DeWitt equation is

2 2 52

<h2£2+288v—22£02—m§t> U(v,p,t) =0. (4.3)
Note that the term A has been replaced by —ih%. This equation is a version of
but applied to our model. Because we are assuming a form of the metric and of the
matter components, we are left with only three degrees of freedom for our minisuper-
space, one coming from the metric (v) and two coming from the matter components of
the universe (¢ and A). The other (infinite) degrees of freedom of the superspace have

been frozen. This Wheeler-DeWitt equation is the same found in [73].
Recall from the introduction that we are using the Hawking and Page ordering [49)].
This makes the Wheeler-DeWitt equation covariant under a change of coordinates in
the Rindler wedge parametrised by the pair (v, cp)ﬂ However, in order to study the

Tn general, this choice is unique up to the addition of a term A?¢£R where R is the Ricci scalar and
¢ a free parameter 88|, [114a]. Nevertheless, in our case the minisuperspace metric is flat, hence
R=0.
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ambiguities in the Wheeler-DeWitt equation one may add free parameters that corre-
spond to different orderings (see e.g., [89], [90]), and study their impact on the resulting
theory. In this thesis, we will only focus on the specific Wheeler—-DeWitt equation
but how the resulting theories may depend on the ordering of the operators is another
very interesting problem and open issue in quantum cosmology.

The Wheeler-DeWitt equation can be solved using a separation of variables ansatz
U (v, p,t) = I/(cp)w(v)ei/\% which leads to two different equations:

V'(e) _
A (4.4)
and \
02" (v) + v (v) + (7121)2 - A> =0. (4.5)

Note that all functions here are one dimensional. The prime notation corresponds to
taking the derivative with respect to that parameter.

The first equation is straight forward to solve and its solutions are real exponentials
e if A > 0, and imaginary exponentials e’*# if A < 0. Equation is known as the

Bessel equation and its solutions are Bessel functions J. | (%v and Ju | (%v),
again depending on the sign of A. In conclusion, the general solution to the Wheeler—

DeWitt equation |(4.3)| is:

dA [ dE g, int v v
\II(U,QO,t) = Oom/oo %6 906 h [O{(k,)\)JNM <h'l)> +,B(k7A)J,Z|k| (h'l)

+ 00 ;ﬂ_}}i/oo %enweiA% [’y(/ﬁ}, M) | <\j§v> + €(r, \)J_ | (?1))] )
(4.6)

«, B, v and € are free complex functions. For A < 0 we follow the convention

T <*?u> =J, <“/hjv) =5, <\/}?v> , (4.7)

where x is any possible order and I, is the modified Bessel function of the first kind.
Functions like will often be referred as wave functions of the universe.

An interesting feature of this model is that the universe is in a superposition of
cosmological constants A. This comes from the fact that we are working with unimodular
gravity rather than simply GR. In other energy interpretations, like dust, this means
that the universe is in a superposition of mass parameter m, where m can have negative
values (hence implying tachyons).

The Wheeler-DeWitt equation and its general solution are not enough
for a reasonable interpretation of the theory. In particular, we would like our universe
to evolve in “time”. As the Wheeler—-DeWitt equation is simply a differential equation
we first choose one of the internal dynamical variables to play the role of clock, just
as we did classically, following the tempus post quantum prescription. This will allow
us to find a physical interpretation of the wave function of the universe. Nonetheless,
this interpretation depends on the chosen clock variable. In the next section we present
briefly the differences of the clock choices before diving deeper in the calculations.
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4.2. The different interpretations of the Wheeler—-DeWitt
equation and unitarity

Let us first introduce what we mean by choosing an internal variable as clock. We first
quantise the universe by finding the Wheeler-DeWitt equation, and then we choose one
of the variables as our clock. Once this is done, we build a Hilbert space on the remaining
variables by choosing an appropriate inner product (the meaning of appropriate will be
explained shortly). Finally, we restrict ourselves to the subspace of whose norm is
conserved under the chosen inner product. This step is key to have a well-defined notion
of probability distribution. The clock choice gives a conditional time interpretation:
knowing the value of the clock, what is the value of an observable quantity? In this
way, despite being an internal variable of the system, the clock is treated like an external
quantum mechanical time parameter, i.e., it has no uncertainty. As general relativity is
a covariant theory, no clock has any advantage with respect to the others besides being
globally monotonic rather than locally.
We first analyse ¢ as clock. By defining the Hamiltonian

. 02 10 1 02

the Wheeler-DeWitt equation looks like a Schrédinger equation using ¢ as clock:

0 N
iha‘lf(t, o, t) = —HY(t, o, t). (4.9)
Replacing fi% by A here, we see that the values of \ are the eigenvalues of |(4.8), This
structure suggests using a standard L? inner product

(V|®), = /OOO dv /_OO dp vU(t, @, v)®(t, p,v). (4.10)

The subindex ¢ will serve to distinguish this inner product to the ones from the other
theories. As the Wheeler-DeWitt equation only contains first order derivatives in t,
there are no time derivatives in the inner product. The Hilbert space considered here
is then L?(R,/—gdvdyp) where R is the Rindler wedge in v and ¢ and \/—g = v the
determinant of the Rindler wedge metric. This measure is covariant under changes of
coordinates in the Rindler wedge. The interpretation of the Wheeler-DeWitt equation
as a Schrodinger equation in unimodular gravity has been one of the reasons to propose
that unimodular gravity as a solution to the problem of time [80]. Indeed, usually the
action is quadratic in the momenta, which leads to second order derivates. Unimodular
gravity is an easy way to add a linear term in the action. This term can later be
interpreted as the energy of the Hamiltonian, like we are doing here.

Now that we have constructed the basis of the quantum theory we make a crucial
assumption: We would like this theory to be unitary. This means that inner products
(¥|®), should be preserved over time, i.e., % (¥|®), = 0. Unitarity, as we recalled in
the introduction, is one of the principles of QM, and it allows us to have a well-defined
notion of probability interpretation of the quantum theory. Contrary to what we can
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think at first glance, our theory is not automatically unitary, rather we have to impose
an extra condition:

0 o o, o -\1""~

a@y@)t_o — /oodcp [v <\IJ8U<I’—<I>(%\II>L:0 =0. (4.11)
Hence not all square integrable solutions of satisfy one has to find a subspace
of L2(R,\/—gduvdyp) where the boundary condition holds. This boundary condition is
non-trivial only in the limit v = 0 (more on this can be found in [chapter 5)).

Why are we finding a boundary condition? The operator H is not self ad-
joint with respect to the inner product The technicalities around self-adjoint
extensions of an operator are presented in [appendix Al Curious and mathematically
inclined readers can consult them. The key thing to take out is that despite the fact
that H is not self-adjoint, it possesses a one parameter family of self-adjoint extensions.
Hence we must restrict the solutions to the Wheeler—-DeWitt equation to solutions to

the boundary condition |(4.11)]
Under a change of coordinates U(v,p,t) = vféeik“’e’“%w(v) the Wheeler-DeWitt
equation can be transformed in a Schrodinger equation with a radial 1/r? potential:

0 K+
— s W

- h2ww(v) —h? (v) = Aw(v). (4.12)

02
The properties of this potential are well known [91]. Depending on the (dimensionless)
strength of the potential one distinguishes different cases. We are in the strongly at-
tractive case (—(k%+ %) < 0), which requires a boundary condition at v = 0 to make H
self-adjoint. If we consider a particle moving under this potential, it would reach v = 0
in a finite proper time. The normalisable solutions to that satisfy are very
non-trivial to calculate, and they will be presented in

In this section we are interested in the different interpretations of the Wheeler-DeWitt
equation , so let us choose another clock, like ¢. If we multiply the Wheeler-DeWitt
equation by a factor v?, we obtain

h26—2—h2 9 2+ihv2g U(v,p,t) =0 (4.13)
Dp? dlog(v/vo) ot @b =T '

where v is a constant introduced to cancel the dimension of v. In principle, as equations
[(4.3)| and |(4.13)| have the same solutions, they are equivalent. looks like a Klein
Gordon equation with respect to v and ¢ with an added potential term. Contrary to
Schrédinger equations, Klein—Gordon type equations require inner products with time
(in this case ¢) derivatives. Hence, the inner product we are working with is

(W[®), = i/_oo dt/ooo %” (q/(v,go,t);p@(v,tp,t) _ @(v,tp,t)(;p{/(v,go,t)) C(414)

Once again, the inner product is a function on the phase space variables v and ¢, but
not ¢, which is the clock of the theory. However, the Hilbert space considered is not a
simple L?, rather the functions with finite norm with the chosen inner product. Note
that this inner product is also invariant under a change of coordinates in (¢,v). The
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differential operator appearing in is n*0, = %(10 which is the normal to the ¢ =
const surfaces in the Rindler wedge metric.

Once more, we require that our inner product is unitary, i.e., % (U|P) » = 0. This
leads to another boundary condition

0 > -0 a_N\N1">

—(U[|P), =0 «— / dt j[v | V= - PV =0. (4.15)
Oy s oo ot ot =0

This condition is very similar to |(4.11), but has different consequences. This time,
the boundary condition is non-trivial in the limit v = co. With the ansatz ¥ (v, ¢, t) =
Y(v, gp)ei)‘% we can see that this boundary condition is equivalent to require self-adjointness
of the operator

G = —h2a—2 — Avde?t (4.16)
B du? o '

with respect to a standard (L2,du) inner product parametrised by the coordinate
log(%) = u. For A > 0, this Hamiltonian contains an attractive potential such that

classically, a particle can reach u = oo (and hence v = c0) in a finite time. Thus, in
the quantum theory we have to impose a boundary condition at v = co. The charac-
terisation of this Hamiltonian and its self-adjoint extensions has already been studied
in 92|, [93]. We will re-derive their results in detail in

In the A < 0 case, the potential term in is repulsive, making the Hamiltonian
already self-adjoint without the need for additional boundary conditions. This case has
also been analysed [94].

In a nutshell, we had to add an extra condition on the allowed wave functions in order
to have a unitary theory for the clocks ¢t and . What happens with the remaining clock
v?

The equation can be seen as a Klein—Gordon equation in v or rather log(v/vp).
Hence, to use v as clock we define the following inner product

o oo - 0 0 -
(v|®), = z/ dt/ dep {v@(v,gp,t)@(v,gp,t) — v@(v,go,t)\ll(v,np,t)]
oo oo ov ov
(4.17)
This time, the differential operator used is n#9,, = Oiog(y/v,) Which is normal to the v =
const surfaces. Conservation of the inner product is equivalent to self-adjointness of the
operator

2
F = —h28(12 - ithSt : (4.18)
for an (L2, dtdy) inner product. Note that contrary to the last two cases, F is time (in
this case v) dependent. However, this operator is already self-adjoint, so all solutions
to the Wheeler-DeWitt equation have a time independent norm.

Even before calculating the allowed states for each theory we appreciate how the
choice of clock has many non-trivial effects. We can already see from here that co-
variance is broken from the choice of clock; the different boundary conditions mean
that the quantum theories are inequivalent. It is worth mentioning that the different
boundary conditions come from ensuring unitarity of the quantum theory. Unitarity
is sometimes not applied as a fundamental concept when studying phenomenology of
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quantum universes: one writes the Wheeler-DeWitt equation, finds some solution and
calculates relevant quantities. Unitarity may then be required to emerge at the semi-
classical level. What we are finding here is that the study of the Hilbert space of the
theory is important. In particular, it is important to mention that unitarity is not given,
even constructing the Hilbert space in the most covariant and systematic way. If we
believe that unitarity is a defining feature of a such cosmological models, we have to add
it by hands. However, one could argue that this issue is an artefact of the framework we
are working with. What happens when instead of choosing a clock we Dirac quantise
our model?

4.3. Dirac quantisation

The Dirac quantisation is often defined as the “clock—neutral” quantisation [64], as it
supposed to treat all dynamical variables identically. Therefore, this approach is some-
times considered preferable with respect to the relational one. The Dirac quantisation
programme works as follows: one builds a kinematical Hilbert space J%;,, which cor-
responds to the quantisation of the system without imposing the constraints. As this
Hilbert space is too big, the question is then how to implement the constraints, find
the physically relevant wave functions, and provide the system with a notion of time
evolution. This approach is historically important, as the canonical formulation of LQG
is based on the Dirac quantisation [43|. The Dirac quantisation is also used for LQC
models [69).

The constraints are implemented as operators (how to build these operators is subject
to the usual ordering ambiguities) and the physical states are those that are annihilated
by the constraints (see [63] for a comprehensive introduction). Constructing the physical
Hilbert space and its corresponding inner product involves a careful analysis of the
spectrum of the constraints. Depending on the system, finding explicitly the physical
Hilbert space #ys is quite challenging mathematically and there is not an established
answer to this problem [95], [96].

Usually, in order to implement the quantisation process, the constraints have to be
self-adjoint operators on J#;,. For an example of this requirement in a very similar
model to ours see [75]. This model features a universe with scalar field and a fixed
positive cosmological constant (as opposed to ours where the cosmological constant can
vary between two different trajectories in phase space). In this model, the Hamiltonian
was required to be self-adjoint on the kinematical Hilbert space leading to a boundary
condition very similar to ours. (We will see in the next sections that these two models
have also very similar dynamics).

Let us consider again the Wheeler-DeWitt equation |(4.3)f
( 52 0> mo w9 0

502 + v 2o zh&> U(v,p,t) =0. (4.19)

This is the quantum version of the Hamiltonian constraint and must be viewed as the
operator C; acting on the space of solutions:

2 2 52
0 =0 h* 0 .h8

W t) = =R —— — ——— — ih— 4.2
Cl (U,(,O, ) Oa Cl 8'02 v Ov U2 8@2 ? ot ( O)
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The kinematical Hilbert space is L?(M, v dtdpdv) where M = R xR with R the Rindler
wedge in ¢ and v and the measure vdtdpdw is the one inherited from the Rindler wedge
metric. With this measure, the kinematical inner product is invariant under a change
of coordinates. The kinematical inner product is then straight forward

(U]®)in, :/ dt dgo/ dv v (v, p, 1)@ (v, p, 1) . (4.21)
0

— 00

Square integrable functions under this inner product are functions of the form ¥ = vIY
where T is square integrable in the standard L? inner product on R? x R,.. By doing this
change of coordinates and Fourier transforming in ¢ and ¢, we find that self-adjointness
of Cy is equivalent to require self-adjointness of the operator

N 2 1y g2
Dy = K2 <_a _at ) (4.22)

ov? v2

with respect to the standard inner product on L?(R,,dv). This operator is exactly
the same we had to impose self-adjointness to in when using the ¢ clock
ie., Hence, we are finding the same issue in the two approaches. Moreover, in
this case Dirac quantisation and relational lead to the same theory: as the constraint
is linear in A, the momentum conjugated to t, the group averaging procedure would
remove the integral ¢ of the measure leaving us with the inner product
However, recall that in order to use v and ¢ as clocks, we had to multiply the Hamilto-
nian constraint by a phase space function, v2. We obtained another Hamilton constraint

FLQa—Q — h28—2 + ihv262“§ U(v,p,t) =0 (4.23)
D2 ou? Y T ’ '

where we have applied the change of variable u = log(v/vg) so that all kinematical
variables are valued over the entire real axis. Here, the operator considered is

5 0? 0? 0

Coi=h—— — B*—— +ihvje® — . 4.24

2 =G0 Mg e g, (4.24)
We impose Co¥ = 0, the same constraint used in [75], where they analysed the same
model but with a fixed (non unimodular) cosmological constant with respect to the
@ clock. Naively, we would say that multiplying the Hamilton constraint by a phase
function does not affect the theory as it does not affect its solutions. The second order
derivatives in ¢ and u look like a flat Laplacian in Cartesian coordinates in a (1 + 1)
space, hence motivating the kinematical inner product

(V10), = [ dtdpdu Do, D)B(u,0.0), (4.25)

where we assumed that the metric on v and ¢ is the flat metric n4Z, again, by interpret-
ing Cy as the Laplace-Beltrami operator of a metric (in this case flat). This difference

2The group averaging procedure is a way to find a inner product for the physical Hilbert space from
the inner product of the kinematical Hilbert space by (in a hand-wavy manner) applying a “Dirac

delta” of the constraints [ dfeichE to the kinematical inner product.
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of metric in the two kinematical inner products comes from the rescaling induced by
multiplying the Wheeler-DeWitt equation by v?.

Again by taking the Fourier transform in A and ¢, we see that requiring that Cy is
self-adjoint is equivalent to asking for self-adjointness of the operator

Dy = —h?—— — Mvde (4.26)
u

with respect to an L?(R,du) inner product for any given value of A\. Note that this
operator is the same as G , defined in When using ¢ as clock we have to impose
self-adjointness of this operator by hand.

We can conclude from this analysis that the different notions of unitarity with respect
to different clocks do not arise from the relational quantisation, but from writing the
Wheeler-DeWitt equation in the forms |(4.19)| or (4.23)] In the classical theory these
different Wheeler-DeWitt equations correspond to different choices of lapse function.

Indeed, in the Hamiltonian was written as

I B
H=N wv+v2+)\, (4.27)

so that corresponds to the choice N = 1 and to N = v2. Classically this does
not make any difference, it just corresponds to different choices of time coordinate in
the metric. However, this classical symmetry of time reparametrisation is broken in the
quantum theory in a subtle way: changing the lapse leads to a different kinematical inner
product and then to different criteria to self-adjointness of the Hamiltonian constraints,
and finally to different boundary conditions (that will lead to different dynamics as we
will see in the following chapters).

Recently, a framework for clock changing in quantum gravity has been developed
[64]. Our findings are not in contradiction with theirs as in these papers the Hamilto-
nian constraint and the kinematical Hilbert space are taken as given and therefore not
changed throughout the work. In our case, we have changed the constraint form C to
NC. Using the same inner product, it might be possible that these two constraints are

self-adjoint at the same time if one chose to quantise NC as VN CVN. Doing this is
not the path we have chosen, and moreover is not guaranteed to work as VA = vge
might not become a self-adjoint operator. Our main point is that CU = 0 has the same
solutions that A'C¥ = 0. The ambiguity in the choice of the Wheeler-DeWitt equation
seems to be unavoidable if one maintains reparametrisation invariance in the classical
theory. The v-clock theory seems to have no analogue in the Dirac quantisation scheme.

Before we proceed to the following chapters, it is important to recall the basics to our
approach to the problem of time. In our case, we first quantised the theory using the
Wheeler-DeWitt equation and then chose a clock (tempus post quantum). This first
step is already different from approaches to quantisation, like deparametrisation and
reduced quantisation (tempus ante quantum). In the reduced quantisation framework,
one solves the constraint at the classical level by identifying the constraint surface, and
then one quantise the resulting theory, which possesses only true degrees of freedom.
This identification, or gauge choice, is not unique and hence the quantum theories are
not equivalent [56]. We also considered the chosen clock to act as an external parameter,
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and hence not forming part of the Hilbert space of the quantum theory. In the Page—
Wooters formalism, another tempus post quantum approach, one considers models that
are quantised as a tensor product between the clock Hilbert space and the system
Hilbert space. The clock is hence also quantised and clock measurements have the
usual uncertainties that come with quantum mechanics. The way to measure dynamics
in these cases is via conditional probabilities of the form ‘what is the probability that
the operator @ has value o if the clock operator 7 has value 77’ This approach has the
benefit of considering clocks like quantum systems, but then the notion of time evolution
becomes blurry. Moreover, it has been shown that in some simple settings the Page—
Wooters formalism, reduced quantisation and Dirac quantisation, are equivalent [64].
Lastly, another approach to the problem of time is through path integral quantisation.
In this setting, the histories are sums over space geometries. We will discuss further
about that in

In summary, in this chapter we have computed the Wheeler—-DeWitt equation of our
model and calculated its solutions. Following this, we have built a quantum theory
around all the clock choices we are interested in, and interpreted unitarity as self-
adjointness of a specific operator. Finally, we have shown how the issue of unitarity is
a direct consequence of time reparametrisation invariance rather than a consequence of
the quantisation used. In the next chapters, we will focus more on the dynamics of the
different quantum theories, but we want to highlight the crucial role of unitarity. It is
really the key assumption that leads to all the different theories we have introduced. One
might be tempted to assume that unitarity is not a fundamental property of quantum
gravity, in order to obtain an equivalent theory for all clock choices, but this assumption
is very hard to motivate as it is one of the most fundamental principles of quantum
mechanics. Hence, we believe in the need of a more fundamental approach to these
minisuperspace models before we making big claims such as singularity resolution. In
the following part, we will dive deeper in the allowed wave functions in each relational
quantum theory and calculate some important expectation values in order to analyse
the early and late times behaviour of these theories.
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5. THE t-CLOCK THEORY

Let us start to analyse the t-clock theory. We recall the Wheeler-DeWitt equation |(4.3)|

o hm*9 R*o* 0
<h28v2 +_2_Zhat> U(v,,t) =0, (5.1)

and its solutions |(4.6)

W, ) = /OO ;T)\h dk’ zkcpez)\ [C‘é(k7)‘)<]z'|k| (?v) —f—ﬂ(k,)\)J_iW <\;§v)]

/Oo 2(17)\5 /_Z (217:655061‘/\% [’Y(K” M)y (?Q’) + e(k, A)J_ (?v)] )

In defined the inner product |(4.10)]
e = [0 [~ do ol 0)Bltp0), (5.3
0 —00

which involves integration over the variables v and ¢ but not the clock . Not all
functions of the form |(5.2)[ have a time (in this case t) independent norm. In order to
obtain a unitary theory we need to restrict ourselves to solutions that fulfil the boundary

condition |(4.11)
o 0 0 v
UV—&— o0 =0. A4
[l (v -az)] , = oy

This condition affects the specific expressions of the coefficients a(k, A), B(k, A), v(k, A)
and e(k, \).

But firstly, we have to see which solutions are normalisable under the inner
product . We can consider the x and the k sectors separately, so for simplicity we
will consider first wave functions such that a(k, A) = 8(k,A\) = 0. When applying
to such states we find that we have to solve integrals of the type

/ dr1 / drz / e("1FR2)? (combinations of real Bessel functions) . (5.5)

The ¢ integral is always divergent unless k1 = ko, but this set has measure zero in the
(k1,k2) space. In conclusion, to have normalisable states we must enforce v(k, A) =
e(k,A) =
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In order to calculate the solutions to the boundary condition the imaginary
Bessel functions can be divided into two sectors, A < 0 and A > 0. For each sector we find
the one parameter family of solutions to the boundary condition. The calculations of the
following sections are rather complicated and some results involve distribution theory.
In order to not overflow the section we have moved the most technical calculations to

We will cite it when necessary.

5.1. The A\ > 0 sector

We now proceed to give explicit the explicit solutions to |(5.4)} Let us consider wave
functions of the form

(v.0:1) / 27rh/ W koo [a(’f’A)Jum <\§v> + Bk, N)J ik <\§fu>] .

(5.6)
When evaluating the boundary condition |(5.4)| where ¥ and ® take the form the
integral over ¢ simplifies to 270 (k1 — k2) giving

dX dXo z)\ By _ \/)\»1 B \/Tl
/_ / orhonh’ il [ (O”J—ilkl (hv + Bl V)%

(waﬁw(@§)+ﬁﬁJgk(ﬁyg)_thaLM(v§U)+@@%W(gyg>X

(ont (222) g (2))] - o

where a; = a(k, A\;) and 8 = B(k, Aj), j = 1,2. The inside part of the integral can be
rearranged into 4 terms:

varas (L (Vo) oot (G20) = autay (520 s (G20)) - 69)

h h h
+ 0152 ( k| <\/§v> Do J ik <\/§ ) O i) <\/§ > A (?v)) (5.9)
(1 (50) 0 (50) 0t () (5

(5.10)
—I—vﬁloz2<,]k<ﬁ>8j,|k|<\/§> aJk<W>Jk<WU>) (5.11)

To solve the boundary condition we must analyse these terms in the limits v = oo
and v = 0. We study both limits separately. In the limit v = 0 the Bessel functions

have the form:
5y eii|k| log(—VQ;\Lj v)
VA
; - —_— 12
Ji@"“'( h ”) S0 TR+ 1) (5.12)
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By direct substitution into we find that [(5.10)| and [(5.11)| vanish and |(5.8)| and

(5.9) lead to
aq ()\1, /6)042()\2, k‘ z\k\log\/» 61 A1, )52 )\2 Zlkllog\/» (5.13)

for all values of k, A\ and A\o. By setting \; = Ay we can see that |a(k, \)| = [5(k, A)|.
The general solution to |(5.13)|is

Bk, A) = alk, \)ei?®HE () (5.14)

where 6(k) is an arbitrary real function of k and Ao is a reference scale. This free
function represents the degree of freedom of the one dimensional self-adjoint extension
of This concludes the analysis of the v = 0 limit.

When v is large we use the asymptotic expression of the J-Bessel functions

s e

When taking the derivative with respect to v and substituting in [(5.8)}{(5.11)] we can
discard all terms that depend on  as they go to zero. Hence, the terms|(5.8) and |(5.9)
vanish immediately. However, |(5. 10)| and |(5.11)[ do not vanish so easily; they become
respectively

OB (V) sin (V- VAL ) - (5.16)

T(Athe)i

(VAL =V A2) <cosh(\k|7r) cos((\//\il—i- \/)Tz)%) — isinh(|k|m) sin((\/x—i- \/E)%)))
for [(5.10)| and
L"Z( (VA1 + VA2) sm( VA1 — V) ) (5.17)

m(A1A2)1

(VAL —VA2) <cosh(\k:|7r) cos((\//\T—i- \/E)%) + i sinh(|k|m) sin((\/x—i- \/E)%)))

for The second line of each term is formed of trigonometric functions of argument
(VA1 + Jx\?)%, according to when taking the limit v = oo these will result in
Dirac delta distributions d(v/A; + v/A2) (or zero) that vanish as A\; and Ay are always
positive. Moreover, also using the first line of terms results in (A} — A2)d(v/ A1 —
Vv/A2) that is always zero due to the prefactor. In conclusion, the limit v = oo does not
add anything to the allowed states.

We can now say that the allowed wave functions (of positive \) are

(v, 0,t) / / % ZIWBMTL (k,\)Re k)_ilkllog\/%t]iw QU .
21h h

(5.18)
Here we have chosen to write these states as a combination of real Bessel functions.
Recalling the small argument approximation of the Bessel functions |(5.12)| we can see
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that for small values of v the Bessel functions look like plane waves either coming to
the singularity (for Bessel functions of order —i|k|), or going out of the singularity (for
Bessel functions of order i|k|). Wave functions of the universe like are always an
equal weight combination of incoming and outgoing waves from the singularity. This
superposition will play a key role when studying the dynamics of our universe.

States of the form have a time independent norm, but they are not normalised,
so we proceed here to find the normalisation of these states, a quite long and technical
calculation. Readers not interested in the derivation of these states can directly jump

to formula |(5.45)l For simplicity, we label
. . BN A
eze(k) ilk| log /<5 Jilk| (?v)] . (5.19)

These states are eigenfunctions of the (now self-adjoint) Hamiltonian of eigenvalue
—A. Thus, as A > 0 lies in the continuum spectrum of that operator, we should look
to modify a(k, ) such that (¢p, x, [k, n,) = (27)2R6 (k1 — k2)6(A1 — A2). Because 9y
are eigenstates of the operator we know they are automatically orthogonal. In
addition to that, the ¢ part is already normalised as [ d¢ eilki—ka)o — 2o (k1 — ko).
Hence, it is enough to evaluate the following integral:

/ dv v\ Vip, = / dv U{O_anx
0 0
)]Re[ O l< 22 )]}

X
Re |:z —ilk|log /% 1,]‘ (
1 > ~2i(k) +ilk|log | [ 152 VA VA
= 40[10[2/0 dv v{e X J,lw ( h11)> J,7J|k| ( h2v>

Z|k|1°g \/7J ilk| ( ) Jijk| (mv> + complex conjugate} ,  (5.20)

P (v, ) = e Re

h

We already know that this integral yields a result of the form f(A1)d(A1 — A2). The
v integral converges in a distributional sense, as shown in [appendix Bl The v = 0

contribution to the integral is

1_ . sinh(7|k|) . sinh(7|k|)

= 2 —2 =0 5.21

T { TSN RN (521)
as shown in On the other side, the upper limit v = oo results in a combination

of Dirac deltas (5 (\/ + v/ A2) and some prefactors (see m (B.8)| for the specific formula).
Using that A; and A2 are always positive (and hence §(v/A1 + v/ A2) is always 0), and
that the final result is real we obtain

/ dv v x, i g =
0
h?|aq |* A
= \‘/O)%’ <cos<\k|log/\1 - 29(k)) + cosh(|k|m) > (VA1 — VA

= 1|y [? <cos<\k| logi\\(l) - 29(k:)) + cosh(|k|7r)> I(A1— A2). (5.22)
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In the second step we set A\; = A2. In conclusion, given f%’f%h(k, MNP =1 an

orthonormal basis for the eigenstates of positive energy is given by

, i0(k)—ilk|log |/
2me’t¥ Re {e B0 —4lk 1 g\/gg]“k‘ (?v)]

V(v ) = e (5.23)

\/hcos <—20(k:) + |k|log /\AO) + hcosh(|k|m)

These results are in accordance with [73] (note that their different definition of A
accounts for the different factors of 2 and k). Using again the large argument approxi-
mation of the Bessel functions |(5.15)| we find that at large v

F(k) | _&x VAN D)
— ¢ 2cos<hv—4—0(k)+\k|log )\70

+ €% cos Qv Iy O(k) — |k|log 4/ A , (5.24)
h 4 Ao

where F'(k) represents all remaining k& dependence. This wave function can be inter-
preted as a combination of plane waves with phase difference ©(k, \) = £5 + 20(k) —

wk,)\ (’U, 90) X

klog(%o). Hence, we can interpret these states as being scattered and experiencing a

phase shift across v = 0. For a more in detail discussion around this fact, consult |73].

5.2. The ) < 0 sector

Let us consider the negative part of the spectrum

(w1 / 2rh / preee [04(/% M) ik (?v) + Bk, N) Ty (?q))] .

(5.25)

To not overwhelm the notation we stick to the expressions a(k, A) and B(k,\) for the
prefactors, but as we are in a different part of the spectrum of A, the relations we find
previously do not hold here. In order to simplify the notation it is better to work with
the modified Bessel functions

7 1_a(2) — 1a(2)

2 sin(an)

Ko(z) = , (5.26)

along with the I-Bessel functions defined in|(4.7) The K and I-Bessels can be used to
form a complete set of solutions to the Wheeler-DeWitt equation [(4.3)|, and hence we
can redefine a and (8 such that

(v, 0,t) / %h/ Ak ke eing [ (ks \) Ky (?v) + Bk, A Ly (\/?v)} .

(5.27)
At large arguments, the asymptotic behaviour of the I-Bessel is
V=X
vV=A h v
Liipy) (1)) N \feih (5.28)
h Vo0 /21— Av
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Due to the real exponential contribution, the I-Bessel functions diverge in the large v
limit. Hence, in order to obtain normalisable states one should consider wave functions
where f(k,\) = 0. The large argument asymptotic form of the K-Bessel functions is

vV—=A hm V=
Kz‘\k\ (hv — e B, (5.29)

v=00 \[ 24/ —=Xv

which tends to zero, so wave functions that contain these Bessel functions are all nor-
malisable. In addition to that, evaluating the boundary condition becomes trivial;
we thus find no non-trivial contribution to the states from this limit. On the other
hand, the asymptotic form of these Bessel functions for small arguments is

Ko <m”> — <F<—i\’fl>€i'k“°g<g”> + I(ilk])e "'k'l‘)g(gU)) . (5:30)

h v—=0 2

Introducing this form in the v = 0 limit of |(5.4)} we find that two negative values \;

and Ao have to satisfy
A1 ™
1 = — 7. 31
og<1/>\> 7k n e (5.31)

In other words, for a given k, the only allowed A are of the form
k g —2m
Ay =MNpe B neZ, (5.32)

for some Ar < 0, where Ag is a reference scale. Ar does not define a ground energy
because the Hamiltonian [(4.8)[is unbounded. All these requirements restrict the form

of [(5.27)[ to

n=—oo

“ dk Y
(0, ,1) Z / ek M o (I, AF) ,|k|< . ) (5.33)

The integral over A has been replaced by a sum. If we consider Hy, i.e. the Fourier
transform in ¢ of the Hamiltonian |(4.8)]

- 92 10 1
T — 12 (_W_ _k2>7 (5.34)

vOv V2

we see that for each k, the allowed values of A\ are discrete. Thus, A < 0 forms part of
the discrete spectrum of 1, and A > 0 forms part of its continuum spectrum .

So far, we have analysed what is the boundary condition restriction on states that
are in a superposition of A of only one sign. However, it is necessary to check that the
boundary condition is also fulfilled for ¥ and W_ of the form |(5.18)[and |(5.33),

that is - 9 5 =00
/ dp |:U <\Il+8v‘11_ — \Il_%\I/Jr)L:O =0. (5.35)

—00

The limit v = oo is trivially zero (as can be seen remembering that the modified K-
Bessel functions tend to 0). Nonetheless, the limit v = 0 is not trivial and leads to

: , —v2AR
eZiG(k)+i|k|log(”§T)‘> +el|’““°g%+”k“°g( w2 ) =0 (5.36)



5. The t-clock theory o8

where A > 0 comes from ¥ and \* follows This condition has to hold for every
k. The dependence in v and X vanish after simplification leaving us with

eQiG(k)+i|k|log(—i—g> o (5.37)
Finally, using —1 = ¢!@"+)7 e have
AE = _)\Oe*@ﬁ\mﬁ?}? . (5.38)
Thus,
A = —xge BT (5.39)

In conclusion, the two reference scales are related. Note that changing \g to A and
0(k) to 6(k) + klog , /i—g leaves AX, invariant.

Finally, we calculate the norm of the negative \ eigenstates. Consider

. /—\k
¢k7/\ﬁ(07§0) = a(kaAZ)elk¢Ki|k| (hnv> . (5.40)

We would like to modify a(k, A\¥) so that <¢k1,>\ﬁ11 q§k2,)\§22> = 270 (k1 — k2)0n, ny- Notice

that this time the normalisation requires the use of a Dirac delta for the continuous k
part and a Kronecker delta for the discrete A part. As for the positive A sector, these
states are already orthogonal, and the ¢ part is already normalised, hence it is enough
to analyse the integral

00 0o —)\k —_)\k
dvvd, ko =613 dv vK; "o K, " (5.41)
; Vv k1,>\211 k%/\ﬁ% 1092 0 i| k| A i|k| 7 . .

Recall that the modified Bessel functions are real, even for imaginary order and note
that we are using the shorthand notation 8; = B(k, Ak ). These integrals are known in
the literature (see p. 658, formula 6.521(3) in [97]):

m(ab)~V(a® — b*")
2sin(vm)(a? — b2)

/OO dz 2K, (ax)K,(bx) = (5.42)
0

In our specific case, taking the limit a = b we have that |(5.42)| vanishes for ny; # no,
while for nqy = ng

2 mh?|k|
—2XE sinh(|k|m)

oo 2
| v olonsal = [t (5.43)

Therefore, the correct normalisation for the negative energy eigenstates is

1 [—2AEsinh(|k|7) ; V—AE
m,k(v,@:h\/ B >ek%<k,xfz>&|k|< . ) (5.44)
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We are now in condition to write the general wave function of the universe in terms
of the orthonormal basis {¢y, xx, ¥}

B dk > 2k sinh(|k|r) . —\E
‘IJ(U,SD,t) _/ 271' [ Z 6 h\/ 7T|k’| (kaAn)Kz\k\ 7 v

n=—oo
TdA e
h
+/0 oh©

:r\«-;

, i0(k)—i|k|log /2
V2meth? Re [e Bk =il g\/gJiUcl (?U)]

\/hcos (—20(k) + |k|log %) + hcosh(|k|m)

alk,\) |,

(5.45)

where a(k,\) and a(k, A) satisfy [ 9 [5200 806D + [5% ilalk, )] = 1.

We remind here that the self-adjoint extension is parametrised by the free function
@n+1)7w |, 20(k)
(k), Ao > 0 is an arbitrary reference scale and AF = —X\ge™ T* TR are the allowed

negative A values.

We see that requiring unitarity leads to non-trivial conditions over the allowed states.
The most important consequence is that the combination of Bessel functions must be
real, i.e., in a superposition such that the two modes +i|k| have the same weight (this
is the case for both the K-Bessels and the J-Bessels). For small values of v, close
to the classical singularity, one can say that the wave function of the universe is in
a superposition of plane waves incoming to and outgoing from the singularity. The
consequences of this superposition will be explored in but it is already clear
that this will have an effect on the classical singularity.

Looking closely at we see that this expression is well-defined for all values of

t; this is in opposition to the classical solutions |(3.20)|that vanish when [t — to] < gm‘
and it is a direct consequence of the way we built our theory. Indeed, we started from a
classical theory defined with a slow clock at the singularity, i.e., a clock that does not tick
fast enough to push the singularity to +oo, and then we built a unitary quantum theory
around that clockﬂ. The unitarity demand introduces the reflecting boundary condition
(5.4)} which changes the behaviour of the quantum solutions around the classical theory,
thus obtaining a theory well defined everywhere in t space. Recall that, in their works
[59], Gotay and Demaret theorise that all (unitary) quantum universes build from a slow
clock (at the singularity) lead to a well-defined and non-singular quantum theory. On
the contrary, given a fast clock at the singularity, i.e., a clock that pushes the singularity
to its domain boundaries, no extra boundary condition is required. The t-clock theory
is consistent with this conjecture.

A last important thing to discuss around is the role of the parameter (k).
This function corresponds to the one parameter freedom in choosing the self-adjoint
extension of the operator H (or equivalently |(5.34)). One could (and should!) ask

which features of the theory are sensitive to this parameter. We have not analysed this

In fact, what makes ¢ a slow clock, is that for every chosen finite t., there is a solution of the

equation of motion for which t. lies in the classically forbidden interval |t —to| < % This

classically forbidden interval always lies within the initial domain of ¢, R. For other clocks like v
the initial domain is (0, 00).
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in our model, and when dealing with the numerical analysis of our model we will make
the choice of 8 that leads to the simplest calculations. However, the dependence of the
self-adjoint extension parameter has been analysed in 73] and it was found that despite
making a difference quantitatively, it did not make any difference qualitatively. Our
results, including the normalisation of the wave functions of the universe are compatible
with their work.
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6.1. Normalisation and positivity of the inner product

The choice of t as clock is motivated by the fact that ¢ is monotonic classically and
that the Wheeler—-DeWitt equation is a Schréodinger equation in ¢, but other choices are
possible. In particular, one can use v as clock, the only catch being that in the A < 0
case it is not valid throughout the entire evolution. Indeed, the volume experiences a
turnaround. We can also use v as clock before or after reaching the maximum value,
even if we would have to use another clock around this maximum. This choice was
studied in a similar model |74]. In this section we build a unitary quantum theory using
this clock.

As we have seen previously, to use this clock it is better to multiply the Wheeler—

DeWitt equation by v? to obtain |(4.13)

hza—Q—hQ 9 2—|—ihv2g U(v,p,t) =0 (6.1)
Dp? dlog(v/vo) ot @b =1 ’

Multiplying the original equation by a phase space function does not change the solu-
tions of the Wheeler-DeWitt equation. However, due to the second order derivatives in
log(v/vp) it makes possible to interpret it as a Klein—-Gordon equation with a potential
in the variable log(v/vg), where vg is a constant needed to match the units of v. In an
abuse of language we will refer to v as the clock whereas the true clock is log(v/vp).
Remember that in this set up, the chosen inner product is

(V]®), / dt/ dyp [w v, p,t )a(9 (I)(v,cp,t)—vq)(v,go,t);}‘il(v,go,t)] . (6.2)

The associated Hilbert space is composed of the normalisable functions under this
inner product, but it is not of the standard L? square integrable form. Regardless, a
common feature of Klein—-Gordon theories is the non positive definitiveness of the inner
product. This case is not an exception: the general norm of a state of the form

U S07 / 2(1_)\77/ /Oo géeik@@iA% [a(k,/\)Jzk (?U) +5(k7)\)‘]fz\k\ (?U)] ,
(6.3)

18

=2 [ [ o5 [t R+ 80e 0 F] sinb(im) . (64)
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Even if this norm is not positive in general, it is straightforward to redefine the inner
product to have a positive norm. From [(6.4)| we see that we can decompose the wave
functions |(6.3)| into negative and positive frequencies: ¥ = W_ + W where

< dk [ AN iy VA
- = 7 iRt ik ) yA
/_oo o /_oo N GO ( h ”)

_ [T R [ AN kg v
\1/+_/_OO o /_OO X e B(k,)\),]_”,d( ) (6.5)

These states are such that |[W_|, <0, |V_||, > 0 and (V_|¥,) =0, making positive
and negative frequency states decoupled. Note that here frequency and the subindices
+ do not refer to an eigenvalue of v% but to the sign of the inner product (:|-),. Due
to this decoupling, it is possible to build a consistent “single universe” quantum theory
from the positive frequency sector only and no need of “third quantisation” [98], in which
¥ would be promoted to a quantum field.

In our case we will consider both the W, and W_ sectors and construct a positive
definite inner product from (-|-),. It is enough to redefine the inner product of the
negative frequency modes by adding a global minus sign in front of the ¥_ contribution:

] = 1, 2], (6.5)
or more explicitly,
2 [ dk [ dA )
iz =2 [ 5 [ 2 et P + e VP sinb(iln) . (61)
T J_ oo 2T J_o 2Th

This inner product treats positive and negative A modes in exactly the same way (con-
trary to the ¢t inner product) despite the A < 0 modes falling off exponentially at large
v rather than oscillating like the A > 0 ones.

But what happens to wave functions of the form

< AN (% dk . o N5 N5
= —_— Y, 12 {L>\7 ?
\IJ(Ua ©s t) /0 oh - 2ﬂ_6 eh [’7(’%3 A)J‘H‘ ( i U) + E(K/, >\)J_|n| < h’l})] !
6.8)

Identically to the ¢-clock case, the integral [ de is divergent making these states non
renormalisable. We can hence focus only on functions of the form

As we can see from , this inner product is time (v) independent, meaning that
no extra condition is required in this theory (recall that is unitary). The Hilbert
space hence contains all regular functions of the form .

6.2. Semiclassical interpretation

We have seen that the solutions to the Wheeler-DeWitt equation have a time indepen-
dent norm already without the need of boundary conditions. Following the Gotay and
Demaret conjecture |59|, we can explain is this by the fact that v is a fast clock every-
where: the singularity is at the boundary of the domain of v (v = 0) and hence no extra
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condition is needed. Moreover, there is no Hamiltonian that can be interpreted as the
generator of time evolution. This leads to an interesting semiclassical interpretation.
Indeed, let us recall the operator F:

R 0? 0
— 2 _
F = < h 0.2 ihwge? 875) (6.9)

where u = log z%' The wave functions of this theory have to satisfy the second order
differential equation

2
B W 1) = P 1) (6.10)

If F was independent of u and had only positive eigenvalues, this equation could be
replaced by two Schrodinger equations

zhaa Uy (u,p,t) :l:\f\IJi (u, o, t). (6.11)

In this case, self-adjointness and positivity would be enough to ensure that \/E is a well-

defined operator. Moreover, in this case \/.77:" could be interpreted as the Hamiltonian
of the theory.

However, F is not time independent; if we want to rewrite equation as a
Schrédinger equation, we have to introduce the operator Hy,

m;xy(u, o, 1) = Ho ¥ (u, o, t), (6.12)
u

where H, would be the generator of time evolution and it is a solution of the equation

87—(

S = FU(u,¢,t). (6.13)

7_[2

There is no self-adjoint operator 71, that is a solution of this equation and this can be
easily verified by taking expectation values (assuming states that are well-behaved in
both sides of the equation):

(H2) + z’hai (Ha) = (7). (6.14)

The right-hand side always takes real values whereas the left-hand side does not unless

8u = 0. That would imply that F must also be time independent, thus ultimately
leading to a contradiction. Notice also that, even classically, the constraint

2
C=—n+ %1\ (6.15)
v 02 ) .

does not admit a splitting C = 72 + H2 such that H, is a Dirac observable.

In a nutshell, there is no link between our theory and a Schrédinger theory with
a self-adjoint Hamiltonian. Still, if one tries to interpret the v theory as an effec-
tive Schrodinger theory in the semiclassical regime we require the use of a complex
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Schrédinger time. Similar analysis have been done already, we summarise here the
method used in [99]. More examples of models that acquire a complex semiclassical
time can be found in [100].

The main idea is to relax the requirement that is a Schrodinger equation in the
same time variable u than , instead we introduce a variable o such that % = 8%'
Assuming § is small, we can thus write o as u + § and rewrite the condition over

expectation values [(6.14) as

<7%u>2 + <ﬁu8;i“ + Bgsl?%u> 5+ iha<(,f;> - (7). (6.16)

where we have expanded (’Hu>2 at first order in §. Now, if we assume that the expecta-
tion values are over semiclassical states for which covariances are small, we can do the
following approximation:

<7%ua;i“> = <a;i“7%u> = <%u> (@. (6.17)

If we set § = -3 <;j ] (which is purely imaginary), then at first order of perturbation

H, can be considered the square root of F and hence the theory can be seen as a

Schrodinger theory. Notice that ¢ = u — h——=%—~ can be considered a semiclassical

2(Hu)
expansion due to the factor of 4. Thus, the only way write our theory as a first-order
theory semiclassically is by introducing a complex time variable.

An interesting exercise is to calculate the imaginary part of the effective time o on

a classical solution. To do so, we replace <7:lu> by its classical limit w, = vm,. Recall

from the classical trajectories (for non vanishing \):

o(t) = \/—ij TAME —t0)?,  m(t) = ?\(to ) : (6.18)
\/—%‘f’ ANt — tg)?

so that vm, = 2A(t9 — t) and
h

0=—i——. 6.19
"INt — 1) (6.19)
For an expanding solution with A > 0 we see that § reaches a maximum value of % at

the classical singularity and tends to 0 as ¢ goes to infinity, although, for macroscopic
Ty, 1.e., |T,| > h the imaginary part remains very small. The plots of ¢ alone as a
function of ¢ and of & compared with u for the same value of ¢ are presented in [fig. 6.1}
In this comparison we had to set the parameters \, h, m,, and vy to arbitrary values.
In fact the numerical values of the plots are irrelevant, the most important feature is
the general shape which is overall conserved for different choices of the parameters.
From these plots, we can visualise how the imaginary part of ¢ is relevant near the
classical singularity but tends to 0 as the volume v grows to infinity, confirming the gen-
eral expectation that far away from the singularity the quantum theory is well described
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(a) |6(t)| for a solution in which & = 7, = 1, (b) Parametric plot of the real part of ¢(t) and

A =1/2, and to = 0 for values of ¢t between  the imaginary part of o(t) for a solution in
1/2 and 3. The singularity is at ¢t = 1/2 which o = m, = vg = 1, A = 1/2, and
and 6(1/2) = 1 which is a finite value. to = 0 for values of ¢ between 1/2 and 3.

Figure 6.1.: Analysis of the imaginary contribution é.

by a real time Schrodinger theory, whereas close to the singularity, this approximation
not longer holds. Interestingly, the quantum behaviour of the perfect bounce model
[74] was also captured by semiclassical complex trajectories in conformal time, leading
to the avoidance of the classical singularity in the complex plane, similarly to quantum
tunnelling.

Coming back to the Gotay and Demaret conjecture, we see here that as v is fast
everywhere, no boundary condition is needed in this theory, and thus near the classical
singularity we do not observe the superposition of plane waves present in the t-clock
theory. This leads to the suspicion (later confirmed by the numerical analysis) that this
theory does not resolve the singularity. It is now time to centre ourselves around the
last possible theory, the ¢-clock theory.
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The last theory we study here is the -clock theory. As seen previously, we can rewrite
the Wheeler-DeWitt equation by multiplying it by v? to find

hQa—Q—hQ __9 2+z‘rw2g (v, p,t) =0 (7.1)
9,02 8 log(v/vo) at = '
By using the ansatz ¥(v, p,t) = ¥ (v, gp)e“‘% we obtain
0? 9 ?
2 32 2 =
(h a7 h <810g(v/vo)> v )\> Y(v,0) =0. (7.2)

In we introduced the y-inner product |(4.14)[ which we recall here:
Y A ®dv [ - 0 0
o), =i [t [T (\Ifm P ZE (0 0.0) — (0,0, 5 W0, «m)) (73)

Remember that n#9,, = %3@ where here n# is the normal to the ¢ = const surfaces in
the Rindler wedge metric.

In we saw that our theory is not unitary unless the correct boundary
conditions are satisfied. In fact, introducing the variable u = log(v/vy) we verified
that the condition O, (¥|®),, = 0 is equivalent to the self-adjointness problem for the
operator |(4.16)|
62
ou?
in an L2(R x RY, %dt), or equivalently L?(R?, dudt), inner product, which is then also
equivalent to imposing the boundary condition |(4.15)]

G =—h? — Mvde? (7.4)

_ 9 o _]v=>
/dt [v‘llavq)—vq)avlll » =0. (7.5)

The operator G has a very different behaviour depending on the sign of A. If we consider
its classical theory, (i.e. replacing i%d, by p, and treating p, as a classical momentum
of a particle), G is of the form T + V where V = —Avge?" is a potential term and
T is a kinetic term (note the absence of hats in G). If X\ is positive, this potential is
attractive enough to accelerate a particle to reach w = co in a finite time, yet for A < 0
the potential is repulsive and this acceleration does not occur. The classical behaviour
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signals two facts: on the one side, the operator G is not self-adjoint for positive A and
we would need a reflective boundary condition around v = oo. On the other side, it is
self-adjoint for negative A so no boundary condition is needed.

There is a one parameter family of linear subspaces of the wave functions that satisfy
the boundary condition as derived first (to our knowledge) in [93] and in very
comprehensive way in [92]. The work [92] was done in the context of S-branes and A was
a fixed quantity. In our case, as A is not a fixed parameter but a dynamical variable,
the one parameter freedom of choosing subspace depends on A. In this section, we
will reproduce the results of [92] but our normalisation will be different because we are
working with a Klein—Gordon rather than a Schrédinger inner product. For the A < 0
case, the boundary solution is trivially satisfied, and the eigenstates of G are also known,
as shown in [94]. We will re-derive them using in our context.

Yet, before we start these calculations, there is a major point to take into account.
As we saw for the v-clock theory, Klein-Gordon inner products such as (-[-),, are not
expected to be positive definite and hence these inner products cannot be used for
a consistent (Born) probability interpretation. However, the explicit construction of a
positive inner product over the whole space of solutions of the Wheeler-DeWitt equation
is neither needed (because we will only work on the subspaces solving the boundary
condition [(7.5)[) nor straightforward. In fact, solutions that do not satisfy the boundary
condition|(7.5)/have no physical interpretation in this setting: no meaningful probability
distribution can be associated to a state whose norm is not conserved over time. By
first imposing unitarity, the resulting wave functions naturally split into orthonormal
positive, null, and negative norm subspaces, which makes the redefinition of the inner
product possible for such subspaces. In conclusion, we will build a positive definite
inner product after finding the family of self-adjoint extensions of the theory and only
on the subspace of solutions of the boundary condition.

In the following sections we derive the form of the wave functions that are both
normalisable and satisfy the boundary condition Normalisability puts further
restrictions on the states. Our results are compatible with the analysis of [75] where
a quantum theory in ¢ time was constructed for a cosmological model with massless
scalar field and fixed A > 0. In this work, the authors define a Dirac quantisation of the
kinematical Hilbert space rather than fixing a clock variable before quantisation, but as
we have seen in the same self-adjointness problems arise in this framework.
Another subtlety is that they do not use the volume v but a dual representation in
terms of a variable b corresponding to the Hubble parameter, hence even if their results
are not directly comparable to ours, we reach similar conclusions.
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7.1. The )\ > 0 sector

Remember that the general solution to the Wheeler-DeWitt equation |(7.2)| is

(v, 0, t) /00 ;T)\h /_: %ewez‘%% [a(k:,A)JW <\§v> + Bk A <\§v>]
! /Oo 2(17);1 d:; e [7(&, A)Jw <\§U> + €(k, A)J_ ) (?v)] .

(7.6)

We discuss real and imaginary order Bessel functions separately, as they have very
different asymptotic behaviour, hence we start by considering a wave function with

v(k, A) = €(k,\) =

® dXx [ dk .. ot N 5
U 90, / 27T77, /_OO %em@ev\ﬁ [a(k‘ia)‘)']ik (XQU) +6(k7)‘)<]—i\k\ (XHFU)] .

(7.7)
The inner product of these states is
dkidks dX dv
) = - [ G5 P A R (7.8)

aragd | <\§U> ik (?v> + Q182 iy <\§U> J ik (?U)
+B102 | <\§U> Jilks| (?v> + BBk (?11) Jijks| <\§v>] ;

where we use again the abbreviation «; for a(k;, ) and j; for 8(k;, A). This expression
is clearly ¢ dependent. In order to simplify it further, we make use of the explicit
expressions for the integral of the two products of Bessel functions of Here
we use equation to find

/dk:ldk‘g dA pilks
(2m)? onh’

(U1]¥) =— KU (kg + ko) x (7.9)

29 ) ) )
{PVM (smh<(|k1| + |k:2|)g) (@102 — B13a)

+ sinh ((|k:1| - |k:2|)g)) @162 — Bmz})
sinh ((\kﬂ + |k2|) 5

)5(!k1! — |ka|) [@102 + B132]

|Fr| =+ [Fa|

inh ((|k1| — |k2|) 5 3

sin ((| 1] |2|)2)5(|k1|+|/€2|) [@1/82+,81a2} )
|k1| — |k2]

where PV denotes the Cauchy principal value, a definition of the integral in terms of
a symmetric limit around the singular point k; = ka. We need to analyse these terms
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one by one. The two last terms come from the v = 0 limit. In particular, the last
term, depending on §(|k1|+|k2|), will not contribute to the final result. The Dirac delta
0(|k1| — |k2|) can be simplified using:

(k + k2)O([kr | — ko) = (ky + ko) [S(kr + ko) + 6kt — k)] = 2kad(ks — ko). (7.10)

When integrating over ki or ko, the Dirac delta ensures k1 = ko leading eilka—k1)e — 1
and thus the contribution of this term is independent of ¢.

The first two terms come from the limit v = oo and they cannot be further simplified;
thus they must vanish. Hence, the boundary condition is non-trivial only in the
v = oo limit. Due to the presence of the principal value, the integral over k of these
factors only depends on the antisymmetric part with respect to the point k1 = ko. This
leads to the condition

Y (k1 k2, A, @) =Y (2kg — k1, k2, A, ) =0, (7.11)

(which is odd with respect to the reflection around the singular point k; = ko), where
Y (ki ko, A, 9) = 027002 sinh (([ka | + ko) ) [0 — B1 o]

+sinh ((ykly . |k2\)g) (6182 — Pro)] . (7.12)

To solve this condition we expand it around the singular point k; = ko up to linear
order to find:

a(k, VB(k,\) — a(k, \)B(k, \) — cosh(k) (\a(k, N2 - |8(k, )\)\2) (7.13)
- %sinh(lm) (m, )\)(W ~ alk, A)ao‘g‘;” + i (Jak, N = |8k, /\)]2)> =0

The last term depends on ¢, so it has to vanish independently, hence
la(k, V)2 = Bk, NP = eXENBk,N) = a(k, ), (7.14)

where x(k,A) is an unspecified function taking values between [—m, 7). Using this

information in |(7.13)[ we find the differential equation

msin(x(k,\)) + sinh(kw)aakx(k:, A)=0. (7.15)

The general solution to this equation is
|k|m
X(k, ) = —2arctan |9()\) coth 5 | (7.16)

where J()\) is a free function. By looking at we see that we have the apparent
freedom to multiply x(k, \) by a overall minus sign which can be different for positive
and negative k (note that x(k, ) is ill-defined for £ = 0). However, this sign is fixed
by imposing that the solution to must also be a solution to |(7.13)l Given that
X(k, \) as defined in solves we have found the most general solution to the
boundary condition.
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Let us analyse the free function ¥(A) deeper. Two obvious solutions to are
B(k,A) = ta(k,\) for some (or all) values of \. The “+” solution corresponds to
x(k,A) = 9(A) =0, at least for these values of \. However, the “—" solution is x(k, \) =
—7 which formally corresponds to ¥(\) = oo, which must hence be included as a
possibility. The function 9(\), defined to take values over R U {oo}, is the degree of
freedom of the one dimensional self-adjoint extension of the operator analogously
to the free parameter 6(k) present in the t-clock theory. A similar free parameter was
found in 92| and [93].

Now, the inner product of any state where a(k,A) and B(k,\) follow with
X(k, \) defined as in gives

d\ 251nhk:7r
(0101, / / A 20T 1, 2) . (7.17)

In consequence, this inner product is not positive definite, the £ > 0 modes give a
negative contribution to the norm. We follow here the same approach from the v-clock
theory, we redefine the inner product so that it becomes positive definite. This
allows all k£ modes to be considered as physical states. This redefinition can be done
with ease as the £ > 0 and £ < 0 modes are decoupled after the imposition of the
boundary condition. We thus modify the inner product on these states

(W1]P1) = (U1]¥1) ko — (P1IP1) o 5 (7.18)

where the notation £ < 0 and k& > 0 refer to the value of integration of & in |(7.17)
Explicitly this gives

i), = [~ 58 [T 22 v, (7.19)

21h s

which is manifestly positive definite. Note that even after this redefinition norm of
states is still conserved, i.e., the theory is still unitary.

In conclusion, a normalised solution to the Wheeler-DeWitt equation satisfying the
boundary condition built using only imaginary order Bessel function can be ex-

pressed as
(X(EA) VA
e 2 Jyg U

2
zkap 2)\ ko
(v, ¢,¢) / / an® ¢ etk )\/ Snh([R7) ¢
(720)

where [°°_ 4k [*|q(k, )| = 1. Note the similarity between this solution and the
expression of W, found in the t-clock theory. In both cases the combination of
Bessel functions must be real and in both cases there is a free parameter that acts like
a phase. However, in the t-theory the free parameter 6(k) is a function of k, whereas in
the ¢-clock theory J()) is a function of A.

However, the expression for y(k, \) presented in can be inconvenient to work
with later in the numeric section and the comparison to [92] is not clear, so we chose to

rewriting the arctangent in terms of logarithms such that:

B sinh(@) — (N cosh(@)
© 0T sinh(@) +i9(N) cosh(@) ' (721
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One can further simplify this expression by introducing a new function k() such that

9()) = tan (KO(A)g) , (7.22)

where k() takes values in the interval [0, 2). In this notation xo(\) = 1 corresponds to
the possible choice ¥(A) = oo discussed earlier. Using this new function we can rewrite
(7.20)]

2m
zk(p 7,)\7 k)
(v, ¢,%) / / oarh" € rak, A) sinh(\k|7r)><

inh(|k| —iko(AN)5 A

Re S%Il (’ ‘ %KO( ) 2) Jz|k| £’U . (7.23)
sinh (|k| 4 iko(A)5) h
This is the form used in [92] but with a different normalisation (as they are using another
inner product).

Now that we have found normalisable states with imaginary order Bessel functions, let

us turn our attention to real order Bessel functions by considering states with a(k, \) =

B(k,A\) =0

v 0:%) / 27rh/ e lv(kxk)% <€v> + (k5 N) T (?v” .

(7.24)
The norm squared of such a state is
deidrg dX dv (. .
(walwe) =i | T g e )¢ (7.25)

Y172 |y | (?v) Jika (?v) + Y162y <\§v> T o] (\Qv>
_ 2 2 _ VA VA
+€172J_|,€1‘ <hv> J‘Hﬂ <hv> —|—€1€2J_|,€1‘ <hv> J_|,€2‘ <hv>] ,

where as usual all functions are evaluated at the same A due to the appearance of the
factor [ dt e!2=A)% = 27h8(A\y — A1), and we use the abbreviation v; = v(k;, A) and
€; = €(ki, A). We have studied the integral over v in and found that it does
not converge (neither in the usual sense nor in a distributional sense), unless the order
of the two Bessel functions are strictly positive. In this case, the expression is given
by Consequently, we must make €(k, \) = 0 in order to obtain a normalisable
state. We then find

dridrg d) sin((|k1] — |k2))3) _
Uy |0 (k1+r2)e 2 A A, (7.2
(o) = —= [ T2 e 0 s Dy ) (720

The only way to ensure that this inner product is time independent is by setting

. T
sm((|/<;1\ - y,{2|)§) =0 = || — |ko| =20, nEZ. (7.27)
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This condition can be solved separately for each value of A; but given a fixed A only a
discrete set of values for k is allowed, namely those satisfying

|| = k((X) + 2n for some n € NU {0}, (7.28)

where () is an arbitrary function of A which we can choose to take values in [0, 2).
Thus the wave functions that have a preserved norm under the inner product are

Tt (V) +2n (?Uﬂ : (7.29)

These functions have norm zero, which is indeed ¢ independent. These states have no
classical analogue; one would interpret them as configuration for which 7r<2p < 0 in the
classical constraint , similar to the tunnelling solutions under a potential barrier in
quantum mechanics. In quantum cosmology similar states that may “decay” in relational
time have been briefly discussed as “quantum puff” universes by Misner [101], however
their interpretation is not clear at all. Such states are also mentioned in Blyth’s PhD
thesis [102], once again with difficulties to find a good interpretation. Luckily, in our
case they have norm zero, so they have no influence in the probabilistic interpretation
of our theory. We will not consider universes composed only of such states because the
fact that they have norm zero makes it impossible to calculate expectation values of
observables.

As we did for the t-clock theory, we must now calculate the inner product of two
states W1 and Wy given by ((7.20)| and |(7.29)|

EaNG D W s / /
N, _ 2% + (ko (N)+2n)e - —(ko(N)+2n)p
a(pt) = [ e [Z (5 el @22 7 (n)e (62 )

dk dA dw / < .
(0afts) =i [ G005 (e ) ) 40 + 20+ )
n=0

el (g, )y () (=G (N) — 20+ k) ) X

(x(k) VA VA
e 2 Ju (3)+2n (hv) Jijk| (hv>] . (7.30)

It is better for now to use the form with x(k,\) for ¥y to simplify the calculations.
The v integral has been calculated in the and the exact formula is given in

(B.25)]
dk dx N2n—ik)e kA7 (V)
<‘ll1‘\112> 271' 27Th < K ()\) + 2n — ik

(’io —2n—ik)p (k7)‘) ( ) >
ko(A) + 2n + ik

2

TR
sinh([klm)

2m
sinh(|k|m)

Re [ei > sin((ls{)()\)+2n—i|k|)g)] . (7.31)



7. The p-clock theory 73

-x(k,\)

To ensure this is p-independent we demand Re [e’ 2 sin((kh(A) + 2n — z]k\)g)} =0.
This is equivalent to

tan(&{)()\)g) S tan(X(l;’ /\)> tanh(@”) . (7.32)

Using [(7.22)| and |(7.16)| we find that

tan(mg(/\)g) = tan(mo()\)g). (7.33)

Hence, if we choose £4(\) = ko(\) + 2n where n is a integer for all A, the condition
% (U1|W2) = 0 is satisfied. We impose n = 0 as we defined both k¢ and &, to take
values between 0 and 2. Thus, given a state composed of both real and imaginary Bessel
functions, there is no cross contribution to its norm. Note that other choices like are
possible as the tangent function is w-periodic, but we choose the simplest one.

We are now in condition to write the most generic normalised wave function that

satisfies the boundary condition |(7.5)[ of the A > 0 sector:
(v, 0, / / ’]wei)‘%a(k A) 277T><
’ 2rh ’ sinh(|k|r)
sinh((|k| — irko(N))5) VA
e . : ik | v
sinh((|k| 4+ irko(N))5) h
A e -
" /0 2mh ¢

e A ®
VA
JHQ()\)+2H <hv ) (7.34)

where [°° 4k [*9|q(k,\)|> = 1. Note that there is no normalisation condition for
yEN) because they do not contribute to the total norm of the state.

7.2. The )\ < 0 sector

Now that we have analysed in great detail the states with A > 0, we can turn our
attention to the A < 0 ones. Recall that classically the behaviour of the operator
G = —h2— — Mvge?, is very different depending on the sign of A. In particular,
for A < O we will see that no boundary condition is needed.

Like we did previously, we start by analysing purely imaginary order Bessel functions

working with the modified Bessel functions I; (fv> and Ky (\f )

(v, ¢, 1) / 27Th/ kP NG [ (k' \) K (?v) + Bk, N) Lk, (V?v)] .
(7.35)
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Note that a(\, k) and S(\, k) are not the parameters we found in the A > 0 case but
generic functions. The asymptotic behaviour of the I-Bessel functions is

V==

vV=A he ="

J EN (v) — 7f€ - , (7.36)
h V0 /2 — v

Given the inner product|(7.3)} the norm of a state containing /-Bessel functions diverges.
This feature is common both in the t-clock theory and in the p-clock theory. Hence, we
restrict ourselves to states

\Ilg(v,gp,t):/_;;:;i/ ‘;k (k. Ky, (\/,?v) . (7.37)

The inner product of these states is

d\ dkydk; dv s~ VA VA
(W3] W), = /%h( oy (kitha)e '“)“"041042Kuk1|( z U) Kiu@( v

(7.38)

Here we are using the notation «; = a(k;, ), and we simplified one A integral using

/ dteihi—r2)7 = 2whd (A1 —A2). The integral over v converges in the distributional sense
and its expression can be found in resulting in

/ dA dkldkgel(,€2 k1)g (k‘1 + kQ)@lag

Vs W
(W3 ¥s), = 2rh (2m)2 2[ky | sinh([k; )

[0(1k1] = [R2]) + 0 (Ika] + [k2])] -

(7.39)
The term 6(|k1| + |k2|) does not contribute to the integral and the other delta can be
simplified using|(7.10)| to find

A dk [a(k, V)2
Us|Us), = —— . 7.40
(PalTs), /27rh 27 sinh(k) (7.40)

There are a few things to comment about this result. First of all, during the derivation
of we saw there was no contribution to the result from the v = oo limit, which
is another way of seeing that the boundary condition is trivial in this case. The
triviality of the boundary condition can also be verified directly by substituting there
a state like [(7.37)] and using the small and large argument asymptotic forms of the
K-Bessel functions |(5.29)| and [(5.30)| in each limit. In a nutshell, the operator G
is self-adjoint in the A < 0 case. Secondly, we see that in positive k modes have
a negative contribution; the inner product is again not positive definite. Hence, given
that the £ modes are decoupled in this inner product we can define a new inner product
for these modes by

(U3 W3), = (V3]Us3) — (U3|¥3) (7.41)

©,k<0 ©,k>0

where the subindices k£ < 0 refer to the interval of integration in k. This is exactly the
same modification we did for |(7.18)] With this new inner product the squared norm of

states U3 is
dk \a (k,\) \
V3| Ws) >0. 7.42
(P3|Ps), / 27rh/ 27 sinh(|k|7) (7.42)
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Finally, we need to consider real order Bessel functions for A < 0. Given that the
asymptotic behaviour of the I-Bessel function |(7.36)| does not depend on the order of
the Bessel function, real order I-Bessel functions are not normalisable. We thus define

dK/ FL it —)\
(v, 0,1) / 27Th/ 2Nk, \) Ky (” . v> , (7.43)

as a candidate for normalised function. The calculation of (¥4|¥,) involves the integral
(B.23)| which diverges for all values of x, hence there are no normalisable real order
Bessel function states for A < 0.

In conclusion, we are now in a position to give the most general normalised solution
to the Wheeler-DeWitt equation which solves the boundary condition :

7 ixt 27
'U SD, / / 27Th kaAha(kJ,)\) mx (744)
. \/sinh(g(lk\—mg()\)))l VA
sinh (Z (k| +iro(A)) "M \ R

ANt [N (e (Ro )21 4 () (R0 F2n)e
e ’[Z (e 7 (Ve ) >

VA
Jno()\)+2n (hv>]
+/ / dA e't? “t\/Qsmi('k'ﬂ) (ks ) K <\/7?v> :

where [>° 42 [0 dk|, S f ~ L[ dk|n(k,A\)|? = 1. As we have discussed

0 27h J—oo o | oo 21

previously, the function Ko()\) € [0,2) represents the G self-adjoint extension
choice, in a similar fashion than the parameter 6(k) in the ¢-theory. Thus, the most
obvious question is what is the role of ko(A) in the dynamics of the theory? We have not
studied this explicitly, but we are confident that kg(\) does not change substantially
the behaviour of relevant observables. In the closely related model [75] it is shown that
the impact of choosing different parameters for a fixed value of X is negligible.

Regarding the physical interpretation of the theory, we found that the modes with
A > 0, that correspond to classical solutions which can reach infinity in a finite time,
must satisfy a boundary condition. This boundary condition may be interpreted as
a reflection around v = oco. Identically to what happened to the t-theory, states of
the form are continuous everywhere. When analysing the classical theory (see
[ig. 3.2), we saw that classical solutions v(¢) and ¢() are not continuous everywhere,
rather they present a discontinuity when ¢ = ¢g (where v reaches o). The quantum
boundary condition ensures continuity past the threshold ¢ = ¢ as the A > 0 modes
are reflected from v = oco. The ¢ clock is indeed slow at v = oo, but contrary to the
t clock, it is fast at the singularity. In the numerical analysis we will see that this
reflecting boundary condition implies that the solutions experience a turn around at
finite maximum volume rather than reaching infinity, thus expanding the Gotay and
Demaret conjecture to include also “infinity resolution”.
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In conclusion, we have three theories for which the allowed wave functions look very
different. From [chapter 5| to [chapter 7| we have illustrated the breaking of covariance
coming from the clock choice. As explained in the t-clock and ¢-clock the-
ories can also be obtained by the Dirac quantisation of the same model multiplying the
Hamiltonian by a non-trivial phase space function. These results trigger the question:
is there a preferred quantum theory? From the clock choice perspective there is no
preference, all the chosen clocks are valid and equivalent choices, and all of them have
been explored in the literature. However, one can argue that the theory that gives
the desired dynamics should be considered over the rest. But, what is the “desired
dynamics™? In the context of quantum cosmology (and black hole spaces), the ultimate
goal for a quantum universe is to resolve the singularity (the definition of “resolving the
singularity” comes with its own caveats that we will analyse shortly). It is then inter-
esting to study the dynamics of the three theories we found. In the following chapter we
will calculate numerically expectation values of different observables and build testable
criteria for singularity resolution for all theories.




Part IV.

NUMERICAL ANALYSIS OF THE
DIFFERENT THEORIES



8. DYNAMICS OF THE THREE
THEORIES

One of the main reasons to consider quantum gravity, and in particular, quantum cos-
mology, is to resolve singularities. The most striking ones are perhaps the big bang/big
crunch singularities, as they are not hidden by an event horizon. So far, we have done a
complete analysis of the three different theories obtained considering different dynam-
ical variables as quantum clocks, and we have seen that they are not equivalent. In
consequence, we expect different behaviours towards the big bang/big crunch singu-
larity. Nonetheless, defining conditions for singularity resolution is not trivial, and we
must first specify them. In fact, several criteria are used in the literature, see [103].
A strong criterion is to demand that the energy density (that classically becomes infi-
nite at the big bang/big crunch) or other divergent physical quantities have a universal
upper bound satisfied for all states; see [103a] for an example of energy density upper
bound.

We use a simpler and less constraining criterion for our theory, similar to what was
proposed by Gryb and Thébault 73], i.e, we demand that expectation values of clas-
sically singular quantities, like the volume or the scale factor, are always non singular
for a given semiclassical state. However, the meaning of “non-singular behaviour” and
“semiclassical state” has to be specified in a case by case basis. We will give more details
about singularity resolution criteria in the following sections.

In the rest of the chapter we will construct semiclassical states for each of the three
theories and give explicit values for expectation values of v and ¢ with respect to these
semiclassical states, compare them to the relevant classical Dirac observables calculated
in and analyse whether these semiclassical universes are non-singular. After
we have understood the dynamics of each theory, we will analyse their causal structure
to highlight their differences.
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8.1. Dynamics of the t-clock theory

We start by analysing the dynamics of the Schrédinger theory. Let us recall the general
solution of the Wheeler-DeWitt equation and the boundary condition:

dk ; 2 ok 2k sinh(|k|7) . —\E
\Ij(va(pat) :/ 27’[‘ [Z 6 A h\/ 7_[_|]€| (k A ) i|k| A v
o gy ., V2rRe [w(k o AOJm(ﬁUﬂ
+ / ¢iM ol V|, (8.1)
o 2mh h 20(k) + |k|log 2 ) + ficosh(|k
cos (—~20(k) + [kl log % ) + hcosh(|k|)

:v\ﬂ

where (k) is a free parameter. The first line corresponds to the A < 0 modes and the
second line to A > 0.

Building a semiclassical state amounts to choosing a form for a(k, \), a(k, \F), and
O(k). Our choices are the following:

(k) =0, (82)
alk,\Fy =0, (8.3)
N 5.4)
1/aka,\ ' ’

The choice 0(k) = 0 is the simplest choice of self-adjoint extension. We work under
the assumption that the qualitative results are independent of the self-adjoint extension
choice, as studied in [73], in particular [73b]. However, any given function of k (even non-
continuous functions) is allowed. It is neither possible, nor needed, to study the effect
of all possible self-adjoint extensions to analyse singularity resolution in this theory.

Our choice a(k, \F) = 0 comes from the analysis of our universe. Let us recall the
physical interpretation of the parameter A. In we saw that it can be related
to a perfect fluid energy density, and hence its values will depend on the energy density
interpretation. In particular, A < 0 implies a negative energy density, which would be
considered as exotic matter in the case where the perfect fluid is dust or radiation. In
this work we have focused on the “dark energy interpretation” of A, i.e. we interpret A
as a cosmological constant. In this case negative values are possible, but according to
the data we have, it is very clear that our universe has a small positive cosmological
constant. Therefore, we will only consider positive A modes.

Our last choice is standard in the study of minisuperspaces. We consider a normalised
wave functions centred around the classical values A, and k.. Again, to simplify some
calculations, we will only consider £ > 0 modes and therefore the constant C' plays
the role of a normalisation constant; it ensures [ ° ;T)}L I dk| ase(k, N> = 1. The
parameters o, and o), are the standard deviations of the Gaussians. A state with smaller
expectation values can be considered as more “classical”. For most states we consider
ke and A, are large enough with respect to o and o), that C' can be approximated to
1.

alk,A) = ase(k,\) =
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In a nutshell, our semiclassical state is

i A
V21 Re [e Flog /55 Jik (\gvﬂ

Ve (v, p,t) / / Py ’k‘PeZ)‘Easc(k:, A) .
\/hcos (k: log /\%) + hcosh(km)

(8.5)
Here the subindex t is a label to distinguish the semiclassical states from the rest of
the theories. Note again the equal weight combination of Bessel functions of +ik index.
Recall that A\g is a constant needed for dimensional reasons that will be set to 1 to
obtain the numerical results of this section.
Now that we have an expression for the semiclassical states, we can calculate the ex-
pectation values of different observables. In this theory the most interesting observable
probably is the volume

(Wse (v, 0, )| 0 [Wse (v, 0, 8)) = (0(t))y,, , - (8.6)

The label t refer to the fact that this calculation is done using the t-clock inner product.
The expression for this observable is

S Ao dk e
W(t))y,, , = /0 dv 02 / o o M ek M (b o)<

27 Re [e Zklog\/ﬁJ ( )] Re {e tlog AOJ (\/;Fv)}

(8.7)

\/ﬁ cos (k log ﬁ—é) + hcosh(km) \/h cos (k: log :\\—3> + hcosh (k)

These integrals cannot be simplified by the techniques we used in our appendix. As
asc(k,A) is chosen to be real (v(t))y_, is symmetric with respect of time reversal
¢ —» —t, which simplifies the numerical evaluation. Indeed, one can evaluate (v(t)g,,,
for positive values of ¢, and then deduce the (v(t))y, , for the corresponding negative
values of t. Given that numerical evaluation is very slow, this allows us to save a lot of
time.

Nevertheless, the evaluation of |(8.7)| is a challenge numerically. To simplify it we
will assume that the Gaussian over k is sharply peaked, i.e. Z" < 1. Consequently,
ase(k, A\)ase(k, No) = K(k)L(A1)L(\2) where K (k) can be approximated to a Dirac §
distribution, K (k) ~ 6(k — k.) up to a certain degree, hence removing the k integra-
tion from the calculation. The v integral is still a challenge, so we have verified that
(Vse|Wse) =1 to very high precision.

Let us recall the characteristics of the t-clock theory. In we have seen that
the classical trajectories terminate at a finite tgng where v(tsng) = 0. The classical
evolution cannot be continued beyond t = 4,4, however, our quantum theory is by
construction unitary so the state is well-defined along the entire ¢ axis. Hence, our
criterium for singularity resolution is that if for a specific ¥y, there exists a constant
Cy,., such that (v(t))y, , = Cu,., > 0, this state resolves the singularity. A stronger
criterium for singularity resolution would be to require that the constant Cy,,, is in-
dependent of the state, but we will not do this in this work. Some other quantum
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behaviours that we might observe are (v(tp)),_, = oo for a finite ¢, or (v(t))y, , — 0
when t — =00, however these behaviours can still be seen as singularities in the
quantum theory.

We compare (v(t))y__, to the classical curve

21.2
velt) = 1 [42et? — h;‘"c , (8.8)

where k. and A, take the same values as in a.(k, A)|(8.4)] [Figure 8.1|shows the compar-
ison between (v(t))y  , and vc(t) for different values of the parameters. We see clearly

that (v(t))y,, ,, reaches a minimum value strictly above zero and slowly tends to the
classical curve as t increases. The quantum expectation value is always above the clas-
sical one and it is well-defined before the big bang and after the big crunch singularity.
This behaviour is exactly what we would expect from a nonsingular universe.

also shows solutions for various values of o) with the rest of the parame-
ters unchanged. To our surprise, the states with greater standard deviations o) seem
to agree better with the classical theory at late times and seem to have a smaller
minimum value. In other words, states with a larger quantum spread seem to have a
more abrupt transition between the two classical branches. In fact, the minimum value
(v(t = O))\I,SCJ = Vi is a function of the parameters M., k. and o, and it appears that
it is decreasing in o). For values of the parameters k. = 1, A = 10 and A = 1 we have

Vininos—2 = 2.08 £ 0.04,  Vipinor—25 = 1.72£0.04,  Vipinoy—3 = 1.47 £0.02, (8.9)

where the errors are the estimation of the integration error of Mathematica. This
quantity does not have a classical analogue, hence the fact that V,;, decreases with
oy is not problematic per se for the quantum theory. In [73|, the authors found a
very similar behaviour in a limit in which the contribution of the cosmological constant
dominates over the scalar field. They found that Vj,,, o 1/oy. Our results do not
assume this limit and deviate from this relation but not very strongly.

One interpretation to this behaviour is the following: despite that A and ¢ are con-

jugated variables, in some sense A is also conjugated to v (recall the small argument

) Vw
asymptotic behaviour of the Bessel functions Jy (%v) x eklog T%), so that a greater

spread in A would imply a smaller spread in ¢ and v, bringing the quantum expectation
value closer to the classical solution.

The errors in V., tell us that the integrals of this section are non-trivial to imple-
ment numerically. The v integral in poses the most problems: The lower end
contribution is always zero as the prefactor of the Bessel functions cancels the infinite
oscillations, but the upper end contribution is harder to deal with. The Bessel functions
behave like trigonometric functions for large values of v and these oscillating integrals
are a challenge, for this reason the estimated error of the numerical results is non neg-
ligible. There are a couple of secondary factors that one should also take into account
when doing these numeric calculations. First of all, increasing k. mean that the Bessel
function oscillate more rapidly, interfering further in the calculations. This is why we
decided to study only modes with k. < 3. Furthermore, the term e~ i1=22) 5 adds more
oscillations, making the results at large ¢ more prone to errors. Finally, decreasing oy,
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(a) The dotted lines represent (v(t))y  for values k. = 1, Ac = 10, h = 1, and o) = 3

(red circles), oy = 2.5 (blue squares) and o) = 2 (yellow triangles). The black thick line
corresponds to the classical trajectory with the same values of k. and \.. We see that the
quantum trajectory is well-defined for all ¢’s and reaches a positive minimum value V,,;,,.

W

&E
5
&E

D L 1 1 1 1 1 L 1 1 L 1 1 1
-0.5 0.0 0.5

(b) The dotted lines represent (v(t))y  , for values ke = 3, Ac = 10, h = 1, and oy = 3
(red circles), oy = 2.5 (blue squares) and oy = 2 (yellow triangles). The black thick line
corresponds to the classical trajectory with the same values of k. and \.. We see that the
quantum trajectory is well-defined for all ¢’s and reaches a positive minimum value V.

Figure 8.1.: Comparison between (v(t))y__, and v.(t) for different values of the param-
eters.



8. Dynamics of the three theories

83

Ae | ke | oa | 2va(02) (%) | Ava(05) (%) | Ava(l) (%)
100 1] 3 ] —53.15+3.73 | —10.51 +2.44 —4.76 +2.03
10| 1 |25| —68.0042.49 | —11.8042.58 | —4.921 4 0.901
101 2 | —92594537 | —15.13+3.39 —5.154+1.73
10| 3| 3 | —173.80+£1.98 | —32.025+0.943 | —14.870 + 0.990
10| 3 [25| —96.37+753 | —33.07+1.14 | —14.97+1.05
10| 3] 2 | —2336+124 | —36.34+3.70 | —15.03+1.82

Table 8.1.: Relative difference between the classical solution and quantum expectation
values of A, k. and o). The errors are calculated using Mathematica inte-
gration error estimate and standard error calculation.

makes ag.(k, A) more peaked, and functions with larger gradients tend to be more diffi-
cult to integrate (this explains the errors in|(8.9)). It is almost impossible to establish
an exact parameter range in which the numerical integration gives a reliable enough re-
sult, but we consider that within the ranges we are plotting in [fig. 8.1 numerical errors
are manageable.

We are aware may not convey the fact that (v(t))y, , tends to the classical
trajectory, at least when k = 3. We had to find a compromise where the behaviour
around v = 0 is clearly visible, the difference between the different quantum curves
noticeable, and the plot range wide enough to see the dynamics at larger ¢. In order to
check that the classical and quantum curves agree at larger times (¢) we have checked
the relative difference between the two in a safe range of the parameters:

(W) e,
ve(t) '
As the quantum curve seems to be always above the classical one, A,.; is negative.
Looking at we see that in all cases, A, approaches 0 when ¢ increases and
smaller values of o) give larger numerical errors. Larger values of k. seem to slow down
convergence, but we do not consider this to be of worry.
Finally, it is interesting to study the variance of the states throughout the bounce.

If a state maintains a small variance throughout the evolution, it stays semiclassical.
This semiclassicality occurs in models of LQC [103]|. The variance of our model is:

Ar@l(t) = (1 - (810)

() y,,, = (1), , ~ ()3, (8.11)
where,
& dh\idXo dk _; ¢
2 _ 3 18A2 —i(A1—A2)%
<v (t)>\lfsc,z —/0 dv v /(27Th)2 %e (A1 2)ﬁasc(k,)\1)asc(/€,)\2)><
. A . A
2 Re [ VR g (40) [ e e 5% gy (150
(8.12)

\/hcos <l<: log i—é) + hcosh(knr)\/h cos(k: log i—ﬁ) + hcosh(km)
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This time, the numerical integration of this quantity poses even more problems than
(v(t))y,,, due to the divergent integral [ dv v*. We have tried several parameter com-
binationé and we consider that the integration errors are too high, hence we cannot
present them in this section.

Overall, we consider that the results we obtained are accurate enough to prove that
this theory resolves the singularity and the universe experiences a bounce. For a deeper
numerical analysis (in particular regarding the dependence in the self-adjoint extension
parameter) we refer to [73]. We confirm the fact that a slow clock ( as defined in |59])
solves the singularity generally.

8.2. Dynamics of the v-clock theory

Among all the studied theories, the v-theory has always been the outsider, and in this
section this will be no different. In we have seen that this theory is unitary
without boundary condition. The expression for a normalised state is

V(oo t)= | 2 ihpeing [T
(v, %) /_Oo onh J_ 27r6 "\ Zsinh(k]r)

[Oc(k,/\)Jik <\§ ) + B(k,A)J —ilk| <\§U>] . (8.13)

The small argument asymptotic of the Bessel function is comparable to a plane wave:

limy 0 g (%U) o eFilkl 2n , the + sign are waves going into the singularity and

the — sign are waves going out of the singularity. We want to compare the quantum
expectation values with a classical universe that expands from the big bang singularity
(see , we consider solutions that are composed of only outgoing waves, i.e.
a(k,\) = 0. To construct semiclassical states, we make very similar assumptions to the
t theory, namely:

e We limit ourselves to the range A > 0, in order to work with universes with a
perfect fluid positive energy density.

o We set 5(k,\) := as(k,\) as defined in|(8.4)] i.e., a double normalised Gaussian

centred in the classical values k. and ).

The expression of a semiclassical state is then

dk : VA
We et (kM) :
(v, ¢, %) / 27Th/ ¢ 281nh(]k\7r)a (ks )T ( h )

(8.14)
The sub-indices sc, v refer to the fact that this state is specifically the semiclassical state
of the v-clock theory.

In this case, studying singularity resolution is not as straightforward as for the other
theories, because the volume of the universe v is now the clock variable. However, we can
study the expression of other important observables, like (Wsco|t[Wsew) = (H(v))y, -
Classically, v(t) and t(v) are invertible quantities and classical trajectories, t(v) can-
not be defined past ¢ = i,y as v cannot be negative. Consequently, we consider that
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Figure 8.2.: Possible singularity resolution in the v-clock theory. The blue solid line
represents a classical trajectory t(v) for A > 0. The green dotted line rep-
resents a hypothetical trajectory of (t(v ))WSM where 0, (t(v))y_ =0 and
then (t(v))y, , experiences a turnaround. The red dashed line cdrresponds
to a <v(t)>\1,§c’ trajectory that becomes ill-defined. Both hypothetical tra-
jectories would be considered singularity resolution even if the green dotted
curve reaches v = 0.

(t(v))y,, , avoids the singularity if we observe one of the following behaviours: either

(t(v))y,, , becomes ill-defined as ’(% (t(v))wsw‘ — oo for some value of v, or (t(v))y .
starts moving backwards, i.e., 9, (t(v))y_ = 0 somewhere. These hypothetical be-

haviours are presented in

It is possible to simplify the expression for (t(v))y_ . In fact,

<t(v)>‘1’5c,v = <\Ilscv| 3 |\Ilsc v)

_ o [ dhddadk i) g Gse(ks A ase(R, Aa)
2 (2m)2 2w sinh(|k|7)
VAL VA2 Vg VA
[Jum <hlv Oud ity (v ) = T-awt (7 ) Oudiw (S0 ) |-

(8.15)

Here we simplified the integral [ dpe™F1=52)¢ = 275(ky —kg). We cannot use the same
trick for the ¢ integral, however this integral can be solved using:

d)\ld)\Q —i(A1=Xo) Lt
dt te "M =A)r (A A
/(27rh) "F(A1, A2)

F(A1, A) — iF()\l, /\2)> (8.16)

27rh 8/\1 02

A1=A2=A
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This leads to

d)\ dk
{t)g,,, = o tselk, N f(v, kA
h d)\ dk
= 27Th2 [ sc(k )\)8)\0450(/{: )\) akasc(k,)\)asc(k‘,)\)] s (8.17)
where
2 2
m 2l ;[ VA 20K 5\ | (VA
flv.k, ) = Ihsinh(klm) |7 ( n ”)‘ + ( PO A R

ihlklv VA VA
— \% [‘]ilkl (hv> J_1_ijk| (hv> — C.C.] , (8.18)

where the notation c.c. means complex conjugate. Two things stand out from this
expression. The first one is that does not depend on any approximation or
expression for ay. yet, hence this expression is not only valid on the semiclassical states
we want to study, but also for general states. The second one is that the expression
is manifestly real, as it should be.

Let us now consider ag.(k, A) as in Because a(k, A) is real, the second line of
(t(v))y,, , is trivially zero. In the limit o) — 0 and oy — 0 we can approximate the
integral:

(g = [ (kNP RN~ f0 kA (819

This limit can be considered as a classical limit, as we have l?k < land $* <1, and
very small standard deviation implies small dispersion of the states. We would like to
compare [(8.19)| with the classical solution

1 [R2k2 o2
te(v) = 54/ 52 t 1 (8.20)

where the subindex c refers to the fact that this is a classical solution. A. and k. should
have the same values in the two expressions for a meaningful comparison. Expanding
(8.18)| and |(8.20)| around v = 0 (the classical singularity) we find

hlke| v? v A2y 8
te(v) = — + < O(v 8.21
(v) Ae  Ahlke|  16R3)k* 3280k ) (8.21)
hlk 2 )\c 4 )\2 6
Fo, ko) = el v Y il +O®®)

+ - +
2Xe  Ahlkel  16E3(|ke| + |ke|®)  32R5(4]ke| + 5lke|® + |ke|?)
(8.22)

There is a very close agreement between these two expressions, the first difference comes
at order v*. These expressions reveal an interesting interpretation of the parameter k:
in the large k. limit, the two solutions agree, hence k. can be considered as another
measure of semi-classicality. It is therefore insightful to study solutions with different

values of k|

! As k grows, the Bessel functions become increasingly harder to numerically integrate, hence we will
not study functions with k& > 10.
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Already at this stage, we can confirm that this quantum theory and the classical
theory are in very close agreement. This backs up the theoretical analysis done in
There are no signs of singularity resolution as described around [fig. 8.2}
However, we would like to plot t.(v) and (t(v )>\I,SC In order to do that effectively, we
use one last approximation. Assuming the limit is well-defined, we will only consider
Gaussians |(8.4)| that are very peaked in k, i.e 78 < 1. Thus, |asc(, M? = K(k)L(N)
where K (k) can be approx1mated to a delta distribution K (k) =~ 2md(k —k.) allowing us
to drop k integral in We are aware that this is a tremendous simplification, but
without this approximation the numerical implementation of is almost impossible
due to the non-triviality of the integral of the Bessel functions. The parameter o)
remains and different values of it represent different states: if % is small, the wave
function has less dispersion in A and hence can be considered as a “more classical” state.

In we present (¢(v))y, , with respect to different values of k. and 0. We see
that the quantum expectation values follow the classical trajectory to the singularity,
and there are no apparent signs of singularity resolution as the ones considered in|fig. 8.2|
This behaviour is expected as v is a fast clock everywhere. A few things stand out from
the figure: the classical and quantum curves are still in very close agreement for higher
values of v, and the quantum expectation value is always greater than the classical
curve, in accordance to Indeed, the term of order v3 (which is the first term
that differs from the classical and quantum curve) is bigger for (t(v))y_ . In addition
to that, the curves with smaller oy are in closer agreement with the classical theory,
contrary to what happened in the ¢-clock theory.

It is interesting to study the variance of such expectation values, to verify whether
the state Wy, remains semiclassical throughout the evolution. In this case

o> (t(v)y,,, = (0)y, , — ()3, (8.23)

should remain small throughout the evolution. The calculation of <t2(v)>\1, is very

similar to the (t(v))y, , one, namely

<t2(v)>‘1’sc,v = <\Ilscv’ t2 [Wscw)
dA1dXs dk 2 —i(A X)L ase(k, M) ase(k, N2)

— ;™ 5 22 701’5 te sinh(|k|r)
|:Jik| (@v) Do i <\/§2 > J_ilk <\/§ )(‘3 Jilk| (@v)} ;

(8.24)

where we have again simplified the integral [ dpe F1=k2)¢ — 975(ky — ky). This time,
we use the formula

/d)\1d)\2dt #2671 =2 T P(Xp Ag)

F
(2mh)?
82
- 27rh <0)\2 (s A2) + Y] (Al’h))

, (8.25)

A1=A2=X
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(a) The dotted lines represent (t(v))y for values of k. = 3, \c = 10, o = 1 and o) = 2,
(red circles) and oy = 1 (grey squares). The blue thick line corresponds to the classical
trajectory t.(v) for the same values of k. and A.. We can see that the classical and quantum
curves are very close to each other.

0.70 _—I I B I"—T
EI.'EE:— —f
EI.'ED:— —E
EI.55:— -f
0.50 _. . | | . | | -:
0.0 0.5 1.0 1.5 2.0 2.5 3.0

(b) The dotted lines represent (t(v))y_  for values of k. = 10, Ac = 10, & = 1, and o\ = 2,
(red circles) and o) = 1 (grey squaires). The blue thick line corresponds to the classical
trajectory t.(v) for the same values of k. and A.. Once again, the classical and quantum
curves are very close to each other.

Figure 8.3.: Comparison between (t(v))y__ and t.(v) for different values of the param-
eters.
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which comes from the second derivative of a Dirac ¢ distribution. Thus,

dA dk R2k? 0
2 i

zwth dX\ dk ase(k, \)Orase(k, A)
— — h(A, A I
2 /27Th27r sinh(|k|r) On 1M1, A2)lxi=x=1

_imol? / AN dk dse(k, \)Orase(k, A)

Oro (A1, A2)| A =20=2

2 orh2r  sinh(|k|m)
2
- 71 %gk [sc(s N B cvse (k. A) + Baisclk, Naselk, V)] » (8.26)
where
) ) ) )
h(A1,A2) = Jz‘|k| (\/fiTU> aUJ_i|k| (?U) — J_ﬂk| <\/}:2v> 8in|k| (\/7?1/> . (8.27)

In our case agc(k, ) is real, so the two intermediate terms cancel due to the symmetry
of h(A1,\2). Moreover, it is straightforward to see that the first term can be directly
related to the classical solution ¢.(v)|(8.20), thus in our case

Py, = [ oo ok NPEE)

d\ dk
— h? oy — (b, )3 vse (K, M) (8.28)
Note that contrary to what happened in (t(v))y_ , the second term does not vanish.

In the limit %¢ < 1, the integral over A of the second term can be done yielding to

2
By, , ~ [ goplaulbe ) t2<>+2’zi (8.29)

This is the expression we will use for the plots. We can already see from this expres-
sion that the term <t2(v)>lpscv remains close to and slightly above the classical curve
throughout the evolution. Inﬂeed, as the first contribution is the classical expression
modulated by a Gaussian and the second term is a small positive contribution.

We represented <t2(v)>\psm and (t(v))?psw in ffig. 8.4

Despite their apparent goad shape, and the simplicity of these results in comparison
to the previous section, we ought to take the numerical calculations and plots of this
section with a grain of salt. The expressions |(8.17)| and [(8.29)| present a number of
challenges regarding their numerical integration:

e The numerical results for (t(v))y__ — are only valid for small enough v. This is
due to the fact that the Bessel functions in oscillate and the bigger v gets,
the more oscillations are contained in the A integration range (this becomes clear
looking at the large argument asymptotic form . Mathematica is a very
powerful computational tool but it does not deal well with very oscillatory inte-
grals, as seen in the previous section already. In general, we will not trust the
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Figure 8.4.: Comparison between <t2(v)>q/ ) (t(v))?psw and the classical curve ¢.(v)?
for \c = k. = 10, h = 1 and &A = 1. The orange squares represent the
curve for <t2(v)>q/ , whereas the green triangles (t(v))?l,sc ,- The classical
curve t.(v)? is represented by a thick blue line. We see that <t2(v)>qj

and <t(v))§,sc _ are close throughout the evolution of the state.

values for “large v’s” but the exact definition of what large v really means in-
volves not only an excellent knowledge of the behaviour of all the Bessel functions
involved but also a very deep understanding of the mechanism of numerical inte-
gration Mathematica uses, and this goes well beyond the scope of this thesis. In
our plots we have decided to stay in a range that remains as close as possible from
v = 0 but is large enough to show interesting behaviours, such as the classical and
quantum curves not diverging from each other

e The numerical results for (t(v))y,  are only valid for small k. For larger k, the
Bessel functions have larger values and more pronounced oscillations which dif-
ficult the numerical integration. We find that for £ > 10, Mathematica starts
sending a lot of error messages (warning us from the rapid oscillations) and deliv-
ering unreliable results, so we resolved to stick to values k < 10.

e Both (t*(v)),  and (t(v))y, . are only valid within a certain range of A. The

expressions |(817)| and ((8.29)| are divergent when A — 0. We resolve this by
reducing the range of the integration over A to (A. — 30, Ac +30)). This range is
wide enough to cover almost all the dispersion in A while avoiding the divergent
part of the integral as long as A, — 30 > 0. In general, A = 10 and o) < 3 are
‘acceptable’ values of the parameters. Theorically any set of parameter where A, —
30 > 0 should be valid, as the integration over such range is finite. However, in
practice, when a function has a very steep gradient numerical integration becomes
much harder to implement, so the set of acceptable values of the parameters has
to be defined one more time case by case.
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Despite these difficulties we still consider that the numerical results we found are mean-
ingful and that they complement the theoretical predictions made in previous chapters.

In conclusion, this theory does not solve the singularity resolution and the divergences
of the quantum expectation values remain small. This is in agreement with what we
studied in [chapter 4] and [chapter 6] These results confirm the conjecture that a classical
fast clock cannot resolve the singularity when going to the quantum theory.

8.3. Dynamics of the ¢-clock theory

The ¢-theory is very interesting because the clock ¢ behaves quite uniquely. It is slow
(using the terminology of [59]) at v = oo, and in consequence we expect to observe
divergences from the classical theory around ¢ = ¢, where v(pg) = oo (we refer to
for a recap of the classical theory). A general solution of the Wheeler-DeWitt
equation and of the boundary condition is

iko i 2
(v, p,t) / / 7€ R ok, \) b () (8.30)
. \/sinh(g(yk\—mou)))l VA
Slnh(%(“ﬂ?‘ + mg()\))) ik T

<) aae [Z (7 e 20e 47 (e (o2 )
0

[ [ (V)

where kg(A) is the self-adjoint extensmn parameter, and «(k, \) and n(k,\) are nor-
malised: [0 2% [0 ko (k. N)? + f 122 9% 1n(k, \)|* = 1. We consider that semi-
classical states are wave functlons that fulﬁl the following:

® % (A) =1, (A) = 0. We have seen that Jy(x)42, (%v) states have norm zero

and do not have an analogue in the classical theory. Consequently, they cannot
be considered as semiclassical modes.

e n(k,A\) = 0. As in the two previous sections we suppose the universe is in a
superposition of positive cosmological constant modes (or positive perfect fluid
energy density modes).

a(k,\) = asc(k, ), i.e, we only consider Gaussian states as defined in

Finally, we also consider states for which the self-adjoint extension parameter ko(\) =
0. This is not a condition of semiclassicality, rather a choice to make the numerical
integration simpler, and it is exactly the same procedure we followed in the t-clock
theory. We know from |75], where they studied the same model for a fixed cosmological
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constant, that the self-adjoint extension parameter does not change the presence or
absence of big bang/big crunch singularity. In conclusion, the states we work with in

this section are:
27 v
U RN (o Ny | = Re | Jypy | 22 .
sesp (V1) / / oan€ ¢ sk A) sinh([k[m) " "’“'( n ”)]
(8.31)

For simplicity, we only consider modes for which £ > 0, but maintain the notation with
absolute value of k in case someone wants to repeat or expand our calculations to other
ranges of k. Once again, the subindex sc, ¢ refers to the fact that this wave function is
a semiclassical state in the @-clock theory

8.3.1. Results for <v(g0)>\psw

There are two observables that can be calculated explicitly: (Wseo|v [Wsep) = (v(9)) g, .
and (Ve ot W) = <t(90)>\llsw' The criterion for singularity resolution is again
W),
We interpret any failure to observe this behaviour as singular. Starting by (v(¢))y. ;
we have

> Cy,,, > 0 for a positive (and probably state dependent) constant Cy, .

(0(0)) B /OO dk1dkso /°° dr = 2meik2=k1)P (k) 4 k)
Phsee = Jy T@mE Jo 2k )y O \/sinh([kjn) sinh([ kel 7)

dsc(kly)\)asc(k27)\) Re Jz\k1| (?v) Jz\k2| (?U)] . (8.32)

This time we can calculate the v integral analytically, which greatly speeds up the nu-
merical analysis. However, the integral over v is divergent. This is a priori not good
news, as one cannot make sense of the quantity <U(90)>\I/SC,¢’ but we follow the same atti-
tude particle physicists have regarding infinite quantities. When loop corrections make
a scattering amplitude divergent, instead of giving up and ditching the full theory, what
has been done is renormalise and /or regularise the results. In short, when a scattering
amplitude is divergent in the theory, new contributions (usually called counterterms)
are added to the theory so that the result of the scattering amplitude matches the (fi-
nite) quantity observed experimentally. This process is called renormalisation and it
does not imply the existence of new physics. Renormalisation techniques have been a
common practice since the seventies (see |104] for an early reference on the renormalisa-
tion group). Another option for dealing with these divergences would be to not compute
directly <v(g0)>l1,sc’¢, but rather try to find a finite expectation value for a function of v.

Re

In [75], the authors used tan(v) instead of v to avoid similar issues.

Our case is slightly different, because we are implying the existence of new physics
from the start (namely that spacetime is quantum) and moreover there is no experimen-
tal (in our case observational) quantity (v(y)),,s We can compare with. Nevertheless,
we require that the v integral in is finite. Indeed, if we assume that this quantum
universe has a classical limit, namely the one studied in we would like the
classical quantity <U(90)>\I/5W to agree with the classical curve, at least for a subset of
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the range of . Otherwise, it is impossible to recover the classical limit. Again, this
assumption, as radical as it sounds is recurrent in particle physics and QFT.

However, in order to makeﬁnite, we need to regularise the integral. This can be
done implementing a cutoff, which is in a way implies the existence of “more additional
physics” that act at large v and make to final result of the integral ﬁniteﬂ There are
different ways of regularising an integral. In this work we have focused on the two
easiest ones (as to our knowledge). The relevant formulas are [(B.27)] and [(B.29)} The
first one diverges logarithmically, hence, in order to obtain a finite result, we introduce
a finite cutoff =,. With this cutoff, the expectation value is

CICON

/dklde d)\ iei(k ki)e (kl—i—kg)cosh( )cosh<77f)
(2m)2 27h/\ /sinh([k: [7) sinh([ka|)

aualhr: Venethz, ) f1os (52 )+ (501 =ikl - )
w0 (50 il = ) ) + o (G004 0]+ 52D
+ o (G-l + 1)) + 21} (3.3

where v refers to the Euler-Mascheroni constant and (z) to the digamma function.
This cutoff can be interpreted as adding an extra term of the form f f~ dUH When,

integrated, this contribution will cancel the logarithmic divergence. ThlS addltlon of an
extra term resembles the Pauli-Villars regularisation method that consists in adding a
fictitious mass term to certain divergent propagators (see chapter 7 of [32]).

The second method of regularisation, based on gives:

(v(®)g,,

_/dkldk’g d\ iei(lw—lu) (k1+k:2)cosh< )cosh(%)
(2m)? 27h /X /sinh([ky|7) sinh([kz|7)

el Naella ) { =2 + og (‘”‘2) 0 (50 =ikl = i)
w0 (50 il = ) ) + o (G004 0]+ 52D
+ o (G0l + D) + 21} (5.3)

where now ¢ — 0. The previous =, logarithmic divergence is “hidden” in the regulator
€, which comes from a dimensional regularisation approach. However, the two meth-
ods give the same non divergent part. As the divergent parts are comparable, indeed
log[Z,] = 1/¢, we have decided to use for the numerical calculations. There is a
quantitative difference in a logarithmic and a 1/e divergence, but the debate on which

2We are using the word regularisation rather than renormalisation because in particle physics, the
procedure of renormalisation does not assume the existence of forces and particles beyond the
standard model. In this case we have to assume the existence of some additional phenomena or
scale in which our theory is not valid anymore in order to implement a cutoff.
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regularisation method is better goes beyond the scope of this thesis (as so many other
interesting issues). We thus compare different values of the cutoff and take it to values
as high as 10'°. As we will see in more detail later in the section, the cutoff choice
has a non-trivial influence in the results, especially around ¢ = 0, but it is clear that
qualitative features of the expectation values (which we are mostly interested here) are
not too sensitive to it. The numerical evaluation of the v integral (without using
would require a cutoff similar to Z, leading to the same ambiguity.

On a final note, the integrals involved in are not absolutely convergent, but
might be convergent in a weaker sense, where separating the three integrals and compute
them independently does not make sense. This, of course does not solve the issue of
implementing it numerically, but makes the divergences less problematic.

The quantum expectation value is symmetric under ¢ — —¢ and therefore we
compare it to the classical solution

hk.
ve(p) = = (8.35)
¢ VAcsinh(p)|
Even after simplifying the v integration, |(8.33)|is still very hard to compute numeri-
cally. The integrals over A are

2hy/m [dN B 0= onm fodA kO AR

o ) a0 oy ) e <> '
These integrals are finite (although they have a complicated expression) and it can be
verified that, in the limit oy — 0, they reduce to the value of the integrand evaluated at
A = A¢. All the calculations we show are in this limit. This approximation is analogous
to o — 0 in the previous sections since in the inner product of this theory, the different
A sectors are decoupled.

The numerical results are presented in to Figure shows the
classical curve and quantum expectation values with different values of the cutoff, figure
shows the maximum value of the volume V4, = <U(O)>\I/sc,¢> for different values
of o), and figure shows the classical curve and expectation values with different
values of o;. There are several things to comment about these figures. First of all, we
see that the values of the classical curve and the quantum expectation values are very
close to each other for |p| large enough (this specific value depends on the rest of the
parameters). Moreover, in this limit, all quantum curves are very close to each other,
meaning that the value of the cutoff is important only for small values of ||, where
the classical curves start diverging from the classical one and separating from each
other. The quantum expectation value grows with ¢ and reaches a maximum value
Vinaz = </U(O)>\Ilsc,cp and this value grows weakly with Z,. Then, as ¢ > 0 the quantum
expectation values decreases and gets closer to the classical curve. This behaviour
is what we would expect from the analysis of since we had to impose a
reflective boundary condition at v = oo, which corresponds to ¢ = 0 in this example.
Independently of the value of the cutoff, we see that the quantum corrections are small,
but start growing and lead to a faster expansion than in the classical theory, before
slowing down and stopping completely at ¢ = 0. This first phase of rapid expansion is
in agreement with the results of |99], where a systematic expansion into higher order

(8.36)
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Figure 8.5.: Comparison between <U(‘P)>\Psc,¢ and v.(¢p) for different values of the cutoff
Z,. The values of the cutoff are =, = 10 (dark green circle), =, = 107
(green squares), and Z, = 1019 (light green triangles). The values for the
rest of parameters are k. = 10, A\, = 1 and o, = 3.
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Figure 8.6.: Values of V4, (vertical axis) as a function of o, (horizontal axis). The rest
of the parameters are k. = 100, A, = 1. The curve has been fitted with a
fit function of the form V4 = aaz where a = 821.487 and b = 0.767681



8. Dynamics of the three theories 96

quantum fluctuations around the classical trajectory was studied in a similar model. In
their work one sees explicitly how quantum fluctuations diverge as the volumes grows,
which in our case trigger the recollapse later on. As interesting as these results are, we
cannot say that they resolve the singularity: the quantum expectation value <U(‘P)>\If§c,¢
goes to zero at large . This is in accordance to the results obtained in |75 for a fixed
positive cosmological constant.

There is another, more quantitative argument to show that the classical singularity
is not resolved in this theory. Substituting the limit at large |p| [(B.31)[into |(8.33)| we
conclude that limg 400 (v(¢))y,, = 0. We consider this argument strong enough to
replace the A,..; table made for the t-clock theory, in which we could not simplify the v
integration.

In figures and [8.7] we see the influence of the parameter o, in the theory. The
maximum value V4, grows with oy, hence, bigger o trigger a more abrupt transition
between the two classical branches and the quantum expectation value remains close
to the classical solution for longer. We observed a very similar counter intuitive result
in the t-clock theory regarding Vj,;,. This behaviour can be explained using the same
argument: k and ¢ (the clock) are conjugated variables, hence a greater spread in k
implies smaller uncertainty in ¢ leading to the observed curves.

It is interesting to complement these results with the variance <v2(4p)>%c , aswe did

in the v-clock theory. The integral we are interested in is

) B dkldkzg ometk2 kD¢ (k) 4 ko)
(v (30)>\1; =
se¢ o 27Fh \/smh (|k1|7) sinh(|ka|m)

As for (v(p))y.. > the v integral is divergent and needs to be regularised. If we imple-
ment a cutoff =2, using |(B.39) we find

© dkydky [ AN mwetk2=R)e (k4 k)
2 1UR~R2 1 2 _
v ~ Asc(k1, A)age(ka, A) X
(V). /0 (27)2 /0 271 \ /sinh(|ky |r) sinh([k2|7) k1, Ase(k, A)

(W (coth(z(lﬂ + kz)) Sinh(%(kl = kQ)) + Coth(g(’fl - ’f2)) Sinh(g(kl + k2)>)

VAZ VAT
+h? <2 — ;O;( P )> cosh(kl;r> cosh(?) . (8.38)

ase(k1, N)ase(ka, A\) Re Re

This time the divergence is linear, which is much worse than the logarithmic divergence

in |(8.33), We can regularise the integral with dimensional regularisation using |(B.40)|
This time, the divergent terms vanish living only the finite contribution

SC(kla A)asc(k% )\) X

) © dkydky [ AN mekemRIP (k) 4 ko)
(v (90)>\1/ ~ 3 a
e o (2m)2 Jo 2nh/sinh(|k|7) sinh(]ke|7)

"L(’i’f) (coth (5 (k1 + kz) ) sinh (5 (ky = k2) ) + coth (5 (ky — ko) ) sinh( (ks + k2)) ) -

1
(8.39)
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(a) The dotted lines represent (v(p))y,,  for values Ae =1, ke =10, h =1, B, = 10° and
or = 3 (red circles), o, = 2.5 (blue squares) and o} = 2 (yellow triangles). The black thick
line corresponds to the classical trajectory with the same values of k. and \.. We see that

the quantum trajectory is well defined for all ¢’s and reaches a positive maximum value
Vmaa:-

&
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(b) The dotted lines represent <v(<p)>q,sw for values A\, = 5, k. = 10, h = 1, £, = 10° and
oy = 3 (red circles), o, = 2.5 (blue squares) and oy, = 2 (yellow triangles). The black thick
line corresponds to the classical trajectory with the same values of k. and .. We see that

the quantum trajectory is well defined for all ¢’s and reaches a positive maximum value
Vmaa:-

Figure 8.7.: Comparison between (v(¢))y,  and ve(p) for different values of the pa-
rameters.
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It seems that the v integral in <v2(<p)>qlsc diverges for one regularisation method and
is finite with another one. This may appe;r contradictory, but different regularisation
methods may yield to different results. After a preliminary numerical analysis it appears
that would be valid at large ¢, whereas for small ¢, only gives sensible
(positive) results. We thus use for the calculation. The expression is coherent
with , where we used the same regularisation method.

Last but not least, we might be tempted to ask ourselves whether it makes sense that
the cutoffs =2, and =,2 should be the same. We assume that, if =, represents a scale for
which the theory is not valid anymore, it should be the same for both results.

(8.38)| gives a measure for the error of the results through the standard deviation

— (v(9))3,.., - (8.40)

Ysc,p

(0(@)y.., = 2O

This quantity is a measure of semiclassicality: if it is small throughout the evolution, it
indicates that the state remains semiclassical, but if it grows larger when approaching
© = 0 it means that the state cannot be considered semiclassical around V4. If we
had to take a measurement of the volume at any point in evolution, we would like to
have a small deviation as this would mean a higher chance to measure a quantity close
t0 (0())y,, _.

It appears that the integrals involved in are even more difficult to handle than
the ones in They depend non-trivially on the deviation of the Gaussian oy,
the cutoff =2, and are only valid in a limited range of , where ¢ is small, otherwise
the oscillations coming from the term exp(i(k2 — k1)¢) render the expression extremely
hard to compute numerically, even after all the approximations taken. Doing a complete
analysis on the validity of these results would require again tremendous efforts, therefore
we focus on trying to answer the most important question: Is o <”(0)>\Psc,¢ big? In

sc,p

the work |75, where a similar model with a fixed positive cosmological constant was
analysed from a Wheeler-DeWitt and the LQC perspective, it was shown that the
dispersion of similar semiclassical states at late time (here large ) is small, indicating
that the state is indeed semiclassical. However, in our model, o(v(p))y,  becomes
very large when ¢ = 0 as indicated in [fig. 8.8

shows several things. It indicates, for fixed values of the rest of the param-
eters, a range in o} in which the numerical integration gives a coherent result. Indeed,
we see that the error is more or less the same for o = 1,...,5 and then diminishes
(before becoming complex and hence not reliable). If we limit ourselves to the interval
or € (1,5), we can also say that the error is quite large, and even compatible with a
priori negative values for some cases. This is a sign, that when going through the quan-
tum recollapse, the wave function does not remain semiclassical. This is different to
what we observed in the v-clock theory, where <t2(v)>qjsc . remained small throughout
all evolution (recall . However, in the v-theory there were no quantum effects,
that could generate this dispersion. Looking at these results, we expect a similar dis-
persion to happen in the t-clock theory, concerning <v2(t)>\1,sct. We could not verify
this conjecture due to the intractability of the integrals involved. In [75], in the LQC
universe, the singularity was replaced by a quantum bounce, but the dispersion of the
states remained small throughout the bounce. This is not what happens here in the
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Figure 8.8.: Values for Vj,,q4, (vertical axis) as a function of oy (horizontal axis) with
error bars calculated using|(8.40)l The rest of the parameters are k. = 100,
A=1land E, =Z,2 = 10°.

reflection from infinity, this transition has a non-trivial effect in the dispersion of the
state.

The fluctuations of V4, can be explained by the fact that the state is going through
a reflection. In a non rigorous sense, part of state is expanding and part is contracting,
hence generating what we observe in [fig. 8.8] In this case the fluctuations might be
more sever because classically the volume grows to arbitrarily large values that might
also contribute to the final result.

8.3.2. Results for (t(¢))y,,

To complete the analysis of the theory, we also study (t(gp))%w. In this case the
relevant formula is

(t(e)) _/Oodlﬁdkz/ d)qd)\z/ dv/ 2meik2=R)e (k) + ky)
@ Wse,p 0 (271')2 0 27Th \/Sinh(|k1|7r)sinh(\k:2‘7r)

te' M2 A% 6y (1, A )ase(K2, A2) Re {Jm <*/§ )] Re [J“,@ <\/§v>} :
(8.41)
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To simplify the X integral in the same way we did in the v-clock theory for the calculation

of (t(v))y,, ,, using Hence,

C [dkdks dX v eteRD9 (4 k)
@)y, = —irh Ry x
e (2m)? 2mh v /sinh(|k |7) sinh(]ke|7)

{(asc(k2; )‘)aAasc(kla )\) - @sc(kh )\)8)\0450(k‘2, )\)) X

VA VA
Jz\k1| <h’l)) Jz\k:2| (h’l)>

v vV
H(ki, ko, \,v) =——= < Re | J; —
( 15 M2, 7U> 4h\/X{ € | Ji|ks| ( A ’U>

VA
Jz|k1| (hv>

The terms containing the A\ derivative of as.(k,\) vanish in our case, since agq(k, )
is real and separable in k and A. Hence, only the term containing H (k1, ko, \,v) is
important. This term is a combination of 16 integrals over v that are slight variations
from [(B.36)| and [(B.37)l After performing every integral and regrouping the 16 terms
one finds that all terms multiplying §(|k1| £ |k2|) (that come from the contribution in
the limit v = 0) cancel, hence only the v = oo limit plays a role. Some terms diverge
formula like |(B.28) which allows for a different regularisation method. Finally, the
terms containing digamma functions also simplify, leaving us with the extraordinarily
simple expression

dv 1 ™ . T
S H by A v) = o (coth((\kl\ + ’kz’)i) s1nh<(|l<;1| _ |k2|)§)

+ coth((\kl\ - ykgy)g) sinh((|k;1| + |k2|)g) . (8.44)

In conclusion the final expression of the expectation value (t(y))

Re Re

+ O_ésc(kb )\)asc(k27 )\)H(kla k?a )\7 'U)}

(8.42)

1tk (f”) — J ik (?U>]
J1tifks| (?U> — J1tilky| (?11)]} :

(8.43)

where

Re

— Re Re

as log( but these also cancel. Note that for these integrals we do not have a

U, 18

Oésc<k1, )\)Oé(kg, /\) X

() __z'wh/dkldk:g dh ek mk0e (k) 4 k)
P =774 | T(2m)2 2mh A\ /sinh((k ) sinh([ ko] )

k k_ k_ k
coth [ 5 ) sinh == ) + coth | “== ) sinh( ~* y kg o= k1| £ |kal.
2 2 2 2
(8.45)

This expression is antisymmetric with respect to the change ¢ — —¢ which motivates
comparing this quantum expectation value to the classical solution

hk.

coth(yp). (8.46)
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(a) The dotted lines represent (t(go))q,sw for values \. = 1, k. = 10, h = 1, =, = 105 and

o = 3 (red circles), oy, = 2.5 (blue squares) and o), = 2 (yellow triangles). The black thick
line corresponds to the classical trajectory with the same values of k. and .. We see that
the quantum trajectory is well defined for all ’s and is not monotonic anymore.
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(b) The dotted lines represent (t(np))%w for values A\, = 5, k. = 10, h = 1, E, = 10° and
o = 3 (red circles), o = 2.5 (blue squares) and oy, = 2 (vellow triangles). The black thick
line corresponds to the classical trajectory with the same values of k. and \.. We see that
the quantum trajectory is well defined for all ¢’s and is not monotonic anymore.

Figure 8.9.: Comparison between (t(¢))y , and te(¢) for different values of the param-
eters.
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We evaluate in figure for the several values of the parameters. As in
the case of <v(‘P)>\PSC,¢7 at large || the classical and quantum curves agree closely. For
small ||, the quantum expectation values reaches an extremum and then goes to zero,
to transition smoothly between the classical expanding and contracting branch. We also
observe the same behaviour with respect to changes in oy: for greater oy, the classical
and quantum solutions agree more closely, and the transition between the expanding
and contracting branch is more abrupt. These figures show that the expectation value
<t(‘P)>\IISC,¢ is no longer monotonic with respect to ¢ in any of the two sectors ¢t < 0
and t > 0 and experiences a turnaround, unlike what happens classically. Note that
contrary to (v(t))y, _;, this observable does not need any cutoff and also signals the
divergences between the classical and quantum theories.

Given the formula we can calculate analytically the limit (£(¢))y,, , at large

6], finding
, ko fdkd\k )
wgrfoo <t(90)>‘1/sc,go - :F§ %%X’asc(k" )‘)‘ ) (8-47)

Note that as.(k, A) is a Gaussian in k& and A with means k. and \.. The integral over k

gives simply the mean k.. The integral over \ requires a regularisation at A = 0 (whose

implementation is beyond the scope of this thesis), but after this regularisation, we can
1

assume that the result of this integral is 1-. Hence,

hk. :
lim t.(p). (8.48)

lim ((9))y,., = :!:2)\0 T potoo

p—+too
In conclusion, analytically the expression <t(cp)>q,sc’¢ tends to the classical solution.

Since large values of |p| correspond to the classical big bang/big crunch singularity,
the behaviour of ({(¢))y,,  illustrates again that there is no singularity resolution in
this theory. The quantum expectation values follows the classical curve all the way up
to the singularity.

Given that we have calculated (v(go))\psw and <t(<p)>\I,SW we can plot parametrically
these two quantities for the same value of ¢ and compare this plot with the classical
trajectory v.(t) The result of this comparison can be found in figure We
see clearly how the universe emerges from the classical singularity and is very close to
the classical v.(t), evolving forward in t. However, then ¢ experiences a turnaround and
starts going backwards. The universe reaches a maximum volume when ¢ = 0 and finally
approaches the contracting classical solution while ¢ starts going forward again. Form
this picture it is clear that the big bang and big crunch singularities are not resolved.

In summary, this theory does not resolve the singularity, but contrary to the v-
clock theory, it shows major divergences from the classical theory. These divergences
are in accordance with the analysis performed in [chapter 7 In particular, as the ¢
clock is slow at v = oo, the quantum expectation values show the “infinity resolution”
that was theorised at the end of the chapter. This brings further evidence to the
Gotay and Demaret conjecture. We believe the study of this minisuperspace model
is particularly interesting because each of the possible quantum clocks shows a very
particular behaviour regarding singularity resolution and divergences from the classical
theory.
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Figure 8.10.: Parametric plot of <U(<p)>\1]sc,(p and <t((70)>‘1/5<:,<p in comparison to v.(t). The
vertical axis accounts for the values of v (and <v(g0))\1,sc’¢) and the hori-
zontal axis for values of ¢ (and (¢(¢))y_, ). The red circles correspond to
trajectories with o = 3, the blue squares o, = 2.5 and the yellow triangles
o, = 2. The rest of the parameters are k. = 10, Ao = 1 and =, = 10°.

8.4. Causal structure of the different theories

In the previous sections we have seen how the expectation values (v(t))y,_,. (v(¢))g,.
and (t(v))g, , behave. We can use this information to study the causal structure of
each of our theories with help of conformal diagrams. Conformal diagrams are a very
popular tool in general relativity. To construct a conformal diagram explicitly, one needs
to apply a conformal transformation to the metric ds*> = —N(7)2d?7 + a(7)?h;;dz'dz?
so that spacetime is mapped to a finite region. One can reduce a spherically symmetric
spacetime to create a two-dimensional picture of the universe. Usually, the vertical
axis is related to the timelike parameter of the metric and the horizontal axis to the
remaining spacelike parameter. Every point in the picture represents a two-dimensional
sphere. Hence, in conformal diagrams, lengths are modified, but angles are conserved.
We can thus extrapolate the light cones of the conformal diagrams from the original
theory. The concept of conformal infinity and conformal diagram was first introduced
by Penrose [105]. These diagrams are often referred as Penrose diagrams, or Penrose—
Carter diagrams. In our model, the expression of the conformal transformation depends
on the energy interpretation of the model, i.e. it depends on the equation of state of the
perfect fluid p = wp, more concretely in the parameter w.

We will only consider “standard” and non exotic perfect fluids in this work. In par-
ticular, we will not consider perfect fluids with w < —1, that would generate a “big rip”

1

and perfect fluids with w = 5 (a massless free scalar field). As expressed previously,

our model is not well defined for two massless scalar fields. Of particular interest are
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the cases w = —1 (dark energy), w = 0 (dust), and w = % (light). Although in the
previous chapters we have focused on the dark energy interpretation, we will expand
our analysis to other perfect fluids to make it more exhaustive.

In this section, we are not looking to define a conformal transformation valid on
the whole spacetime, hence we consider only the asymptotic regimes of large and small
volume v. At small v, close to the big bang/big crunch singularity, which is spacelike, the
dynamics are dominated by the scalar field (assuming that 7, # 0). Then, at large v, we
can distinguish two cases. A universe with a perfect fluid that generates an accelerated
expansion (like dark energy), is asymptotically de Sitter, whereas a universe with dust or
light is asymptotically Minkowski. The reason why the asymptotic behaviour is perfect
fluid dependent, is that different perfect fluids lead to a different lapse N in ‘§3.15i.
Examples of studies of conformal diagrams of asymptotically Minkowski spacetimes
and asymptotically de Sitter spacetimes can be consulted in [106] and [107].

Now, the quantum theories are the result of symmetry reduction at the classical level,
so the connection between a particular choice of time coordinate and the spacetime
metric (as expressed by the lapse) is no longer obvious at the quantum level. Our
way out is to assume that a particular time coordinate has the same interpretation
in the classical and the quantum theory, so that the form of the lapse is unchanged.
This is justified since in any case these conformal diagrams we draw can only represent
expectation values in a quantum state, and clearly only make sense in a semiclassical
regime. We believe the conformal diagrams illustrate very well where the corrections to
the classical geometry are, and allow us to have a better understanding of the quantum
universes.

The conformal diagrams of the classical theory are represented inlfig. 8.11|and|fig. 8.12]
Both in the asymptotically Minkowski and in the asymptotically de Sitter case there
are two possible solutions, a contracting universe I, and an expanding universe II. Light
cones are determined by taking lines at +45°, thus a timelike trajectory is a curve
whose tangent vector at any point always stays inside the light cone at that point. In
the contracting universe, the singularity is in the future light cone of every observer.
In contrary, the reverse happens in the expanding universe, the singularity is in the
past light cone of every observer. The classical universe is always composed of two
disconnected parts.

We have seen in that the v-clock theory does not present big deviations
from the classical theory. In fact, (t(v))y__ is very close to t.(v) all the time. Therefore,
we assume that the conformal diagrams of this quantum theory are identical to
and [fig. 8.T2|for semiclassical states W, The universe is composed of two disconnected
regions and there is no trajectory that joins the two.

The conformal diagrams for semiclassical states in the t-clock theory are presented
in we replace ve(t) by (v(t))y, ,. The left diagram is the asymptotically de
Sitter space and the right diagram is the asymptotically Minkowski space. As this
expectation value does not go to zero, rather has a strictly minimum value before
growing to infinity, we have glued universes I and II together removing the classical
singularity. This singularity is replaced by a region in which quantum fluctuations are
large, and where classical trajectories are not well defined. We have labelled this region
in grey. However, the region near infinity is identical to the classical theory, both in
the Minkowski and de Sitter case. Note that we do not know exactly where the limit
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Figure 8.11.: Conformal diagram for classical solutions assuming that the perfect fluid is
dark energy. The zigzag line represents the singularity and the thicker line
represents spacelike infinity (and Z~ or Z+ depending on the diagram). I
is a contracting universe and II is an expanding universe. There is no
trajectory linking I and II. This universe is asymptotically de Sitter

L
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Figure 8.12.: Conformal diagram for classical solutions assuming the perfect fluid is dust
or radiation. The zigzag line represents the singularity and the dot rep-
resents timelike infinity (¢~ or ¢*). The thicker line represents Z*, where
v = 00 too. I is a contracting universe and II is an expanding universe.
There is no trajectory linking I and II. This universe is asymptotically
Minkowski.
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between the highly quantum are and the semiclassical area lies, but we know that it is
state dependent. The main difference between this theory and the classical universe is
that now region I and II are connected, hence it is possible to cross between the two
regions.

The conformal diagrams of the ¢-clock theory can be seen in [fig. 8:14 The right
diagram corresponds to a universe in which the perfect fluid is dark energy, and the left
diagram corresponds to a universe in which the perfect fluid is radiation or dust. We rep-
resent the expectation value (v(gp))wscw instead of the classical v.(¢). Here the classical
singularity remains, but infinity (which is either de Sitter or Minkowski) is “resolved” .
Hence, regions I and II are glued the opposite way, infinity is replaced but the classical
singularity is unchanged. Once more, there is a region (represented in grey) in which
quantum fluctuations dominate. If we assume that the perfect fluid is dark energy (left
diagram of , the theory has some similarities with Penrose’s conformal cyclic
cosmology [108|. Indeed, spacelike infinity is no longer seen as the future end point of
a cosmological constant dominated universe, but it becomes a transition point into the
new universe. However, in our case, the subsequent “aeon” is contracting, rather than
expanding again, and the origin of the transition lies in quantum fluctuations. If we
assume the perfect fluid is radiation of dust, the two parts are glued from the diagonal.
(provided one has been rotated). The p-theory is very puzzling because the quantum
effects arise at late times, instead of arising close to the big bang/big crunch. It could
be possible to find a fully cyclic cosmology if time evolution was controlled by a “slow”
clock both at the singularities and at spacelike infinity. Unitarity would then enforce
resolution of the singularity and the replacement of spacelike infinity by a quantum
recollapse. A universe with such clock would be eternal.

After this numerical analysis, we can quantify how each clock affects the resulting
quantum theory. The reflecting boundary conditions of the wave functions changes
the causal structure of the universe and prevent or generate singularity resolution in
semiclassical states. This motivates the following questions: Could other approaches
to quantum cosmology give some insight with respect to the problem of time? What
meaningful conclusions can we extract from this analysis? We will try to answer these
questions in the next sections.
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Figure 8.13.: Conformal diagram of the ¢-clock theory. The left diagram corresponds to
a universe in which the perfect fluid is dark energy, and the right diagram
corresponds to a universe in which the perfect fluid is radiation or dust.
Now the contracting region I lies to the future of the expanding region II.
The singularity is still present, but the expectation value of the volume
remains finite. At large v there is a region in which quantum fluctuations
dominate and where the volume reaches its maximum expectation value
(v) = Vining - It is impossible to talk about a “classical trajectory”.
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Figure 8.14.: Conformal diagram of the (-clock theory, with contracting region I and
expanding region II. The left diagram corresponds to a universe in which
the perfect fluid is dark energy, and the right diagram corresponds to a
universe in which the perfect fluid is radiation or dust. Infinity replaced
by the shaded area, where quantum fluctuations are large. In this state-
dependent region the volume reaches a minimum expectation value (v) =
Vinazy and it is impossible to talk about a “classical trajectory”.



Part V.

OTHER APPROACHES TO THE
PROBLEM OF TIME AND
CONCLUSIONS



9. PATH INTEGRAL QUANTISATION

As there is not (yet) a fully satisfactory theory of quantum gravity, the problem of time
appears in very different contexts and with many nuances. A very popular approach
to quantisation of general relativity, besides the ones we have already seen, is the so
called path integral quantisation procedure. The idea of this method is to extend the
concept of path integral quantisation used in quantum mechanics and QFT to a whole
spacetime. The object of interest is

/DguVD¢Z ... €Xp ,L.S(g,ulu d)iv éh s ) ) (91)

Where g, is the spacetime metric and ¢; represent the matter fields. The fields can
be as complicated as one wishes, i.e., not only massless scalar fields. The action S
may depend on the metric, the fields, their derivatives, and maybe higher derivatives
if a version of modified gravity is considered. Recall that the notation D denotes a
functional differential, where we are integrating over all paths. In general, people use
Lagrangian actions in the path integral formulation, but Hamiltonian actions, in which
one replaces the derivatives ¢; with the canonical momenta Tg,;, are also possible. We
will be working in a Hamiltonian formulation of the action.

The path integral as written in represents roughly (the exact meaning of the
path integral needs additional assumptions to be specified) the probability for a space-
time of initial configuration g,, = guvm and ¢; = ¢;;, to transition to a spacetime
of configuration g,, = g,, 5 and ¢; y, where one has integrated over all possible mo-
menta, or if one is working in the momentum representation, the probability to go from
configuration g = g, Ty, = T4, i to the configuration g = gy, my, = 7y, ;-

The big difference between the path integral quantisation and the Wheeler—-DeWitt
quantisation that we used in the previous chapters is that the former is centred in the
sum of histories, and the latter is centred in the wave function of the universe ¥ [109].
In the previous chapters, the wave function and the Hilbert space were clear, and we
measured observable quantities, like the expectation value of the volume v. In this
approach these characteristics appear to be hidden inside the integral. However, path
integral quantisation offers a new perspective on the problem of time. We do not have
the problem of the frozen formalism, at least initially [54]. The most powerful feature of
this approach of quantum gravity is perhaps that it can incorporate spacetime topology
changes, simply by considering a sum of terms of the form where the spacetime
manifold M has different topologies. In fact, the initial conditions can come from one
spacetime topology and the final conditions from another. As the path integral is an
object that allows us to go from some initial state to a final state of the universe, one can
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ask questions like what are the initial conditions of the universe? rather explicitly. The
famous no-boundary proposal [110], that postulates that the universe starts from a state
that has no boundaries, was motivated in this setting. Path integral quantisation has
been used in very different ways, included minisuperspace models and has been linked
to the Wheeler-DeWitt equation [112c|, [114a]. In this section we mainly follow the
approach of [114a] in order to present the path integral quantisation of our model. In
his work, Halliwell presents a universe with a quadratic Hamiltonian. Our Hamiltonian,
however possesses an extra linear term. Mathematically a linear term poses no problem
(contrary to what would happen with higher powers of the momenta).

We would like to devote the next few pages in the analysis of the path integral
quantisation of our model, in order to relate this approach to the previous ones we have
analysed and get more insights on diffeomorphism invariance and the problem of time.
For completeness, rather than refer the reader to the classical section of the model, we
will recap the important equations and concepts here. The metric of our universe was
defined in |(3.2)|

ds* = =N (7)%d7? + a(7)*hydz'da? . (9.2)

The topology of our universe is R x X where X is a bounded three-dimensional manifold,
for example a three torus. For concrete amplitudes, the topology of X has to be specified,
but we will not do this here. The metric h;; is flat. The matter components of the models
are a (free) massless scalar field ¢ and a perfect fluid with equation of state p = wp
where p is the pressure and p is the energy density. We have previously discussed that
we can choose our perfect fluid to be a standard matter component like pressureless dust
(w = 0), radiation (w = 1), but for the inclusion of dark energy (w = —1) we need to
work with a parametrised version of unimodular gravity (recall that the “parametrised”
part is very important to maintain full diffeomorphism invariance), see 83| for more
information about the different actions of unimodular gravity. The distinction between
parametrised and non parametrised unimodular gravity plays a non-trivial réle in the
path integral quantisation formalism, for an example of path integral quantisation of a
non parametrised version of unimodular gravity see [111]. As in the previous sections,
for simplicity we identify the perfect fluid as being dark energy, but all the results
we present are valid for all (standard) perfect fluids interpretation, unless specified
otherwise.

After the change of variables |(3.14)]

the Hamiltonian of the model can be written as

2

=N |-n2+ 72 42
Hclass = Ty + 02 + ) (95)

w

where N = Na™3% = N <%) m’ A = Vym where m is the energy density of the
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fluid and Vy = [ d32vh < co. The Hamiltonian constraint is

2

Cotnes = -T2+ 2 4 A =0 9.6
class—_ﬂ—v"i'ﬁ“_ =VU. ()
The Hamiltonian action of this model is
" : VIR Y 2, T
Selass = / dr S mv + mpp+ At — N | -7 + 2 + Ay, (9.7)
Tin
where - = O%. Note that in 74, < 77. The coordinates v, ¢ and t are fixed at the

boundaries by vin = v(Tin), Yin = ¢(Tin) and vy = v(7f), ¢ = ¢(7f). The momenta
Ty, Ty and A are free. If we write ¢* = (v, p,t) and 7, = (7, Ty, A) the equations of
motion are: 3 ~

qﬂ =N {qu7cclass} y 7:";1 = N{ﬂ'uvcclass} (98)
with the Poisson bracket being defined by:

OF 0G  0G OF
{F.GY= = o5 (9.9)
Ogqt 0w, Ogt Om,
The action|(9.7)|is diffeomorphism invariant. This can be seen by applying an infinites-
imal coordinate transformation parametrised by (7). This transforms the coordinates
of the action by:

0¢" = e(T){¢",Catass}, Omy = (T){mu, Cetass } 6N =é(1). (9.10)
The variation of the action under the transformation |(9.10)|is

Tf
68(:1(155 = |:6(T) (Wuaiucclass - Cclass>:| (911)

Tin
For the momenta that appear quadratically in C..ss, the variation of the action is
0 if and only if () vanishes at the end points, i.e., e(7;,) = e(7y) = 0. However,
for the linear term ), yields to a contribution of the form A-A = 0, hence this term
does not contribute for ¢(7) boundary conditions. We will come back to the condition
£(Tin) = €(1f) = 0 later.
The path integral we are interested in is

G(ve, 01, tf|Vin, Qins tin) = /DUDQODt Drm,Dr,DA DN expliSeiass] (9.12)

where vy = v(7f), o5 = @(7¢), and ty = t(7y), is the final configuration and v;, = v(7in),
©vin = ¢(Tin), and t;;, = t(7;,) is the initial configuration of the system. Diffeomorphism
invariance of S.j,s5 poses a problem, as physically identical trajectories might be counted
several times. It is then necessary to gauge fix the action. The gauge fixing procedure
involves a complex process of adding some gauge fixing and additional ghosts fields
in the action. A reader not interested in this procedure can jump directly to formula
we include it for completeness. Gauge fixing amounts to fixing the derivative of
N:

N = o(¢", 7, N) (9.13)
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Hence, we add a gauge fixing term of the form

Tf K
&#Z/(ﬁﬂw—w, (9.14)

in

to the classical action Sgqss. I is another Lagrange multiplier that satisfies
II(73,) = 0 and II(7¢) = 0, (9.15)

The equations of motion obtained variating the action with respect to ¢ and m, are
now

g = N {quacclass} + H{qﬂ7 Q}v Ty = N{ﬂmcclass} + H{Wua Q} . (9-16)

We have integrated by parts and used the boundary conditions on ¢* to obtain the
second equality. Variation with respect to N leads to

T+ Cejass =0, (9.17)

and variation with respect to II gives us the gauge condition. Differentiating and
using [(9.16)| (and the fact that the Hamiltonian is at most quadratic in the momenta)
we ﬁnd . . .

T4 Cupss =0 = 11+ {Q,Cclass}ﬂ =0. (9.18)

As I vanishes at 73, and 74 the unique solution to this equation is IT = 0. If {o, Cegss } #
0 there are non-trivial solutions to the equation, but we will consider ¢ = 0 which makes
{0,Ceiass} = 0. Thus the action Sgqss + Sgf leads to the correct equations of motion
and is gauge invariant.

However, the we need to make the path integral independent of the choice of gauge
(or the choice of p in our case). The usual method for this is to add some additional
anticommuting ghost fields and extend the phase space. The most general method (as to
our knowledge) was developed by Batalin, Frankin and Vilkovisky (BFV) [112]. There
are some criticisms to the BFV method [113], mainly regarding the generality of this
approach, as it may not be independent of the gauge fixing function o for all choices of
0. In our case, choosing ¢ = 0 fixes most possible issues. The action resulting from the
BFV method is invariant under Becchi-Rouet-Stora-Tyuting (BRST) symmetry.

The BFV method involves replacing (7) in the coordinate transformation by
a parameter we(7) where w is an anticommuting constant and ¢(7) is an anticommuting
field. Anticommuting variables are a very useful tool for QFT, we will assume that the
reader is familiarised with them. If this is not the case, the basis of anticommuting
variables are presented in One wants to impose the relation ¢(7) = p(7) by
adding a term p(¢—p). The variable p is made dynamical by adding a term ¢p. The an-
ticommuting fields ¢ and ¢ are anticommuting variables, and p and p are anticommuting
momenta. These variables are called ghosts, as they will not appear in the final action.
They are added to ensure that the final path integral action is independent of the choice
of gauge. We expand the phase space from (q“,TrM,N) to (q“,ﬁu,ﬁhﬂ,c, ¢,p,p) and
hence also expand the Poisson bracket to include the new anticommuting variables. The
ghost action is:

Tf 8
Sgh = / dr {pc‘"i_c]')_pp"i_C{chclass}c"’_pa]%.c} ) (919)

in
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The total action is invariant: dS.qss +0Sgr 4 6Sgn = 0 under the BRST transformation

0¢" = wel{g", Coass}, 0my = we{my, Colass } N = wp,
)l =dc=6p=0,
dc=—wll, 6p=—wCeuass, (920)

if we impose the additional boundary conditions:
c(Tin) = ¢(75) =0, and &(rn) = (1) =0, (9.21)

so the ghost fields vanish at the end points. Note that the first line of is just a
normal coordinate transformation where € = wc and the other two lines are some
extra conditions needed on the ghost fields that ensure the invariance of the total action.
The first line of comes from the original condition e(7;,) = (7¢) = 0. When
calculating the path integral the ghost fields will disappear, so these extra conditions
do not restrict our original theory. For more details on the proof of the action invariance
under this BRST transformation see |114].
The path integral quantisation over the extended phase space is

G(vg, @f,tf|Vin, Qins tin) = /Dngth DD, DA DNDII DpDcDpDé

expli(Seciass + Sgf + Sgh)] .
(9.22)

In the case where the gauge fixing function g vanishes, the ghost integral
/DpDchDcexp[ngh] , (9.23)

can be computed separately. It is important to stress that the notation D hides all the
potentially problematic things of the functional integral, because it does not specify the
“weight” of each trajectory. In more scientific terms, in order to do calculations we need
to specify a measure. The choice of measure is usually a really non-trivial task, but as
these fields have been added by hand, we have the freedom of choosing a measure that
works for ur purposes. Specification of the integral is done by splitting the 7 interval in
n+ 1 intervals of length € such that 7 — 73, = €(n+ 1), where € > 0 is a small quantity
that will be taken to zero in the limit. This involves changing the integral over 7 by a
sum times € and the continuous quantities ¢, ¢, p and p are discretised such that the
derivative of the coordinates ¢ and ¢ are replaced by a difference, and the momenta p
and p are replaced by a constant value. The simplest choice of measure, also referred
as skeletonisation, is putting equal weight to all trajectories to find:

/DPDCDPDCGXP[ngh] = /dp1/2 . 'dpn+1/2/dp1/2 o dPpy1)2

/dq e dcn/dél ...dée, exp [z Z {ﬁk+1/2(ck+1 — ck)

k=0

+Prr1/2(Chp1 — Cr) — Eﬁk+1/2pk+1/2}] : (9.24)
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There are a few things to note here. Firstly, the term [dr ¢p has been integrated
by parts using the boundary condition to find — [dr ép = [dr pé. Secondly,
there are n 4 1 integrals for each of the two momentum variables and n integrals for
each of the coordinate variables, and the boundary conditions transform into
€0 = Cnt1 = Cg = Cn4+1 = 0. Finally, the integrals appearing in the right-hand side are
standard Berezin integrals, and they can be performed to lead to the final result:

/DﬁDchDEexp[ngh] =en+1)=71F—Tin (9.25)

For more explanations of the intermediate steps of this result, we refer again to |[114]
and for the standard rules of Berezin integrals to Now, all the ghost fields
have vanished of the action.

We can also do the integral over DIT and DN. This time, N is integrated over whereas
IT is fixed at the end points by the boundary condition Using again the simplest
possible measure we have:

~ Tf * ~ - 1
/DNDHexp [z/ dr HN} - /le/g...dNnH/g(Q)n/dHl...dHn (9.26)
- ™

in

X exp

0> Tp(Nyi1jo — Moy /2)] . (9.27)
k=1

Recall that once again there are n + 1 N integrals and n II integrals. The II integrals
can be done first and yield to standard Dirac delta functions leaving us with

~ Tf B ~ ~ n ~ ~
/DNDH exp |:Z/ dT HN:| = /dN1/2 N dNn+1/2 H 5(Nk+1/2 - Nk71/2) . (928)
Tin k=1

Recall that the factors 1/(27) are part of the measure so that they cancel the factors
27 coming from the Dirac delta functions. Such factors where not needed working with
Berezin integrals. As we have n delta functions and n + 1 integrations, we are left with
a single N integral, which we can rename N for simplicity leading to

~ Tf * ~
/ DNDI exp [z / dr HN] - / AN (9.29)

Combining |(9.25)[ and |(9.29)| we obtain the final formula

G(ve, f,tf|Vin, Qinstin) = /dN(Tf —Tin)/DUDQDDtDTFUDﬂ'WDA exp|iSeiass] (9-30)

Sometimes, a change of variables T = N (1 — Tin) is performed, and the integral
[dN(rf — 7in) is directly presented as [dT |112c|]. Note that the integral ,
although specified and calculated for our specific model, is a general formula valid for
all Hamiltonians as long as they are at most quadratic in the momenta [114].

The forrnula is the starting point to specify the path integral quantisation of our
model. The Hamiltonian has the same form of the parametrised non relativistic
point particle, so we can start by specifying the term

/dN(Tf —Tin)/Dt'D)\eXp [Z /:f dr {)\i - N)\}} . (9.31)

in
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Once again we divide the interval 7y — 7, in n + 1 intervals of length ¢ we use the
simplest skeletonisation to find

/ AN (15 — i) / DtDXexp [z /T N dT{)\i - NA}} (9.32)

in

- 1
:/dN(Tf_TZn)(Qﬂ_)n/dtldtn/d)\l/Qd)‘n+1/2
exp [ZZ{)\k+1/2(tk+l_tk_€N>}]

k=0

The momentum integration can be done first and yield to a product of Dirac delta

distributions:
- Tf . -
/dN(Tf _ Tm)/DtD/\exp [z/ dT{)\t _ N)\}]

:/dN(rf —Tin)/dtl...dtnné(tk+1 — 1, — eN)

k=0

= /dN(Tf — Tm)d(tn_;,_l — 1o — e(n + 1)N) . (933)

In the last line, we can replace t,,41 and ¢y respectively by t¢ and ¢;, (as these are the
boundary conditions) and e(n + 1) by 77 — 7, so the complete path integral is

)

The second line of the formula is by definition the probability to go from a state with
initial conditions v, @i, at time N7;, and final conditions vy, ¢ at time N7y, provided

G(Uf, Pfs tf|vina Pin, t’LTL) = /de(tf —tin — N(Tf - Tzn))

2
iy
—7T3+7§

Tf ~
X /DUD@DWUDW@ exp [z/ dr {mﬂ'} + 7o — N
Tin

that the Hamiltonian of the system is the quantisation of 72 + 7;—5” (the meaning of
quantisation will be specified soon). Using the standard notation for quantum mechanics
we can write this as

Vin, Pin, NTzn> .
(9.35)

G(va Pfs tf|vina Pin, tin) = /dNé(tf —tin — N(Tf - Tzn)) <Ufa Pf, NTf

In order to continue with the calculation we ought to make a choice on the range of
N. The simplest assumption is to take N € (—oo,+00) in this case, the ¢ is always

7 tr—tin . . . .
evaluated, and we can take N = Tr—rin The path integral quantisation is then
G(vs, @, trVin, Qin, tin) = (U, @1, tr[Vin, Qin, tin) (9.36)

where (vf, @ ¢, t¢|Vin, Pin, tin) is a solution to the Schrédinger equation

L 0 5
(zhatf - Cclass,f) <vf7 Pfs tf’v’hh Pin, tin> =0, (937)
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where,
. TR
Cclass,f = _773 + 75 : (938)
s

The quantisation of C.,ss is subject to the same ambiguities we have already seen, in
particular ordering ambiguities. If we use the Hawking and Page ordering [49] and we

multiply [(9.37)| by —1, we recover the Wheeler-DeWitt equation

0 n? 0 n? 9? 0
WPt —— - ——— —ih— | U ty) =0 9.39
( 81)]20 + Uf avf 7)]% 8(,0? ’ 8tf> (Uf790f’ f) ’ ( )

which corresponds to[(4.19)| of the Dirac quantisation

Naively, one could conclude from this that the path integral quantisation offers a way
of finding a preferred Wheeler-DeWitt equation, but there are two main catches:

e The path integral quantisation depends on the skeletonisation (measure choice)
used. If one decides to partition the A and ¢ integrals in another way, we would
have obtained another Wheeler-DeWitt equation.

e The range of N plays a non-trivial role. If we had chosen N to vary only over
0 and 400, instead of a solution to the Schrédinger equation we would
have obtained a Green function of the Schrodinger [112¢|, [114]. In this case the
0 function only contributes if ¢y —t;, > 0 requiring the appearance of a Heaviside
# function:

G(vg, 01, tfVin, Qins tin) = 0(ty — tin) (v, @1, L |[Vin, in, tin) (9.40)

In this case

L 0 5
<Zh6t - Cclass,f) e(tf - tm) ('Ufa Pf, tf|vina Pin, tin>
f
= 1hd(ty — tin)0(vf — vin)0(0f — Pin) , (9.41)

Any other range is in principle possible but it is not clear that one can obtain a
useful result out of it.

In fact, it has been argued that the path integral quantisation is not invariant under
reparametrisations of N [114]. Recalling the results we had in , we had two
Wheeler-DeWitt equations, the already seen |(4.19)| and |(4.23)| which is obtained by
multiplying by v2. It would be possible to reparametrise N by N’ = ]\7/1)2 in the
extended phase space path integral and, with the right skeletonisation we could
obtain the Wheeler-DeWitt equation Recalling that the kinematical Hilbert
space of the Dirac quantisation depended on the specific Wheeler-DeWitt equation,
we find that the path integral quantisation does not offer a way to find a “preferred”
Wheeler-DeWitt equation.

In a nutshell, path integral quantisation can certainly produce the Wheeler-DeWitt
equation of our model, but does not provide any additional hint on a preferred physical
Hilbert space. In this simple example we can also appreciate directly how diffeomor-
phism invariance of general relativity poses a challenge in the path integral specification.
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However, this quantisation method is conceptually very different from the previous two
approaches. The formalism allows playing with the initial conditions of the universe
and the concept of evolution is treated in a complete different way: in an object such as
(Vg @ f, tf|Vin, Qin, tin), it is assumed that the configuration (vin, Qin, tin) occurs “before”
(v, @y, ty) but a priori no assumptions on the initial and final values of the parameters
is made. We can therefore study possible evolutions of the universe given a set of ini-
tial conditions (vin, @in,tin). We might then recover (or not) the wave functions of the
universe analysed in our three theories. Do we recover either |(5.45), |(6.3) or [(7.44)]
For which boundary conditions? Does this give a hint for a possible problem of choice
resolution? To answer these questions, we want to explore the possibility of analysing
our model from a path integral quantisation perspective in future work. For two recent
examples of path integral quantisation calculations in quantum cosmology see [115].




10. CONCLUSIONS

In this thesis, we have analysed the three quantum theories coming from different clock
choices. To do so, we made some assumptions. First of all, when deriving the Wheeler—
DeWitt equation, we assumed a very specific (and to our knowledge the best moti-
vated) operator ordering, namely we constructed a Wheeler-DeWitt equation covariant
under coordinate changes. Secondly, we chose a specific inner product, also covariant,
for each theory. The inner product choice indirectly introduced a dependence on the
lapse function N, since multiplying the constraint by a non-trivial phase space func-
tion changes the minisuperspace metric, even if it does not change the solutions of the
Wheeler-DeWitt equation. However, the most important assumption we made is con-
sider unitarity as a fundamental principle of our quantum theories. Each of the three
theories has very defining features, we remind them one last time.

e The v-clock theory leads to a quantum theory that is already unitary, and therefore
no extra boundary condition is needed. The dynamics of this theory show that
for a semiclassical state the quantum expectation values of the observables remain
close to the classical curve.

e The t-clock theory does not have a self-adjoint Hamiltonian. Unitarity requires
a reflective boundary condition in the limit v = 0, hence predicting that wave
functions would be reflected from the classical singularity and thus produce a
quantum bounce. This is confirmed in the numerical analysis of the quantity

(v®))g,,,-

e The p-clock theory also needs the introduction of a boundary condition to ensure
unitary dynamics, but this time in the limit v = co. This also suggests a reflection
from v = oo of the allowed wave functions, leading to a quantum recollapse
(quantum because the reason for this recollapse would be purely quantum). This
is again confirmed by the numerical analysis of both <U(30)>‘Ifsc,¢ and (t(p))y

sc,p

We can thus conclude that divergences from the classical theory are a consequence
of requiring unitarity given a certain clock choice, and hence it is a clock dependent
feature. Far from being a characteristic only present in relational quantisation, this
self-adjointness problem is also a feature of Dirac quantisation: if one starts with one
Wheeler-DeWitt equation it will lead to a quantum theory equivalent to the
t-clock theory. But, if instead one starts with the same Wheeler-DeWitt equation
multiplied by v2, which corresponds classically to another choice of lapse function
N, one ends with the same self-adjointness problem than in ¢-clock theory. We stress
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that these results are compatible with the covariant approach implemented in [64]. In
their work, they consider a single Wheeler-DeWitt equation, whereas we effectively
worked with two. However, our main point is that the two Wheeler—-DeWitt equations
have exactly the same solutions. How to distinguish between the two? Why should we
use one instead of the other? We see no strong reason for a preferred Wheeler—-DeWitt
equation in the Dirac quantisation scheme. The path integration formalism, despite
being a very different approach to quantisation, presents a similar situation with the
lapse dependency and is capable of reproducing the same Wheeler-DeWitt equations.
We would like to investigate whether we recover any of the wave functions
or given a certain choice of initial conditions.

A possible way of “deciding” for a quantum theory might be to ask the question: which
of the clock theories follows better the predictions one would expect from a theory of
quantum gravity? In this sense, we expect quantum effects to be important near the
big bang/big crunch singularity, where the universe is hot and dense and prevent the
appearance of quantum effects at late time, where the universe is supposedly governed
by classical physics. Following this argument, the clear winner is the ¢-clock theory.
The quantum recollapse happening in the ¢-clock theory is certainly puzzling as it
represents a transition from a classical to a quantum dominated universe at late times.
What would be the driving factor of this transition? This type of massless field derived
clock is very popular in loop quantum cosmology. Models such as FLRW universes [116],
Bianchi I [117] or Bianchi IX |118], to name a few, have been analysed with such clocks.
These models show singularity resolution, as opposed to analogous models based on
the Wheeler-DeWitt equation, and this has lead to the (already criticised [119]) belief
that loop quantum cosmology resolves the singularity whereas the Wheeler-DeWitt
quantisation of the same models (with the same clock) does not. Our analysis shows
that Wheeler-DeWitt quantisation can resolve the singularity given the right clock, and
also suggests that this breaking of general covariance may also be a shared feature in
LQC and be ultimately responsible for singularity resolution. We want to explore this
idea in future work.

Another question that our study raises is whether it is really true that all classically
monotonic variables can be used as clocks. For example, the clock ¢ is mathematically
well defined but might not be physically as well motivated for the reasons seen before.
In addition to this, no timelike observer will ever experience the passing of time that
way, whereas the ¢ clock can be associated with timelike observers. In particular, the ¢
clock represents conformal time for a radiation perfect fluid and commoving time for a
pressureless matter perfect fluid. Maybe we should restrict ourselves to measure clocks
that can potentially measure proper time for an observer, even if it breaks the covariance
of the theory. In a way time is not only what a clock measures but also what observers
experience.

Perhaps, in a more philosophical point of view, this thesis presents an extensive
analysis of the problem of time in quantum cosmology throughout the study of a min-
isuperspace example. We have shown how the problem of time manifests itself in the
relational quantisation and the Dirac quantisation scheme, and we had a glimpse of the
path integral quantisation scheme. In particular, it seems that unitarity of the quantum
theory is incompatible with general covariance, and the requirement of unitarity leads
to the appearance (or absence) of boundary conditions for the allowed wave functions.
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These boundary conditions can be related to a self-adjointness problem and can be
linked to the classical solutions of the theory by analysing whether the chosen clock
is slow or fast. At the semiclassical level, the boundary conditions induce deviation
of expectation values from the classical theory that can ultimately lead to a quantum
resolution of the big bang and big crunch singularities, a quantum recollapse of the
universe, or neither.

Singularity resolution may be considered the holy grail of a quantum theory. It
appears to us that this feature, is neither a consequence of the quantisation scheme
used, whether it is Dirac quantisation or relational quantisation, nor an outcome of
the underlying theory of quantum gravity, whether loop quantum gravity or another
one. The answer to the singularity resolution, in a rather simple and surprising way,
seems to stem out of the clock choice (or the choice of lapse). In other words, unitarity
and general covariance appear to be two incompatible requirements. One could then
decide that general covariance is more fundamental and that unitarity may not be a
defining feature of a quantum universe. But how can we get rid of the cornerstone
of quantum mechanics? What could motivate that quantum theory would have such
drastic differences if the system studied is the universe, instead of let’s say, an atom?
The subsequent non conservation of probabilities renders the obtention of quantitative
results almost impossible.

If instead, we decide that unitarity is more fundamental than general covariance,
we have to face the problem of clock choice. How and why does the universe decide
on a clock? There has been some work in this direction [120]. The clock dependent
singularity resolution is not only a characteristic of cosmological spacetimes, but of
any spacetime that possess a classical singularity, i.e, a black hole spacetime. There
is no reason to think that for such spacetime, singularity resolution and transition
to a white hole spacetime might be expected. The lack of covariance certainly raises
many questions. In particular, it challenges the utility of such simplified minisuperspace
models. Maybe, the idea that such universes where most of the degrees of freedom have
been frozen is too naive and too far from the real complexity of the universe to yield to
interesting results. There are not, unfortunately, many alternatives to minisuperspace
models and the problem of time is virtually impossible to study in the full theory.

The answer to all these uncertainties, as always, lies in the phrase: “more research
is needed”. The theory of special and general relativity was born thanks to the radical
thought that time was not an absolute quantity, rather relative to each observer. This
way of thinking of time was fundamentally opposite to everything seen before. Maybe
the next revolution in physics (and a satisfactory theory of quantum gravity) will come
with another revolution like this.



A. THEORY OF SELF-ADJOINT
EXTENSIONS

In order to understand better self-adjoint extensions, we need to introduce some math-
ematical concepts. As operators are not the topic of this thesis we will not include
the proofs of the results we mention. We mainly follow [121]. We assume that we are
working with closed (or at least closable) operators.

Definition A.1 (Symmetric operator). Let O be an operator on a Hilbert space 5. O
is called symmetric if for all ¥ and ® in the domain of O (Dom(Q)) we have (O¥|®) =
(T|0D).

Remark. Symmetric operators are always closable, so we do not have to restrict our-
selves to a subset of them. In finite dimensional spaces symmetric and self-adjoint are
equivalent notions, but in infinite dimensional Hilbert spaces like the ones we are deal-
ing with there are subtleties that we must take into account. Those are related to the
domain of an operator.

Definition A.2 (Adjoint operator). Let O be an operator on a Hilbert space . The
adjoint of O, generally denoted as O*, is an operator acting on the subspace of ® € J#
such that there exists £ € 7 such that (OV|®) = (¥|{), where we define £ = O* .

Remark. As we can see from this definition, for symmetric operators we have

Dom(O) € Dom(0"), (A1)
so it is possible for the domain of the adjoint to be too big.
Definition A.3 (Self-adjoint operator). A symmetric operator O is self adjoint if and
only if Dom(O) = Dom(O*)

Why is the distinction between symmetric and self-adjoint important? The nice
properties we are used to in matrix spaces are only satisfied by self-adjoint operators,
for example:

Theorem 1. The spectrum of a self-adjoint operator is always real.
Remark. We can extend a symmetric operator in the hope of finding a self-adjoint
operator. Indeed, let P be a symmetric extension of O. We have

Dom(O) € Dom(P) C Dom(P*) C Dom(O*). (A.2)

We are interested in the cases where we can find extensions such that Dom(P) =
Dom(P*). To do so it is important to introduce the notion of deficiency subspace.
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Definition A.4 (Deficiency subspaces). Let O be an operator on a Hilbert space 7.
Then the spaces #+ = ker(iZ — O*) = ran(iZ + O)* and #~ = ker(iZ + O*) =
ran(iZ — Q)+ are called the deficiency subspaces of O. Their dimension n* = dim(.# *)
is called deficiency index.

Remark. The deficiency indices can be any pair of positive numbers, including infinity.

With this introduction we have enough material to introduce the most important
result of the section:

Theorem 2. Let O be a symmetric operator on a Hilbert space .7 with deficiency
indices n™ and n~. Then the following hold:

i) O is self-adjoint if and only if n* =n~ = 0.

ii) O has self-adjoint extensions if and only if n™ = n~. There is a one-to-one corre-
spondence between any self-adjoint extension of O and the unitary maps between

T and .

iii) If either nt = 0 # n~ or n= = 0 # n™, then O has no non-trivial symmetric
extensions.

gives us a recipe to find whether the operators we are interested in have
self-adjoint extensions and how many parameters are needed to describe them. The
operator H and G defined in |(4.8)| and |(4.16)| have n* = n~ = 1, which means that they
admit a one parameter self-adjoint extension.




B. IMPORTANT INTEGRALS

In this appendix we collect the results of various integrals containing a product of two
Bessel functions. These are used in when computing the boundary condition

(5.4)[ on two generic wave functions of the universe, in when calculating the
inner product of two solutions of the Wheeler-DeWitt equation, and finally in

when finding the expressions of the expectation values with the ¢-clock inner product.
The integrals needed for are

Pia,+ia,C1,Co =/ dv v Jio(C10)J1ia(Cav) , (B.1)
0
where « is real and C7 and Cy are positive. The integrals of interest in are
> d > d
Tuw= [ LaC0I(CY. K= [T TRACOK(CY), (B2
0 0

where p and v can be real or imaginary. These integrals will turn out to be independent
of the parameter C. Lastly, we are interested in the integrals

OMMC = /0 dv JM(CU)J,/(CU) ,PiOé,’Lﬂ,C = /0 dvw Jia(CU)Jw(CU) (Bg)

for This time p and v are either imaginary or of the form +1+ i where « is
real and S is always real. C is always considered positive, although its sign is irrelevant

for Despite the similarities between Pjq +in,cy,0, i and Piq 8,0, in
the methods for solving these integrals are quite different, so we present them in different
sections. The integrals are presented roughly in the same order they are needed in the
thesis.

B.1. The integrals Piy +in.cy.0,

These integrals are useful in when computing the norm of the wave functions.
In this case we assume that « is real and C7 and Cy are positive. To evaluate this
integral we start by calculating

v2
/ dv vJio (C10)J1ia(Cav)

1
[v CaJd_14ia(C20) Jia (C10) F C1J514ia(C10) J1ia(Cov) |~
C2 _ C2 :
i— 03

(B.4)

V=1
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In the Piq ia,cy,0 case there is no contribution from the v = 0 limit as the numerator
cancels out, whereas in the P;o _in,c;,c, case we have

. CaJ_1-ia(Co0) Jin(C1v) + C1J14ia(C10) J_in(Cav)
1m v D) D)
v—0 Cl — C2

1o’ logg .
e %2 sinh(ma)

——2i
m(CF = C3)

(B.5)

This contribution is finite and when substituted into [(5.20)| it cancels out.
The limit v = oo is different. Using the large asymptotic expression for the Bessel
functions we find

Piajia,cr,0, = lim {Cos((C1 + Ca)v) cosh(am) — isinh(am) sin((C1 + C2)v)
e W\/@(Cl + ()
sin((C1 — Ca)v) } (B.6)
T/CiCa(Cr = Cy) f |

and

P lim {sin((C’l — C3)v) cosh(am) + icos((Cy — Ca2)v) sinh(am)
ia,—10,C1,C2 —

V—00 71'\/0102(01 — CQ)
. C
cos((Cy + Ca)v) } €% sinh(ra) B
71'\/0102(01 +CQ) W(C%—CZZ) ’
Using we obtain
D _ 6(Cy — C3) —isinh(am)é(Cy + Co)
ia,ia,C1,Cy — 0102
. cy
cosh(am)d(Cy — Cs) e sinh (7o)

o, —io = —2 B.8
Pioiacice Nere (e ey (B

Once substituting this expression in |(5.20)| we obtain the result |(5.23)

B.2. The integrals J,, and IC,,

B.2.1. The integrals J,, s and K;, 3

These integrals appear when computing orthogonality relations between different states
in the ¢ clock theory. The parameters o« and 8 are real. Recall that these integrals
are independent of C'. In addition, J;, ;s does not converge but it can be defined in a
distributional sense as a limit of the integral

~d
lim [ = ia (@) Jis ()

v—1 0

. +
TEAT O  Ha- A)T (5 + 56— ) T (5§t 9)
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which is initially only defined for v < 1; notice the possible singularity in the first
Gamma function in the numerator as v — 1. We have also introduced the integration
variable x = Cwv to simplify the notation in this integral. To proceed, we can now

rewrite )
r (1;/ + ;(a+ﬁ)) _! (17” +,7(a+5)) (B.10)

so that we obtain

' © dr - 2 sinh ((Oé—ﬁ)ﬂ) . 1
31_}1% ; ;Jm(x)Ji/B(x) = (o — f) : v=1(1—v+ila+B))’

The last limit must now be taken in a distributional sense using the identity

. 1
lim -
e—0t Yy + 1€

1
= PV; — i (y) (B.12)
where PV denotes the Cauchy principal value, i.e. the distribution defined by
& 1 < dy
dy |[PV=| fy)= [ —(f(w)—f(-y)) (B.13)
—00 Y 0 Yy

for any test function f(y), which depends only on the odd part of f. In summary, we
then find

| st = 2 (0 - 0)3) (P vt ) man

In the case of modified Bessel functions we can proceed in the same fashion; we find

s 0 ;Km(x)Kw(x):l;ni} =as L 2?421)/‘1“(‘1_(1/2) e 2

(B.15)

which has a more complicated singularity structure, with possible singularities in all
Gamma functions. By substitutions similar to (B.10) we obtain
© dz m2(a? — 3?)
I L Kin(2)Kigla) =
] 0 v ia(®)Kip(2) cosh(am) — cosh(57)
. (1-v)
lim - - .
v—=1]1—v+ila—B)P1l—v+ila+pP)?

(B.16)

If we now exclude the case & = 8 = 0 (which we can, given the fact that these integrals
only appear with integrals over @ and 8 and a single point can be removed from the
domain), then at least one of the two factors in the denominator remains regular as
v — 1 and can be taken outside of the limit. For the second factor we have to take the

distributional limit .

51_1>1(1)1+ ) =mo(y), (B.17)

as can be seen from

o0 [e.9] 1

lim dy f(y) €~ lim dv f(ev)

—— B.18
e—0+ J_oo e4+y? ot J_ o 1+ 02 ( )



B. Important integrals 127

where f is again a test function. Altogether we have

©de o =g (da=p) da+h)
/0 — Kio(2)Kig(z) = ((a 1 3)2 + (o — 5)2)

x cosh(am) — cosh(57)
(6(a—=B) +d(a+p)) . (B.19)

7T2

T 2a sinh(ar)

Notice that the modified Bessel functions of the second kind are always real even for
imaginary order, hence there is no imaginary contribution leading to a principal value.
Such imaginary contributions come from the large = limit of the integral, whereas the

right-hand side of (B.19) only comes from the lower limit z = 0.

B.2.2. The integrals J,; and K,

Here a and b are real numbers. In order to identify the cases where the integral can be
defined, we first evaluate the indefinite integral

[ ey = [t h) b)) ) g

) a? — b2 a+b A

where we again defined x = C'v for simplicity. After now substituting the large argument
and small argument asymptotic expressions of the Bessel functions we find

® dx _sin((a—-b)%) (z/2)0tb
/0 - Jo@) (@) =2 (aQ—b2)772 I TP Lo D) (B21)

We now see that the integral is finite when a + b > 0; otherwise the second term makes
the integral divergent and undefinable even in a distributional sense. For a + b > 0,

* dx B sin((a —b)%)
/0 ?Ja(x)Jb(a:) = 2W (B.22)

which is the standard formula given, for example, as Equation 6.574.2 in [97].
For the integral K, p, there is no contribution from large v where the integral falls off
but from v = 0 we find

> dI 71'2
/0 ;Ka(x)Kb(x) - ~ 4sin(an) sin(br) 8
. (z/2)*+? (z/2)~(a+0)
250 | (a+ 01 +a)T(1+b)  (a+bI(1—a)(l—D)
+ (2/2)"° _ (z/2)*7" , (B.23)

(a—=bI(1—-a)l(1+b) (a—bT(1+a)l(1-0)

so that this integral always diverges for any a or b (this is true also for the case in which
a or b are integer, which we do not discuss in detail here).
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B.2.3. The integrals 7,3 and K, 3

This is the third possible case in which one order is real and the other one is imaginary.
This integral appears when computing cross-terms in the inner product in
In this case the expression resulting from computing first the indefinite integral is
>*d sin((a —i8)Z 2)a+tif
/ L Ju@) Jig(e) = 2% S /L) . (B24)
0 (a® + B?)m =0 (a +i8)T(1 + a)T'(1 +ipB)

As © — 0, the exponential function in the second term has a growing (if a < 0) or
decreasing (if a > 0) absolute value. If @ > 0, the limit when z — 0 is 0, making the
integral converge to the value

© dx ‘ B sin((a — zﬁ)g)
/0 ?Ja(:c)JZﬁ(a:) = 2—(a2 s (B.25)

For a < 0 the integral is divergent.
The integral K, ;3 is again found to diverge for all real values of a.

B.3. The integrals O, , ¢

B.3.1. The integral O,, sc

Here again a and 8 are real numbers. This integral depends non-trivially on the value
of C. This integral presents a divergence that makes the final expression depend on a
regulator. There are several methods for dealing with such divergences; we present two
in this work. We use first the same method of first evaluating the integral for arbitrary
limit values, where it yields

ivexp (i(a + B)log &2)
(a+p—i)(1+ia)[(1+iB)

/ 4o T (C0) Ji(Cv) = — (B.26)

U1

11 3 o
3F4 (2+L,2+L71+L71+ZOJ72+L,1+25,1+2L,_C2U2>:|

V=01

which can only be given in terms of generalised hypergeometric functions and where
we have defined ¢ := z%ﬁ This complicated expression simplifies as v1 — 0 and
v — 00. First, note that the generalised hypergeometric function defines a power series
in (—C2%v?) and goes to 1 at v = 0; because of the additional factor v the contribution
from the lower limit vanishes as v; — 0.

Using the large v asymptotic of the generalised hypergeometric function we then have,
formally,

o0 _ cosh (a=B)%) .. 4 1+i(8—«)
/0 v Jia(C0) Ji5(Cv) = = e X m {log ((12@2) v <2>

+¢<1+i(§ﬁ))+2w<1+i(§+ﬁ)>+2v}, (B.27)

where 1) is the digamma function and ~ is the Euler-Mascheroni constant. (B.27)
diverges logarithmically at large v; when using it for numerical evaluation of expectation
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values, we take the upper limit to some large cutoff value =, and verify that the final
result after integrating over the other variables is not too sensitive to the choice of =,.
This method of integration is very similar to the Pauli-Villar regularisation method used
in QFT.

The second method consists in using the convergent integral

/0 h i—me(Cx)Jw(Cx)
- TR (B A (a4 )T (B.28)
T2+ 5(@—-8)T (B2 +5(8-a)T (B2 +5(a+0)’ '

that is the same formula as we used in the calculation of J;, i3, however, this time we
are interested in the limit v — 0. Consider v = 0 — € where € > 0 is small, then the

expansion of |(B.28)| around 0 is:
_cosh((a—p)5) cosh (a—B)%)

/000 dz Jio(Cx)Jig(Cx) = {log (4) — 2log(C)

enC 2nC
+¢(1+Z(§_a)> Ly <1+’L(;—ﬂ))
120 <1“(20‘+5)> + 27} +0(e). (B.29)

We can see that |(B.27)[ and |(B.29)| are very similar except for the divergent term that
is a function of e. This regularisation method resembles the dimensional regularisation
method used in QFT. In particular, see [32] pages 248-251 for an example in which Pauli-
Villar regularisation leads to a logarithmic divergence and dimensional regularisation a
divergence of the form 1/e. There are other regularisation methods and how to treat
the different regulators is still an open question.

B.3.2. The integral Oii iqis,c

Again we start by evaluating the indefinite integral which yields

vexp ((£1 +i(a + ) log &)
(1£1) +i(a+ B)T(1 £ 1+ ia)T(1+if)

V2
/ dv Ji1+ia(cv)Jiﬁ(CU) = X (B30)

v1

1,1 3 o
3Fy (24—/,2 +L/,1+L';1i1+ia,§ +L/,1+i571+2/;—02@2)]

V=v1
where now / := :I:% + ZOCT%
In order to evaluate the limit v = 0 we need to use the fact that

lim %% = +ingd(€). (B.31)

r—F00

This follows from

lim /‘fei@’f(g) = lim j:/dnei”f (ﬁ) . (B.32)

r—to0 r—+o0 n x
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This integral is undefined in the usual sense but its Cauchy principal PV value yields
to +im f(0), which justifies the result. In fact, if we consider separately the real and

imaginary parts of [(B.32)| we have

xgrfoo PV (fcos(fas)f(ﬁ) = xgrinoo :l:PV/ (1777 cos(n) f (g) =
Jim [ Esineaf©) = im & [ Tsintnf (1) = £er0). (B33

The cosine integral only converges using the principal value argument whereas the sine
integral converges in the usual sense. Thus

lim sin(67) = +md(x) and lim

r—+o0o f r—+o0

Coséfm) =0 (B.34)

Using |(B.31)| and the fact that the generalised hypergeometric function goes to 1 at
v = 0 we can conclude that we do not have any non-trivial contribution from the plus
sign, but for the case of the minus sign we now have

21 exp (i(a + B)log %)
030 C(a + )T (i) (1 + i8)
2iexp (—i(a + B)u) 21

= uh_)rgo Clat AT + if) = sinh(am)dé(a + B) . (B.35)

Including the contribution from large v we find, again formally,

[ i L o) (157
+1 (1 + Z(a;ﬂ)> + 29 (1 + W) + 2v} , (B.36)
and

/Ooodv J_14ia(Cv)Jig(Cv)
_cosh (a=B+1)%) < lim {log (Ciﬂ) + 9 (1 + W)

21C o0
) (W) 2 <Z<O‘2+5)) + 27} + % sinh(am)é(a + B8).  (B.37)

These integrals again diverge logarithmically at large v so we need to cut them off at a
fixed cutoff value =,. However, for the calculation of interest in the main text we find
that the sum over various integrals O111q,43,c leads to an expression in which all the
logarithm terms cancel, and which is hence well-defined in the limit v — oc.
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B.4. The integrals Pj, is.c

As in the previous section, this integral is divergent even in the distributional sense.
The same two regularisation methods can be applied here. The definite integral yields

/U dv 030 (C0) Ji5(C) = — [exp [2 log(2) + i(a + 5) m(i’”)] ()T (20) (o + B)

1
x 3y (2 +u,l+0,1+u1+i0,24¢,1+46,1+ 2 —C'sz)] (B.38)

V=01

where ¢ —z( +B)

and 3Fy is the generalised hypergeometric function. The limit v — 0
is 0, as the hypergeometric function goes to 1 and is paired with a v? term. However,

the limit v — oo is divergent:

z(a — 52) smh( (o — ﬁ))
47 (C?

X(v—w6é>+w<—;a—m>+w<;a—@)+WO+¢O+0)
+ lim { yPra (401} cosh( (a ,8)) — 2i(a? — ,6’2)smh<2(a - 5)) log(Cv)

V—00

9 cos (CU _ %”(a + ﬂ))) } . (B.39)

v is the Euler Mascheroni constant and % is the digamma function. Hence, we see
here that there are two divergence: a logarithmic divergence like in and a linear
divergence. We thus implement a cutoff Z,2. There is also an oscillatory term, which
is not problematic as one can always choose a cutoff such that this term vanishes.

We can also solve this integral using the dimensional regularisation method, taking

the limit ¥ — 1 in|(B.28)| Consider v = —1 — € we find

o0 _ i(a? — B%)sinh (5 (o — ﬂ)) i(a? — %) sinh (5 (o — B))
/0 dv vJia(Cv)Jig(Cv) = — 27rC’2e2 12

/ dv vJio(Cv)Jig(Cv) =
0

< (r=v(=5) o (50 +v(5a-9) + 00 +v+0) + 0w
(B.40)

We can see that the non divergent terms are the same, but the linear and logarithmic
divergences are all absorbed in the first € term. The correspondence between a cutoff
2,2 and € is less clear from this result and it is not the same relation that we found in
Oia,ip,c-



C. SHORT INTRODUCTION TO
ANTICOMMUTING VARIABLES

Anticommuting variables (sometimes also called Grasmann variables) were introduced
by Berezin [122|. Anticommuting variables {6;} can be defined as the generators of an
algebra over a vector space V, A(V)", such that they anticommute

Qlﬂj = —9]'91‘, Vi,j = 1, oon (Cl)

This implies that they are nilpotent: 0? = 0. They commute with complex numbers
zeC
91‘2 = 291' . (02)

These anticommuting numbers are very useful in QFT for fermion (anticommuting)
fields. Because they are nilpotent, any function of an anticommuting variable can be
written as a Taylor series with two terms:

fO@)=a+b0, a,becC. (C.3)
In the case of n anticommuting numbers a general function has expression
n
f(@l, ce 01) =g+ Z Z Cila---yikeil - QZk R <C4)
k=111,...,0

Where ¢;, .. ;, are complex completely antisymmetric tensors.
Integration over anticommuting variables are known as Berezin integrals, and they
are defined to be a linear functional. The integral over one anticommuting variable 6 is

defined by
/d09—1, /d01—0, (C.5)

0
/d@agf(e) 0. (C.6)

Note that the integral is not an integral in the usual Lebesgue sense. In general

so that

/d@f(@) _ /da(a+b9) _ 5. (.7



C. Short introduction to anticommuting variables 133

In the case of n anticommuting variables over A", the integral is defined with the
following properties:

/d&l...dﬁnﬁn..ﬂl:l, /d«91...d9naf(91,...9n):0, Vi=1,...,n.

00;
(C.8)
When calculating the integral of a generic function of expression we express f as
f=g9(01,...,0,-1)0,+ other terms that do not depend on 6,, and do the first internal
0,, integral, resulting in g(f1,...,60,—1). Then we repeat the process until all integrals
are done. In conclusion, the integral of f results in the coefficients of order n. These

are the general rules used to perform |(9.24) and obtain [(9.25)]
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