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Abstract

This thesis explores the cosmological sector of group field theory (GFT) which is a
proposal for a theory of quantum gravity. We provide an overview of GFT and introduce
the framework necessary to study cosmology in the context of GFT. We discuss two

approaches to GF'T cosmology in detail.

Firstly, we study the canonical approach where one implements the canonical quantisation
program for a GFT coupled to one or more massless scalar fields. The main result is that
we are able to derive equations for the volume which take the same functional form as

the Friedmann equations from classical cosmology in certain limits.

Secondly, we employ a certain method of studying quantum systems with constraints in
the context of GFT cosmology. We accomplish this by identifying a subset of one-body
operators of the GFT with the classical observables. The resulting dynamics allow us to

identify one of the operators with the extrinsic curvature of classical cosmology.
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Chapter 1.

Introduction

In the beginning of the twentieth century theoretical physics experienced two revolutions,
both of which radically changed our understanding of reality. Firstly, the discovery of
quantum theory was able to explain several phenomena that cannot be explained by
classical physics alone—further broadening the gap between the world we experience
and physical reality. Quantum theory is arguably contradictory to everyday experience
and the debate about the correct interpretation is still ongoing. Secondly, the theory of
relativity changed the way we think about space and time. The removal of the notion of
a preferred reference frame culminates in the insight that gravity is a manifestation of
the curvature of spacetime. Throughout the twentieth century advances in both these
fields have progressed steadily. Early on it was realised that, ultimately, one should be
able to find a theory which encompasses both of these essential theories. This marriage is

referred to as quantum gravity and is the main focus of this thesis.

1.1. Quantum theory

We now give a brief overview of quantum theory. In 1900 Planck was able to derive
a formula which correctly describes the spectrum of black body radiation [121]. The
crucial idea was to postulate that the energy of an oscillator is quantised, i.e., that there
is an amount of energy that cannot be subdivided further. This minimal amount of
energy is related to a constant of nature, h ~ 6.6 x 10734 JHz ™!, which is now known as

Planck’s constant. In 1905 Einstein published a theoretical explanation of the photoelectric
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effect which also relied on the idea that electromagnetic radiation is quantised. In the
subsequent years models were developed from which one could derive this quantized
nature of electromagnetic radiation. Notable contributions are Born, Heisenberg and
Jordan’s matriz mechanics [30] and Schrédinger’s wave function formalism [134] both of
which were later realised to be different representations of an underlying Hilbert space

formulation.

Essentially, the Hilbert space formulation posits that a physical state of a system can be
represented as a vector [1) in some Hilbert space H. Furthermore, the time evolution of

such a state is fully captured by the Schrédinger equation,
., 0 -
iho [0} (t) = Hy)(2), (1.1)

where h = h/(2m) is the reduced Planck’s constant! and H is the Hamilton operator
capturing the energy of the system. An important feature of the Schréodinger equation is
that it is linear, i.e., if [¢)1) and |¢)2) are solutions, then so is ¢1]Y1) + co|tb2), where ¢;
and cg are arbitrary complex numbers. This observation leads to the following unintuitive
consequence. Assume that we have an apparatus which measures the value of an observable
O associated with a particle which can take two values, 01 and 0y. Furthermore, let |1);),
i = 1,2 be eigenstates of O such that O|¢Z> = 0i|1);), i = 1,2. If we were to perform repeat
measurements of O and always prepare the particle such that it is given by the state
[) = c1|h1) + calpa) with |c1]? + |ea|? = 1, then we would measure o with a probability
lc1]? and op with a probability |ca|?. This is known as Born’s rule. The confusion arises if
one insists that the particle should have a definite value of the observable O, irrespective
of whether or not one measures the value. This and similar problems in the interpretation
of quantum mechanics arise if one separates the observer (oneself) from the system. The
problem is resolved as follows: ultimately, both the observer and the system should be
governed by the same physical laws and all of reality is described by a (complicated)
state |Wiyniverse). Lhis point of view was proposed by Everett in 1957 which is now known
as the many-worlds interpretation of quantum mechanics [56]. One of the issues of this
interpretation is how to reconcile it with the probabilistic interpretation. Ideally, one
should be able to start from the full theory and derive Born’s rule. However, although
there have been several attempts to solve this problem there is no consensus. A closely

related concept is that of decoherence introduced in 1970 by Zeh [147]|. Decoherence

! Only in Chapters 1 and 6 do we write factors of & explicitly. In the rest of the text we use units in
which & = 1.
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reconciles the observed classical behaviour with the underlying quantum description by
explaining how the interference between the different states (corresponding to distinct
classical observations) is suppressed. The solution is that the quantum coherence is
dissipated into the environment. Note that quantum decoherence does not solve the
measurement problem as it provides no mechanism to explain why an observer observes a

certain outcome rather than another one [3.

Another formulation of quantum theory is given by the path integral approach which was
first formulated by Feynman in 1948 [57]. The main object of interest is the transition
amplitude, i.e., it answers the question of how likely one is to end up in a final state
when starting in some initial state. The radical insight is that that probability can be
calculated by taking a weighted average over all intermediate states, where the weighting
factor is the exponential of the action functional multiplied by the imaginary unit. For
instance, if one wants to calculate the probability that one particle initially located at
some point may be observed at some other point at some later time, then one would take
the weighted average over all possible paths connecting the initial and final point. It is
from this example that the formalism derives its name. More concretely, the example of

the particle is captured by the equation

ti

ik ,
(qr; tel qi; ti) = A(ti):% quxp(h/ dt L(q(t),q (t))> . (1.2)
q(te)=gr

Although the path integral formulation is strikingly concise, it is technically quite chal-
lenging to implement in general. The main difficulty lying in rigorously defining what the

path integral measure should be.

1.2. Relativity

This section provides an overview of relativity. In 1905 Einstein published his ground-
breaking work [54] on what is now known as special relativity. Special relativity is based
on two postulates. The first postulate states that physical laws should be the same in any
inertial reference frame. This is the principle of relativity introduced by Galileo Galilei.
The second postulate states that the speed of light is the same in every reference frame.

This second postulate is the radical and unintuitive proposition made by Einstein. To
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appreciate why this is so unintuitive consider the following. From everyday experience we
have come to understand that velocities are additive. That is, if a person were to run past
me and throw a ball in their direction of motion then it is obvious to me that the ball
will travel faster than if that same person had thrown the ball whilst standing. However,
the second postulate states that if that person were to carry a torch and shine light in
front of them then the light emitted from the torch would travel at the same speed as if
that person were standing. Note that the situation is entirely symmetrical. Should I be
the person shining the torch, the other person would measure the same speed of light
irrespective whether they carry out there experiment while standing or running. The
most profound consequence of special relativity is that it does away with the notion of a
preferred time. Before special relativity, it was thought that there is some “universal time”
that marches forward steadily and perpetually and that the physical laws describe the
evolution with respect to that time. However, in special relativity the notion of time and
in particular of simultaneity is dependent on the observer. The famous “twin paradox”
illustrates this point: From the pair of twins Alice and Bob, Alice decides to travel through
space on a fast spaceship whilst Bob remains on Earth. When Alice returns forty Earth
years later she is a lot younger than her brother since from her perspective less time has
elapsed. (Note that the reason this is called a paradox is because the question is why the
situation is not symmetrical, i.e., why it cannot be Bob who is the younger upon Alice’s
return. The resolution is that Alice does not remain in an inertial frame whilst travelling

in the spaceship since she has to perform some acceleration to return to Earth.)

Shortly after Einstein’s 1905 paper on special relativity Hermann Minkowski realised that
the underlying mathematical structure is that of a metric space, albeit with a twist. The
metric most easily understandable by humans is that of Cartesian three-dimensional space.
Say we choose Cartesian coordinates z, y and z. If we want to calculate the distance
between two points p; = (z1, 41, 21) and ps = (z2, y2, z2) then we may do this by using
the metric d(p1, p2) = (21 — 22)% + (y1 —y2)? + (21 — 22)?. The distance is always positive
except for the special case in which the two points coincide, p; = p2. Now special relativity
suggests that space and time a deeply connected and it is reasonable to expect that one
should add time as a fourth coordinate, ¢, and call the resulting four-dimensional space
spacetime. Indeed, this is possible and it was Minkowski’s great insight that one should
measure distances in four-dimensional spacetime with a new kind of metric [103]. Consider
again a set of coordinates, now with an added time coordinate, t, z, y and z. Note that we

use units in which the speed of light is equal to one, ¢ = 1, and therefore all the coordinates
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have the same dimension. If we now want to calculate the distance between two spacetime
points p; = (t1, 21, Y1, 21) and pa = (t2, T2, Y2, 2z2) then the metric consistent with special
relativity is given by d(p1, p2) = —(t1 — t2)® + (21 — 22)? + (y1 — y2)? + (21 — 20)2. This
metric is called Minkowski metric and the four-dimensional metric space equipped with
this metric is referred to as Minkowski space. The crucial difference to the spatial metric
is that the Minkowski metric is not positive definite, i.e., there may be two points p;
and ps that have a distance of zero but do not coincide. All of special relativity can be
derived by stating that spacetime is Minkowski space and that inertial references frames

are related by transformations which leave the metric invariant.

Einstein soon realised that it would be logical to extend the principle of relativity even
further. Why should the physical laws be the same in two reference frames only if they
are related by a special kind of transformations that leave the Minkowski metric invariant
instead of more general transformations? After several years and acquiring mathematical
knowledge previously deemed unnecessary for physics, Einstein completed his endeavour
in 1915 and published his work on what is now known as general relativity [55]. The
change of our understanding of space and time is comparably profound to that which

occurred ten years earlier.

The key result of general relativity is that gravity is a manifestation of the curvature of
spacetime and that the curvature of spacetime is influenced by the presence of matter.
It is a well known result of classical mechanics that an object upon which no force acts
travels along a straight line. In a Cartesian coordinate system straight lines are geodesics,
i.e., the shortest paths connecting two given points. It turns out that gravity is the
generalisation of this concept from classical mechanics to curved spacetimes. That is, a

freely falling object travels on geodesics.

We now give a brief technical introduction to general relativity. General relativity can be
viewed as the theory of the metric g defined on a manifold M. The theory can be defined

via an action known as the Einstein—Hilbert action,

Sen(a) = 5 | d'av/=detlgl@) Alg(a). (1.3

where the coupling constant is related to Newtons’s constant G by k£ = 877G and R is the

Ricci curvature scalar given as a function of the metric. In the presence of matter the
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total action would be given by the sum

5(¢,9) = Sen(g) + Suatter(0: 9) , (1.4)

where ¢ are the matter degrees of freedom. Let us briefly remark that from the point of

view of effective field theory the gravitational action of a metric theory takes the form

1

Sunls) = 5 [l /=detlya)) (Rg(w) =24 +..) (15)

where the ellipsis denotes higher-derivative terms which are invariant under diffeomor-
phisms. The constant A is the so-called cosmological constant. We emphasise that from
the perspective of effective field theory one needs no justification for its addition. On the
contrary, one actually would need to justify its exclusion. (Nevertheless we only consider
“pure” Einstein gravity in the following, where A = 0.) The equation of motion obtained
by varying the action with respect to the components of the metric, g, (), is the Einstein
equation

Ry (g(x)) — %R(Q(ﬂf))guu(fv) = KT (¢(2), 9()), (1.6)

where R, are the components of Ricci curvature tensor and 7}, are the components of
the energy momentum tensor of the matter specified in the action. The components of

the energy momentum tensor can be calculated from (1.4),
B 2 5SMatter
—det(g(x)) 99" (z)

Note that (1.6) is a non-linear partial differential equation for the metric which is already

T (¢(x), 9()) = (¢,9). (1.7)

very difficult to solve for the case of vacuum T}, = 0. The Einstein equation (1.6) can be
solved analytically if one makes some simplifying assumptions. We will next discuss two

solutions briefly.

The first example of a solution is given by the Schwarzschild metric which is named after
Schwarzschild who published his result in 1916 [135]. The Schwarzschild metric is a static
vacuum solution which is spherically symmetric. The metric is of particular interest for
two reasons. Firstly, there is a region, called a black hole which cannot be exited once
entered. Secondly, at the centre of the black hole there is a singularity. The notion of
singularities in general relativity is a subtle one. A singularity is a point at which some
curvature invariant of the metric diverges and which can be reached in a finite amount of
time (as experienced by an observer). The appearance of the singularity at the centre of

the black hole was for some time considered to possibly only occur due to the high degree
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of symmetry in the solution. However, it was later shown that singularities generically

appear due to gravitational collapse [85].

The second example is given by the Friedmann-Leimaitre-Robertson—-Walker (FLRW)
metric named after Friedmann, Lemaitre, Robertson and Walker |60, 93, 127, 142|. This
solution describes the evolution of a maximally symmetric space which may contain

homogeneously and isotropically distributed matter. The line element is given by
ds® = —dt? + a(t)?(dz? + dy? + dz?), (1.8)

where a(t) is the scale factor. The Einstein equation (1.6) results in an ordinary differential
equation for a(t). The importance of the FLRW metric is that it describes the universe

at large scales.

The current “standard model of cosmology” goes under the name “ACDM”, where A
refers to the cosmological constant (cf. (1.5)) and CDM stands for cold dark matter, a
postulated form of matter that interacts only gravitationally with the other forms of
known matter. The FLRW metric is also generically singular; when one evolves the scale
factor backwards in time, one arrives at a point in time where it is zero. This singularity

is commonly referred to as the big bang.

1.3. Quantum gravity

Already in 1916 Einstein noted that quantum theory will need to be modified to accom-
modate the (then) new theory of gravitation [53|. The problem remains unsolved to this
day, over a century later. In this section we give an overview of problem, key insights
that allowed progress and some of the active areas of research trying to solve (part of)

the problem. A textbook on quantum gravity in general is [91].

In [128] the early developments are separated into three major lines of research, namely the
covariant, the canonical and the sum-over-histories lines of research. In more modern ap-
proaches the distinction between these different lines of research has become less prominent.

Nevertheless, it proves useful to explain the main ideas of all three approaches.
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The covariant line of research aims to apply the methods of particle physics to arrive
at a theory of quantum gravity—or even more ambitiously at a theory of everything.
From this perspective, gravity is viewed to be on an equal footing with the other forces.
Gravity is described as a gauge field theory where in the case of gravity one is interested
in a spin-2 field which is called graviton. Early success in this approach came in 1963
when Feynman was able to show that at tree level the calculations agree with general
relativity [58]. In 1967 the Feynman rules for gravitons were completely worked out [45].
After these promising advances, the programme hit a road block in 1974 when 't Hooft
and Veltman were able to show that gravitation coupled to matter is non-renormalisable
[89]. This means that if one wanted to calculate, say, the probability of a certain physical
phenomenon one would have to add an infinite number of parameters to the theory to
obtain a finite result, making the theory non-predictive. There are two ideas how to
circumvent this problem. Firstly, there is the idea that the non-renormalisable theory
is missing degrees of freedom. Many different proposals concerning the nature of those
missing degrees of freedom have been put forward such as supergravity, modified gravity
and infinite derivative theories. Arguably, string theory is also a descendant of this line of
thinking. Secondly, Weinberg proposed in 1978 [143] that whilst quantum gravity is not
asymptotically free it might be asymptotically safe: the idea basically being that amongst
all possible theories (values of coupling parameters) only those are physically realisable in
which the coupling parameters approach a finite value at high energies (as opposed to
going either to zero or diverging). That is, of the infinite number of parameters needed to
calculate anything, only some of them need to be measured and all the others are fixed

by this requirement.

The canonical line of research tries to identify the phase space variables relevant for
general relativity and then perform a standard quantisation of that phase space. In
1959 Dirac completed the formulation of general relativity as a Hamiltonian system [47].
The main feature being that it is a totally constrained system, in the sense that the
Hamiltonian is given as a linear combination of constraints. In 1961 Arnowitt, Deser and
Misner greatly clarified the phase space structure by the introduction of new variables.
This is now known as the Arnowitt-Deser—Misner (ADM) formalism [4]. The ADM metric

takes the form
ds® = —N(t, :c)Zdt2 + qij(t, ac)(daﬁZ + Ni(t, m))(dxj + Nj(t, x)), (1.9)

where N is the lapse function, N is the shift vector and ¢ is the three-metric defined
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on a spatial slice. Note that it is assumed that spacetime can be foliated by a family of
spacelike hypersurfaces. Using the methods of quantisation of constrained systems (see,
e.g., |48]) DeWitt wrote down the Wheeler—DeWitt equation in 1967 [44],
9 1 o 9
(o2 — jasn) 5 s+ det@R() ) ¥@) =0, (110
Qij Oqkl

where R(q) is the Ricci curvature scalar of the three-metric. Equation (1.10) should
be viewed as a formal statement. In particular, the space in which the wave function
U(q) is a state is mathematically ill-defined. However, the equation has been studied
extensively for the case in which the space of metrics (“superspace”) is greatly reduced by
considering only metrics with a high degree of symmetry (“minisuperspace”). Studying
such symmetry reduced models by solving the Wheeler—-DeWitt equation is a central part
of quantum cosmology. In 1986 Ashtekar introduced another set of variables (Ashtekar
variables) which allow one to write general relativity as a Yang—Mills theory [5]. The use
of these new variables culminated in the theory of loop quantum gravity (LQG)? where the
kinematical Hilbert space of the theory is represented by spin networks which solve the
diffeomorphism constraints of general relativity. Furthermore, LQG made great progress
in the canonical approach by being able to identify quantum operators for geometric
quantities such as area and volume. The striking result is that both area and volume

have a discrete spectrum, suggesting that spacetime might be fundamentally discrete.

The sum-over-histories line of research aims to employ path integral quantisation to the

gravitational field. That is, one is interested in calculating the partition function
7z - / Dy eiSen(a)/h (1.11)

non-perturbatively. As with the other lines of research one of the big problems is identifying
the space of metrics. Formally one would like to integrate over the space of equivalence
classes of metrics defined on four-dimensional spacetimes, where the equivalence relation is
given by being related by a diffeomorphism. This space has a very complicated structure
[81]. One idea in making this programme more feasible is to perform a Wick rotation

which turns the partition function into
Zp = /DgE e~Selor)/h (1.12)

where the integral is now over Euclidean metrics (Riemannian metrics) on four-dimensional

spaces (as opposed to spacetimes). This approach is known as Euclidean quantum

2An expanded discussion of LQG is given in Section 2.2.1.
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gravity [65]. The Wick rotation is rather formal, however. There is no one-to-one
correspondence between Riemannian and Lorentzian metrics and therefore one has
changed the configuration space completely. Furthermore, even the Euclidean action, Sg,
is not bounded from below, preventing one from generalising methods from statistical
mechanics in a straightforward manner. Hartle and Hawking studied the wave function
of the universe in this framework and put forward the proposal that one should sum over
four-geometries which have the currently observed three-geometry as a boundary. Since
the four-geometry should have no other boundaries, in particular not in the past, this is

known as the no boundary proposal |86].

1.3.1. Discreteness in quantum gravity

As can be seen from the long history and plethora of ideas, the goal of formulating a
theory of quantum gravity is an ambitious one. In order to circumvent the problems
arising from the huge space of possible four-dimensional spacetimes it has proven fruitful
to abandon the continuum and study discrete structures instead. Note that there are two
philosophies concerning discrete structures in quantum gravity. The first point of view is
that the discrete structure serves as a regulator, taming the ultraviolet divergences arising
in the continuous theory. This is similar to lattice gauge theory, where one introduces an
artificial lattice and then renormalises the theory by taking the limit where the lattice
edge length goes to zero. The second point of view is that the discrete structure is
actually realised in nature. That is, the apparent continuous spacetime is an emergent

phenomenon of an underlying discrete structure.

In 1961 Regge introduced what is now known as Regge calculus [123]. Instead of a
continuous spacetime, the underlying structure is a piecewise flat manifold which may
be thought of as a graph where the edges are weighted by their geometric lengths. In
piecewise flat manifolds curvature is located at loci with codimension 2. In 1968 Ponzano
and Regge noticed a connection between an asymptotic expansion and the action of
three-dimensional Regge calculus which lead to what is now known as the Ponzano—Regge
model |17, 122].

One idea for studying the quantum theory of such triangulations is to use methods

similar to those of statistical mechanics. The phase space is explored using Monte-Carlo

10
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methods where an initially random triangulation is then “thermalised” by making arbitrary
modifications which are then either rejected or accepted depending on the resulting change
in the action. Dynamical triangulation is the theory resulting when one performs this
procedure for Regge calculus. However, one finds that the resulting geometries are
pathological in the sense that one never gets the desired dimension of spacetime, but
rather finds that it either too low or diverges®. However, considerably more encouraging
results are obtained in causal dynamical triangulation where one enforces a topology
R x ¥ by hand. The main results are a second order phase transition and a de Sitter

universe [97].

As mentioned above, one result of LQG is that space is discrete. One way of defining
dynamics for LQG is by studying the transition amplitudes from one discrete three-
geometry to another discrete three-geometry. This idea is formalised in the theory of spin
foams |15, 117].

Group field theory (GFT) postulates that spacetime is constituted of building blocks
which are sometimes referred to as “atoms of spacetime”. Just as matter is made up out
of atoms, spacetime is thought to be made up out of something granular. (It is amusing
to contemplate that the nomenclature might be similarly misguided as in the case of
matter. That is, it is not unthinkable that the atoms of spacetime might themselves be
composite objects.) GFT is technically interesting because it employs the techniques of
quantum field theory but in quite a different manner to what has been referred to as
“covariant lines of research”. Indeed, when viewed as a quantum field theory the “particles”
are the postulated atoms of spacetime. In this sense, GFT is a quantum field theory of

spacetime (as opposed to the usual notion of a quantum field theory on spacetime).

There are radical approaches that do away altogether with any preconceived notion of
spacetime geometry. Rather, the objects of interest are pointlike events. Only through the
causal relation between the points does spacetime emerge. One formulation of this idea is
known as causal sets, a framework which famously predicted the order of magnitude of
the cosmological constant [136]. Similar ideas form the basis of Wolfram’s new class of
models where the proposal is that the universe is fundamentally described by a graph

and a rule for updating that graph [145].

3There are various ways to define dimensionality of discrete structures. One way is to observe the scaling

behaviour of spheres with increasing radius. This is the Hausdorff dimension of the structure.

11
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1.3.2. Observability of quantum gravity

Physics is usually considered to ultimately be an empirical science. That is, theories
have to be confirmed or falsified by conducting experiments. This poses somewhat of a
problem for theories of quantum gravity since quantum gravity effects are believed to
become relevant only at very high energies. However, there is hope that nature provides
natural laboratories which will soon provide opportunities to test and compare different
theories of quantum gravity. We discuss the two such laboratories, namely those provided
by cosmology and black holes. For a recent overview of quantum gravity phenomenology

see, e.g., [1].

Cosmology

Standard FLRW cosmology describes a homogeneous and isotropic universe which is
an excellent approximation to the universe we observe today. Hubble’s observations
confirmed that our universe is expanding and it was later realised that this expansion is
accelerating. If one runs the evolution in time of the universe backwards one sooner or
later reaches a regime which fails to satisfy the assumptions needed for an FLRW universe.
Firstly, the distribution of matter will become less homogeneous and isotropic. Secondly,
the energy density increases to a point at which quantum effects become important. Both
these points can be addressed fairly well by considering a semiclassical model where the
quantum field of the standard model of particle physics (and often also more speculative
forms of matter) interact with each other on a classical background spacetime which
allows for perturbations of the FLRW metric. However, if one evolves back in time
even further the semiclassical description undeniably has to break down. There are two
reasons for this. Firstly, the energy density will reach a scale at which quantum gravity
effects become relevant. Secondly, the semiclassical theory does not resolve the big bang

singularity.

The currently best measured feature which might provide signatures of quantum gravity
is the cosmic microwave background (CMB) radiation. However, there are semiclassical
models which agree well with observation. One of the hopeful prospects is that with

increasing sensitivity of gravitational wave detectors one might be able to capture signals

12
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dating back earlier in cosmological history than the CMB [35, 133].

The initial big bang singularity can be viewed as a breakdown of the (semi)classical theory.
Indeed, a result shared by many different approaches is that the big bang singularity
is replaced by a “big bounce” [32|. That is, before the universe entered the currently
observed expanding phase it was contracting. In many models the bounce is symmetric
but it need not be. Furthermore, there are models in which the bounces are cyclic* and

models where the “pre-bounce” phase extend infinitely into the past®.

Most approaches to quantum gravity are technically challenging and it is hopeless to
obtain results studying the full theory. Therefore, an appealing idea is that of symmetry
reduction before quantisation. Needless to say, it is not obvious at all that truncating
the theory before quantisation will result in anything resembling the quantisation of the
full theory. Nevertheless, symmetry-reduced models have a long tradition in quantum

gravity.

In general relativity the space of all metrics is called superspace. If one restricts this space
to metrics of a high degree of freedom one studies minisuperspace. For instance, in the case
of a flat FLRW metric with a massless scalar field, minisuperspace is parametrised by the
scale factor, a, and the value of the massless scalar field, x. The resulting Wheeler-DeWitt
equation of this model is

kh? 0 0 02

—a—a—— — | ¥Y(a,x) =0. 1.13

(6 da Oa 8)(2) (a,%) (1.13)

In LQG the spatial metric is described by a graph. If one assumes that the graph is very
regular, one arrives at a space which has a high degree of symmetry. Models inspired by
this idea go under the umbrella term loop quantum cosmology (LQC), where the main

result is that the big bang singularity is replaced by a big bounce [12]. The most studied

4An interesting non-bouncing model featuring cyclicity is given by Penrose’s conformal cyclic cosmology
[114].

5In the main text, the terms “future” and “past” refer to the value of the time coordinate. However,
it is not a priori clear that a conscious entity has to experience time as flowing from values of low
coordinate time to values of high coordinate time. It is an interesting thought experiment to consider
observers living in what we would call the pre-bounce phase who would view our currently expanding
universe as their respective pre-bounce phase, i.e., that they experience time “backwards” from our

point of view.
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Chapter 1. Introduction

system is that of a flat homogeneous isotropic universe coupled to a massless scalar field.
To compare with classical physics one takes expectation values of the quantum operator

corresponding to volume, the resulting effective Friedmann equation is of the form

(283)2 -3 (1 B pﬁ,f)) : (1.14)

where the initial value depend on the choice of state, V, is the volume as expressed as

a function of the scalar field, p is the energy density of the scalar field and p. is the
critical energy density at which the bounce occurs (V>2(Xbounce) = 0 when p(Xbounce) = Pc)-
Compared to the classical Friedmann equation in an FLRW universe coupled to a massless
scalar field (cf. (A.42)) the second term on the right-hand side can be seen as a quantum
correction arising from the quantum nature of spacetime itself. Note that the derivation

of LQC from LQG remains an open problem [41].

In GFT results similar to that of LQC have been obtained [112]. In GFT the spacetime
is assumed to be comprised of building blocks, e.g., simplices. Since we do not observe a
discrete spacetime, the idea is that the continuous theory should be seen as an approx-
imation to the underlying discrete structure constituted of a large number of building
blocks. Drawing inspiration from condensed matter physics, the idea is then that the
universe should be realised as a state with a large number of excitations, i.e., it should
be described as a condensate state of GFT |75, 109]. The geometry of the universe is
encoded in the shape of the building blocks. It is plausible that the observed isotropy of
the universe can be explained as a consequence of the building blocks all having the same
regular shape. With these considerations it was shown in [112] that the resulting effective

Friedmann equations take the same functional form as (1.14).

Black holes

Black holes have several mysterious properties which one tries to elucidate by quantum-

gravitational considerations.
Semiclassical calculations have shown that black holes are not entirely black. Rather, they

are believed to emit thermal radiation known as Hawking radiation [84]. The evaporation

of a black hole leads to what is known as the “black hole information paradox” [66]: how

14



1.4. Outline

can unitary time evolution be reconciled with the existence of an event horizon? Note
that this paradox comes about by treating the black hole classically and the matter as

quantum fields. In a full theory of quantum gravity there would not be a paradox.

Another aspect which quantum gravity should clarify is the meaning of the singularity.
Classically, when the gravitational pressure exceeds the pressure of matter (electroweak
and strong), the matter collapses to a point and forms a black hole [38]. It is conceivable
that at the Planck scale quantum gravity effects should become important and it might
be that there is some repulsive force becoming relevant only at very short length scales,

preventing the singularity from forming.

Since black holes emit Hawking radiation one may ascribe to them a temperature.
Therefore, they also have an entropy. The Bekenstein—-Hawking entropy of a black hole is

given by
kA

413 7

where kg is Boltzmann’s constant, A is the surface area of the black hole and Ip is the

Spy = (1.15)

Planck length. It is curious that the entropy should scale with the surface area rather
than with the volume. It should be possible to arrive at (1.15) using the microcanonical
ensemble of the microscopic theory of quantum gravity. Furthermore, it is natural to
assume that there might be further quantum corrections to the semiclassical expression
(1.15). This is has been carried out in a string theory [98] and a loop quantum gravity
[118] context, where in both cases one obtains the classical entropy to leading order.
Perhaps one day measurements of the black hole entropy will have the final say in which

theory of quantum gravity is correct.

1.4. Outline

The thesis is structured as follows. In Chapter 2 we introduce the formalism of GFT
and show connections to other fields of research. Chapter 3 introduces the coupling of
a GFT to one or more massless scalar fields which is the framework in which one can
study the cosmological sector of GFT. We also list some of the different perspectives
that have been explored in the study of GFT cosmology. Chapters 4 and 5 deal with

the canonical approach to GFT cosmology for the coupling of multiple massless scalar

15
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fields and a single massless scalar field, respectively. In Chapter 6 we employ an effective
approach for studying quantum systems with constraints to a simple GFT model where

we identify the observables of interest with the one-body operators of the GFT. Finally,

Chapter 7 summarises the thesis.

The novel contributions of this thesis can be found in the following chapters:
e Chapter 4: Canonical formalism for GFT with multiple scalar fields based on [77]
e Chapter 5: Canonical formalism for GFT with a single scalar field based on [76]

e Chapter 6: Effective one-body approach to GFT based on [72]

16



Chapter 2.

Group field theory

This chapter provides a technical introduction to the formalism of GFTs. We discuss two

contexts in which GFTs arise, namely spin foams and tensor models.

2.1. Definition

In this section we provide a brief overview of the basic definition of GFT. Reviews of
GFT can be found in [59, 92].

A GFT is a scalar field theory where the domain of the scalar field ¢ is a product Lie
group GM = G x - -- x G, where G is a Lie group and there are M factors in the Cartesian
product. We refer to the scalar field as the group field and note that it can be either real
or complex, i.e.,

gp:GM—HK, gr — v(gr), Ke{R,C}, (2.1)

where the arguments of the group field are written in a compact notation which when

expanded reads

©(g1) = ¢(g1,---,9Mm) - (2.2)

The defining feature of a GF'T is that one requires that the group field be invariant under
a right-diagonal action of the Lie group G, i.e., for any element h of G

e(g1h,...,gmh) = @(g1,-- -, 9m) - (2.3)
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Chapter 2. Group field theory

This invariance effectively means that the actual domain of the group field is given by
GM /G. The specific theory is given by an action functional (assuming a complex group
field)

S:(p,p) = S(p,p) €R. (2.4)

The classical equations of motion can then be obtained by requiring that the action is

extremised, i.e.,

65 -, 0S8 N
m(% @) = 75%5(91) (p,9)=0. (2.5)

The action of a model is usually split into a kinetic and an interaction part,

S(‘)Da ‘15) = K(@? 95) + V((,D, 95) ) (2'6)

where the kinetic term is given by

K(p. @) = / Mg aM g 3(g1)K 1. 9))o () (2.7)

where the integral measure is the normalised Haar measure,

M
dMyg :Hdga, /dga =1. (2.8)
a=1 G
An example for an interaction term is given by

Vip,p) = /dM91 - dMgnVigir, - gna)e(gin) - elgng) +e.c. . (2.9)

The simplest kinetic kernel would be the identity kernel,

K(gr,97) = 1(91,97) (2.10)

where the identity kernel, I, is defined such that [ d™g¢'I(gs,g})f(g}) = f(gr). However,
studies on GFT renormalisation indicate that the kinetic kernel should also include the

Laplace—Beltrami operator [36],

K(gr,97) = (m* + 2) (g1, 97) , (2.11)

where A is the Laplace Beltrami operator on the product group GM,

M
A=D1, (2.12)
a=1
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2.1. Definition

2.1.1. Mode expansion

For a compact Lie group G it follows from the Peter—Weyl theorem that one can write
the group field as a sum over a countable set for a suitable choice of basis vectors on the

space of square-integrable functions on G. Schematically, this means that one can write

=> ¢sDslar), (2.13)
J

where the ¢ are complex numbers. Inserting the mode expansion into the action gives

K((,O, (75) = Z @J’CJJ,QOJ’7 (214&)
T
Vie,g)= > Vivg, g, (2.14b)
Tidy
where we defined
K = [ gy Dok o1, 67) Do (0h) (2.150)
phIn = /dMgl - dMgnVigir, - gn0)Day(gir) - Dy (gnr) - (2.15b)

One case of particular interest is where the Lie group is the special unitary group in two
dimensions, i.e., G = SU(2).! In that case a suitable basis for the Lie group is given by

the Wigner D-matrices,

=D 5 H DY), (9a) (2.16)

m,n,j a=1

where we use a compact multi-index notation which has the expanded form

—_ TN ey TMUNL, Ty NS
PG = Plrin) (2.17)

We use conventions in which the Wigner D-matrices have an inner product,

— T (w 1 -,
dg DY) (9)DY) (g) = PEE NS S 2.1
[ aDB@DPY0) = 5 (218)
However, the decomposition (2.16) does not obey the symmetry (2.3). By assuming that

(2.3) holds one can write (2.16) in the form

M

> LG H Do), (9a) (2.19)

m,n,j,t a=1

!This gauge group SU(2) can be interpreted as spatial rotations in three-dimensional space.
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Chapter 2. Group field theory

where 7 is an intertwining map (intertwiner) from the product space to the invariant
subspace, ¢ labels the invariant subspaces and the coefficients are related by

m _ ml (17L)
Yo = ZZ:%)IZ : (2.20)

To see that (2.19) is true one may firstly use (2.3) to write
e(gr) = /dh e(grh) , (2.21)

use the fact that the Wigner D-matrices are a Lie group homomorphism, i.e., D%}L(gh) =
> D%g (g)Dl(i)(h) and the definition of the intertwiners,

M . .
/ dh [ D). () = S 7978 (2.22)
a=1 L

The specific form of the intertwiners depends on the number of copies of SU(2) in the
Cartesian product GM. (An overview of the recoupling theory of SU(2) can be found in
[101].) In the case that the GFT field is real the coefficients in the expansion must satisfy
[78, 105]

= M Gy —m
Pl = (F1)Zamtlamadg B (2.23)
).

where —m = (—=my,...,—my

In the following we mostly assume the general case of a compact Lie group G and state

explicitly when specialising to a particular group.

2.1.2. Quantum theory

So far the discussion of GFT has been entirely classical. We now turn to discuss a
quantum formulation for GFT. In particular we discuss the operator and path integral

formulations. Recall that we use units in which & =1 (cf. the footnote on Page 2).

Firstly, we discuss the operator formulation of GFT. The framework is that of second
quantisation of a non-relativistic field theory. We promote the scalar field ¢ and its
complex conjugate @ to operators ¢ and ¢f, respectively. Furthermore we postulate that

the operators obey bosonic statistics,

[, @) =015 (2.24)
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2.1. Definition

In the group representation an identity needs to satisfy (2.3) and we write symbolically

[2(g1), &' (97)] = g1, 97) - (2.25)

In the case of a compact group we have I(g7, ¢4) = [ dh [[2L, 6(g,hgy "), where 6(-) is
the Dirac delta function on the group manifold G.

Given the bosonic statistics (2.24) it is natural to interpret ¢! and ¢ as creation and
annihilation operators, respectively. Furthermore, this perspective allows one to construct

a one-quantum Hilbert space as follow. We define the Fock vacuum,

¢sl@) =0. (2.26)

b))

As will become clear in the sequel, the Fock vacuum can be interpreted as a “no geometry
state, i.e., a state which does not represent any space at all. Then the one-quantum

Hilbert space H has states

=Y " whle). (2.27)
J
From this one-quantum Hilbert space one can then construct the Fock space,
(o ¢]
F=Epsuer, (2.28)
n=0

where S denotes symmetrisation.

In the usual setting of non-relativistic quantum field theory, dynamics would be governed
by a Hamiltonian operator. We have defined the GFT to be defined via an action
functional (2.4). The most direct way would be to promote the Euler-Lagrange equation
to an operator equation,

)=0, (2.29)

where one needs to choose some ordering of operators and a similar equation can be
obtained by varying the action with respect to the second argument. Equation (2.29)
is rather formal. One possibility is to view the operator obtained by the functional
derivative of the action as a quantum constraint operator. The equations of motion are
then implemented by requiring that physical states are annihilated by this constraint
operator. This is the formalism of Dirac quantisation extended to the field theoretic
setting of GFT. In Chapter 6 we use this quantum constraint as the starting point for an

effective formulation.
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Chapter 2. Group field theory

The second quantum formalism used in the context of GFT is that of path integrals. The

path integral for a GFT is defined by the partition function
Z = /DQDD@ S @) (2.30)

In the path integral setting the dynamical equations are given by the Schwinger—Dyson
equations [99]. Since total derivatives under the integral vanish [148], one has for any
function O of the fields

0= [ DD (06005 ?) = (L) +00 DT (0. 0)) (231

and similarly for total derivatives with respect to ¢. These are the Schwinger—Dyson
equations which give an infinite number of relations, e.g., by inserting for O(y, @) all the
possible monomials. Although the path integral formalism is independent of the operator
formalism, it is interesting that (2.31) can readily be converted into an equation involving
operators acting on the GF'T Fock space by replacing the fields by their corresponding
operators and choosing some ordering prescription,

(520.9h +10. 6D T (0.9h) =0. (2.32)
This provides us with a different formulation of dynamics within the operator formalism.
Note that by choosing O = 1 one obtains the expectation value of the quantum Euler—

Lagrange equation (2.29),

<5¢<¢, ol >> =0. (2.33)

Although our main focus lies on the Hilbert space formulation of GFT, the relation to
other theories of quantum gravity is most transparent in the path integral formulation. In
the case that the GFT action has terms of an interacting group field theory, i.e., an action
functional containing terms of higher multi-linearity in the group field than bilinear, the
partition function may be expanded in terms of Feynman graphs in the same way as done

in ordinary quantum field theory,
1
Z = —FA(l'), 2.34
2 mayA® 234

where I is a Feynman graph, A(T") is the associated Feynman amplitude and the symmetry
factor is the cardinality of the symmetry group sym(I") which leaves the Feynman graph

I invariant.

We now discuss some of the motivations for studying GFTs.
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2.2. Relation to discrete geometry

2.2. Relation to discrete geometry

The context in which GFTs arises is that of discrete geometry. Given a smooth manifold
of dimension d one can approximate it by discretising it by polyhedra of dimension d. The
most common discretisation is that of a triangulation, where the polyhedra are given by
d-simplices.? Note that even though the discrete pieces are individually flat, their specific
gluing does capture any intrinsic curvature of the manifold which can be calculated by
computing the deficit angle at (d — 2)-dimensional intersections of polyhedra. (In d = 2
the deficit angle is calculated at O-dimensional vertices and in d = 3 the deficit angle is

calculated at 1-dimensional edges.)

Given a discretisation of a manifold one can construct a graph dual to that discretisation.
Each polyhedron is assigned a vertex and vertices assigned to adjacent polyhedra are
connected by a link. Thus the valency of the vertices is determined by the number of
faces of the d-dimensional polyhedra in the discretisation and each link corresponds to
a (d — 1)-dimensional face. In Fig. 2.1 some examples of polyhedra and their dual are

shown. In Fig. 2.2 an example of a triangulation of a 2-dimensional manifold is shown.

!

|

! -
-4 -=-q- T 42 -

!

|

Figure 2.1.: Different polyhedra and their dual graphs. The polyhedron is shown as a
solid line. The corresponding dual graph is drawn as a dashed line. From left

to right: A triangle, a square, a hexagon, a cube.

After this short discussion of discrete geometry we return to the discussion of GFTs. So
far we have been rather general in our discussion of the GFT action (2.4). Recall that we
are considering group fields p: GM — K, where G is a Lie group. We are now going to
specialise to the case of simplicial GFTs, where the action is the sum of a kinetic term,
bilinear in the group field, and an interaction term, (M + 1)-linear in the group field.

The claim is then that a suitable choice of action allows one to formulate a quantum-

2Clearly other “n-gulations” are possible. Indeed, one can even have discretisations with differently
shaped polyhedra; An example for this is the Cgo fullerene which can be viewed as a discretisation of

the two-sphere comprised of pentagons and hexagons.
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Figure 2.2.: An example of a discretisation and its dual graph. The dashed lines represent
the discretisation which is a triangulation of a two-dimensional space. The

blue solid graph is the graph dual to the discretisation.

geometric theory of an M-dimensional space. Heuristically, the group field corresponds
to an (M — 1)-simplex and the interaction term glues together M + 1 simplices to form
an M-simplex. (A 2-dimensional triangle is comprised of three 1-dimensional edges. A
3-dimensional tetrahedron is comprised of four 2-dimensional triangles.) This is illustrated
abstractly in Fig. 2.3, where the nodes correspond to (M — 1)-dimensional simplices
and the links represent gluing along edges. More concretely, in the second-quantised
framework discussed in Section 2.1.2 we constructed the one-quantum Hilbert space by
acting with the creation operator ¢! on the no-geometry state |@). For example, a group
field carrying three representation labels Ji, J2 and J3 can then be viewed as creating a

triangle the geometry of which is governed by the representation labels,

N _
@Jljzjg‘@> =

Lo > (2.35)
J3 =N T,

Therefore, one may view the one-quantum states as atoms of space [106]. By repeatedly
acting with creation operators and suitably contracting the labels, one may construct any

discretisation compatible with the shape of building blocks provided.
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M=2 M =3 M=4

Figure 2.3.: The construction of M-simplices from (M —1)-simplices in various dimensions.
Each node represents a simplex of one dimension lower and the links represent

gluing.

2.2.1. Loop quantum gravity and spin foams

One field from which GF'T can be motivated is that of spin foams. Spin foams themselves
are part of the LQG program which we now briefly discuss. According to [15] LQG is a
“a very conservative approach to quantum gravity”. The reason for this claim being that,
in essence, the goal is to perform a textbook quantisation of general relativity without
adding any additional structure a priori. For detailed information on LQG there are
textbooks [25, 61, 129, 139] and reviews [6, 10].

According to [15] the new ideas in LQG are
1. insistence on background-independence
2. use of loop representation of general relativity.

The first point is in stark contrast to the usual (perturbative) formulations of quantum
field theories which require one to specify a background metric even if one considers the
metric to be a quantum field itself. The second point is rather involved and introduces

some ambiguity in the theory.

The usual starting point for a canonical treatment of general relativity is the ADM
formulation in which the configuration space variable is given by the spatial metric gg

b

and its momenta 7 are related to the extrinsic curvature K. The ADM Hamiltonian

takes the form
Hapy = / d*z (NC — 2N,C*) , (2.36)

where N and N® are the lapse and shift functions of the ADM metric (1.9), C' is the
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Hamiltonian constraint and C“ is the vector constraint. Explicitly, the Hamiltonian

constraint is given by

1 b 1
C = det(g) <7rab7r b_ 27r2> + det(q)R(q) (2.37)

and the vector constraint has components
C% = Dy, (2.38)

where D, is the covariant derivative with respect to connection compatible with the

spatial metric.

The classical theory LQG is based on is given by Holst gravity which has the same classical
equations of motion as Einstein gravity. The Holst action the based on the first-order

formulation in terms of tetrads e! = eﬁdx“ which satisfy
Guw = T1IERE, | (2.39)
where 777 is the Minkowski metric. The curvature two-form of the spin connection is
Rw)!; = dw!; + wly AW (2.40)

The Holst action is given by

1

1
SHolst(e,w) = 2/€IJKL€I Ael A <*R(W)IJ + ,YR(W)IJ> , (2.41)

where *R(w) 1y = Sersr R(w)X is the Hodge dual and 7 is a constant. The next step is

the introduction of Ashtekar—Barbero variables,
Ay =T4 + 7K, (2.42)

where 7 is the Barbero-Immirzi parameter® (here taken to be the same as the coefficient
in the action), I'" = %eijkwkj is the spatial component of the spin connection and K* = w%
is related to the extrinsic curvature. The constraints take the particularly nice form if

one introduces the electric field and field strength tensor,

E? = det(e)ey (2.43)
F(A)l, = 0, A, — 0y Al + €' 1, A A} . (2.44)

3The physical meaning of the Barbero-Immirzi parameter is a contested issue. Starting from the classical
Holst action there are gauge choices leading to a classical theory independent of the Barbero—Immirzi
parameter which would imply its absence in the quantum theory as well. For an overview see, e.g.,

[20, 52] and references therein.
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In the canonical theory it turns out that the Ashtekar—Barbero variable and the electric

field are conjugated variables,
{AL(2), E}(y)} = 6,006 (x — ). (2.45)

If one chooses the specific value? of the Barbero-Immirzi parameter v = +i and the time

gauge, 62 = 0, one finds that the Hamiltonian is a sum of the constraints
C =" FLEIED, (2.46a)
C,=FLE?, (2.46b)
G; = D,E}, (2.46¢)

where D, is the covariant derivative of the one-form A. Note that the choice v = =i
corresponds to the Ashtekar-Barbero variables being the (anti-)self-dual part of the spin

connection as can be seen from (2.42).

Note that in the above description the internal indices (4, j, k, ...) are so(3) indices since
the spatial part of the Minkowski metric is invariant under spatial rotations. However,
since the Lie algebras so(3) and su(2) are isomorphic, one often instead interprets the

indices to be su(2) indices. In particular, one then introduces the su(2)-valued one-form
A(zx) = A (x)oydz?, (2.47)

where the o; are the Pauli matrices.

Dirac formulated a way to quantise constrained dynamical systems [48|. It was the initial
goal of the LQG programme to carry out this procedure for the gravitational theory. In
Dirac quantisation, given a constraint C the requirement on physical states is that they
are in the kernel of C’, ie.,

C|w) =0 (2.48)

for physical states |).

The main result of the canonical LQG program is the implementation of this quantisation
condition for the vector and Gauss constraints. The Hilbert space of states annihilated
by those constraints is referred to as the kinematical Hilbert space and is the space of

spin network states. A spin network state is a graph where the edges carry representation

1A careful analysis for general v in the time gauge can be found in [62].
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labels and the vertices are labelled by intertwiners (compatible with the representation
labels of the ingoing and outgoing edges). These spin networks can be interpreted as a
dual graph of some discretisation of a spatial manifold. LQG defines operators which allow
one to assign to each edge of the spin network an area and to each vertex a volume. This
makes sense since when viewed as a dual graph, edges are dual to surfaces and vertices
are dual to three-dimensional polyhedra (assuming we are considering (3 4 1)-dimensional
general relativity). Another remarkable result of LQG is that the spectra of both the area
and volume operators have a gap relative to the no-geometry state (the “vacuum” of the
theory). That is, if there is some space, then it has to have a minimal size. The geometric
operators in the quantum theory are defined as the quanitisations of the corresponding

integrated quantities in the classical theory [8, 9].

The results stated above indicate that there is some discreteness to the states of LQG.
Nevertheless, the theory which was used a starting point, namely general relativity, is
a continuous theory and it should be possible to establish a connection between the
discrete structure and the continuous theory. This issue can be viewed from different
angles. One point of view is that one of the defining properties of general relativity is its
diffeomorphism invariance and that this must be encoded in the discrete structures [49].
Another point of view is that it should be possible to to go from the discrete theory to the
continuum via a refinement limit. By studying the theory at different coarse grainings one
can establish a flow similar to the renomarlisation group flow in a background-dependent
theory [51].

The above discussion was concerning the kinematical Hilbert space where the vector and
Gauss constraints are satisfied. Implementation of the Hamiltonian constraint which
would result in dynamics is technically challenging and there is no consensus what the
correct way of proceeding should be. Spin foams are another proposal to implement
dynamics that steps outside the framework of canonical quantisation and draws inspiration
from the path integral approach of quantum mechanics and is sometimes referred to as
covariant formulation of LQG. A textbook focussing on spin foams is [130] and reviews
can be found in [15, 117].

5The issue of lattice refinement has also been studied in the context of LQC. There the idea is that an
expanding universe should correspond to vertices being added to the spin network states underlying

the spatial geometry. See [132] for an overview.
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The basic idea of spin foams is that in analogy to quantum field theory one can calculate
a transition amplitude from an initial to a final state. In the case of spin foams the
initial and final states are given by spin networks. On a technical level a spin foam is a
decorated 2-complex where faces carry representation labels and edges carry intertwiner

labels. Thus, any slice of a spin foam gives a spin network.

Schematically, what is calculated is a transition amplitude [59]

(stlss) = AM) = 3~ TTAsG) TTAcCee) TT Aol o) (2.49)

Jfste f
where s; and s¢ are the initial and final spin networks, respectively, and I is the 2-complex
with boundary OI' = s; U sy and with faces f labelled by j, edges e labelled by ¢, and
vertices v. Assuming that one wants to model a four-dimensional spacetime, the spin
networks would represent spatial three-dimensional manifolds and the spin foam can be
viewed as the four-dimensional spacetime itself. The restriction to a single spin foam is
problematic for two reasons. Firstly, four-dimensional general relativity has local degrees
of freedom and there is no reason to believe that the result should be independent of
the discretisation chosen.® Secondly, quantum mechanics, in particular the path integral
approach, claims that one needs to take a weighted average over all possible intermediate
states. Both problems can be addressed by taking the sum over all possible 2-complexes

interpolating between the initial and final state, e.g.,
(selsi) = > wrA(T). (2.50)
I

This is exactly the type of expansion one finds in a Feynman expansion in GFT (2.34).
Indeed, it was shown in [124] that for any spin foam model one can find a suitable GFT

model which results in the desired spin foam amplitude A(T).

The above discussion shows how GFT is related to LQG and spin foams. One useful
perspective is that GFT is the second quantisation of LQG [107, 108, 110]. Fock states in
GFT can be identified with spin network states. This is comparable to ordinary quantum
field theory where the excitations of the field correspond to particles. The transition
amplitude from one state to another is then in both cases given by the overlap which can

be computed by means of a sum over Feynman diagrams.

5Note that even though only one 2-complex is chosen, one still sums over all possible labellings of the
2-complex. Therefore one does actually perform a sum over geometries, albeit not the most general

one possible.
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2.2.2. Tensor models

Group field theories can also be seen as a generalisation of tensor models which we will

now briefly discuss.

The main idea of tensor models is to define a zero-dimensional quantum field theory
of rank d tensors whose Feynman diagrams can be viewed as discrete manifolds.” The
dimension of the tensors is denoted by N. One of the main focuses of tensor model theory
is to find an expansion of the theory in terms of the dimension N. The idea is then that
the large N limit corresponds to a continuum limit. Ideally, the choice of action of the
tensor model is also in agreement with the discretised action obtained from a metric
theory of gravity. Both of these points can be seen explicitly in the two-dimensional case

discussed below.

We now discuss the simplest non-trivial case, d = 2, which are also known as matrix

models. A review of matrix models can be found in [46].

Matrix models are a theory of quantum gravity in two dimensions. Indeed, matrix models
can be viewed as corresponding to a direct discretisation of a metric theory of gravity. In

two dimensions the (Riemannian) gravitational action is given by

SEROL) = 5 [ o /ol@) (~Rlgla)) +20)

_ 2T (M, g)) + %A((M, ),

K

(2.51)

where (M, g) is a metric manifold M with metric g, A(M,g)) = [,, 4%z \/g(z) is the
total area, x((M,g)) = £ [, %z V9(z)R(g(z)) = 2 — 2h is the Euler characteristic
which in two dimensions is related to the genus h of the manifold and x and A are coupling
constants. Were we now to discretise this manifold by a triangulation 7', the action could
be written as

‘Wmﬂ:—%ﬂﬂ+%Mﬂ, (2.52)

grav
where the Euler characteristic is given by x(7") = V(T')— E(T)+ F(T), where V(T'), E(T)
and F(T') count the number of vertices, edges and faces of the triangulation, respectively,

and assuming that each triangle has an area an the area is given by A(T') = ap F(T).

"The reason we call them field theories nevertheless is because their description uses the same techniques

as quantum field theory.
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2.2. Relation to discrete geometry

The main idea is that the Feynman expansion of a suitably chosen matrix model can be

interpreted as a sum over random triangulations of the gravitational path integral,
(2d) _ —SER(M9) 1 580 _ pea
Zgrav(’ﬁA) - %:/Dge € - zT: |sym(T)|e & - Zgrav(ﬁvA) ) (2'53)

where sym(7') is the automorphism group which leaves the triangulation invariant and the
sum over M is a sum over compact two-manifolds which is just the sum over topologies
characterised by the genus of the surface. The relation ‘~’ is used to denote passing
over to a discretised theory, where the sum over all triangulations T captures both the

topological and metric content of the metric manifold (M, g).

A suitable matrix model for establishing a connection to the gravitational action is given

by the partition function®*

eZmat(gyN) — /dM e_Smat(M)’ (254)

with an action

S(M)=N (;tr(MQ) + gtr(M3)) , (2.55)

where N is the dimension of the Hermitian matrix M, g is a coupling constant and the
integral measure on the space of Hermitian matrices is normalised such that [dM = 1.
In the Feynman expansion of Zyat(g, V) each vertex comes with a factor of gV, each
edge (propagator) comes with a factor of N~! and each loop comes with a factor of N
due to the resulting trace over the identity matrix. The partition function is therefore

given by a sum over Feynman graphs T,
1
Zmat (g) N) = Z mgV(F)NX(F) ) (256)
r

where I is a graph with V(I') vertices and x(I') is its Euler characterstic. By noting
that I' can be interpreted as the dual graph of a triangulation T, i.e., I' = T™* and since

X(T) = x(T™*) one arrives at the following relation

an A - -
Zmat (e_é,e2n> = g;lv)(/-@, A). (2.57)

8Here Z is the partition function, where the sum is over connected Feynman diagrams. By taking the

exponential one can get the sum over all Feynman diagrams.
9The symbol M now denotes matrices and should not be confused with the M previously used to denote

manifolds.
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Chapter 2. Group field theory

At this stage one might wonder what has been gained by considering the formulation of
discrete gravity in two dimensions as a matrix model, since the sum over all Feynman
diagrams is as complicated as the sum over all triangulations. The key insight is that for
the matrix model it is possible to perform an expansion in powers of N~! and, furthermore,
the limit N — oo gives the continuum limit.!? The continuum limit is often referred to as
the double scaling limit since when taking the limit N — oo one has to tune the coupling
constant to a critical value, g — g.. Heuristically, taking the limit of N — oo restores
the infinite number of degrees of freedom of gravity and the tuning of the coupling g

corresponds to considering arbitrarily fine triangulations.

Taking inspiration from the success of the matrix model discussed above, it is natural to
hope that rank d tensors should correspond to modelling d-dimensional space. Unfortu-
nately, already in three dimensions this approach faces severe obstacles, closely related
to the fact that one cannot classify higher dimensional manifolds in a simple manner.

As pointed out above, the crucial technical step is to perform an expansion in powers of
N1

We now turn to the connection of tensor models to GFTs. From the mode-expanded
form of the action (2.14) it is apparent that GFTs which permit a mode expansion can
be viewed as multi-tensor models with an infinite number of tensors'!. For instance, in
the case of the group G = SU(2), the kinetic term in the action can be written as
K(p.0) = Py o ;) - (2.58)
lezmzﬂ
The representation label (j,¢) labels the different tensors and the indices m and n label
the components of the tensors ;) and ¢; ), respectively.
Recently it has been shown that one can perform an N~! expansion in models that are
referred to as coloured group field theories (and coloured tensor models) [83]. Coloured
GFTs generate graphs which are dual to simplicial manifolds in their Feynman expansion.
In a coloured GFT there is a family {goa}gi% of group fields each labelled by a colour a.

The interaction term features each colour once and therefore the interaction term is of

0This is closely related to the N~! expansion in quantum chromodynamics which is also the field in

which matrix models were first introduced [137].
11f one considers quantum groups instead of classical Lie groups, one can obtain models which only have

a finite number of representations. A well-known example of this is the Turaev—Viro model [141].
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2.2. Relation to discrete geometry

order d + 1 in the group fields which agrees with our previous considerations on simplicial
GFTs. Note that although one introduces additional fields the interaction term is more
restrictive since it features each field only once. The resulting colouring of the Feynman
graphs provide a better handle on the combinatorics needed to classify and calculate the
their contributions to the state sum, allowing for the aforementioned N~! expansion. For

an overview of tensorial theories in the context of quantum gravity see [125, 126].

2.2.3. Boulatov model

We close this chapter by giving an explicit example of a GFT which provides an illustration

of how the GFT partition function can be seen as a sum over discrete geometries.

The Boulatov model is a group field theory which describes three-dimensional Euclidean
gravity [31]. The group field is real, ¢: G — R, and satisfies the cyclic permutation

symmetry,

©(91,92,93) = (92,93, 91) = (93,92, 91) - (2.59)
The Boulatov model is defined via an action
1 )
S(e) =5 /d“g ©(91,92,93) (91, 92, 93)
A
40

(2.60)
d%g (g1, 92, 93) (g1, 91, 95)0(92, 95, 96) P (93, 6 94 -

In the case where the gauge group is G = SO(3), the (Euclidean) partition function of

the theory can then be given as a perturbative expansion

7 = /DQOG_S[@] — Z)\NT(C) Z H(Zjl + 1) Z {jTl JT, jTS} ’ (261)
c

{ji}€lrrep l€C rec Ty JTs  JTs

where the sum over C' denotes a sum over simplicial complexes, N7 (C) is the number of
tetrahedra within that simplicial complex, the links [ of the simplicial complex are labelled
by representation labels j; and {-} is the Wigner 6j-symbol for the six representation
labels labelling the edges of each tetrahedron. The choice of the gauge group SO(3) can
be seen as corresponding to local rotations in three-dimensional space which one would
expect as the local gauge freedom in a three-dimensional theory of (Euclidean) gravity.

The summands in the sum over complexes C' in (2.61) are given by the Ponzano—Regge
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Chapter 2. Group field theory

state sum (weighted by the factor /\NT(C)). Since the Ponzano—Regge model is a theory
of discrete three-dimensional gravity [122] (see also [17]). Since in the Ponzano-Regge
model the discretisation is fixed, we see that the Boulatov model does indeed feature a

sum over discretisations.

Note that this pattern where a GFT provides a sum over all possible discretisations
(including different topologies) is generic and extends to higher dimensions than three. For
instance, the amplitudes of the Barrett—Crane model [16] can be viewed as the weights in a
sum of a GFT defined on the group G = SO(4)/S0O(3) [43]. Indeed, this is closely related
to the discussion in Section 2.2.1 where we pointed out that any spin foam amplitude can

be seen as a weight in a perturbative expansion of a GFT.
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Group field theory cosmology

This chapter introduces the cosmological sector of GFT. By coupling to matter degrees of
freedom it is possible to derive an equation similar to the Friedmann equation of FLRW

cosmology. Reviews of GFT cosmology are given in |79, 120].

3.1. Overview

Group field theory aims to describe the microscopic degrees of freedom that constitute
spacetime which are assumed to be fundamentally discrete. A question one faces when
studying such discrete structures is what the connection to continuum physics is. One
possibility would be to try to reconstruct the geometry of the spacetime manifold by
some kind of coarse graining procedure. Ideally, one would be able to recover a smooth
manifold by taking an adequate limit of the discrete theory. The details of such a limit

remain an open question (see e.g. [50]) and we will not pursue it further in what follows.

Another possibility of making contact with continuum physics is by considering certain
classes of states. Since we observe that spacetime can be approximated as a smooth
manifold at all scales currently observable the conclusion is that the atoms of spacetime
must be minuscule and that the universe we live in is made up of a very large number of
such building blocks. Indeed, drawing inspiration from condensed matter physics it is
natural to propose that the coherent excitation of the microscopic building blocks which

gives rise to a smooth macroscopic spacetime can be modelled as a condensate state.
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Chapter 3. Group field theory cosmology

Although it would be desirable to be able to derive the spacetime manifold and its metric
from the microscopic theory, it is possible to sidestep the introduction of coordinates
by adopting a relational point of view. From the relational point of view coordinates
are not necessary to describe the dynamics of the quantities of interest. Rather, what
is important are the correlations of the relevant observables. The prototypical example
of this is a flat FLRW universe coupled to a massless scalar field, where the physical
observables are the scale factor and the value of the scalar field (cf. Appendix A). In a
coordinate-based formulation one would write the physical observables as a function of
coordinate time. However, it is possible to invert, say, the function of the scalar field as a
function of time and this is able to write the scale factor as a function of the value of
the scalar field. This can be extended to less symmetrical settings by introducing more
matter degrees of freedom which then serve as a reference frame [33]. This relational
framework can be imported into GFT by introducing matter degrees of freedom as the

argument of the group field.

In summary, there are two main ideas which allow us to study the cosmological sector of

GFT:
1. Choice of special states.
2. Coupling of matter degrees of freedom to act as reference frame.

We will next discuss these two points in more detail in the following sections.

3.1.1. Condensate states

Since we expect the continuous spacetime we observe to be constituted of a large number
of discrete building blocks, one possibility is to model spacetime as a condensate state of

the underlying GFT. Early works on this perspective are [67, 74, 75].

The simplest type of condensate is defined as

o) = N(0) exp ( / dMga<gf>¢ﬂ<gI>) ), (3.1)
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3.1. Overview

where N (o) is a normalising factor

N(o) = exp <_; /dMg |a(g,)\2> . (3.2)

Similarly to the mode expansion (2.13) of the group field in the case of a compact Lie

group, we define a mode expansion of the condensate wave function as

olgr) =Y _ osDylgr), (3.3)

JeJ

where J is the set of labels. The imposition of the symmetry requirements is then

achieved by considering only a subset of labels,
JcJ. (3.4)

The condensate wave function which respects the desired symmetries then only has modes

in that restricted subset,

Usymmetries(gl) = Z UJDJ(QI) . (3'5)
JeJg

The details of this truncation depend on the specific model studied and are quite involved.
The most studied model is the case in which the group field is defined on four copies of
SU(2) where the building blocks are interpreted as tetrahedra. A detailed explanation
of how homogeneity and isotropy are implemented for this model can be found in [111].
Whilst discussing the implementation of homogeneity is beyond the scope of this text,
isotropy can be understood more easily. In the mode expansion, the su(2) representation
labels of the group field then correspond to the areas of the faces of a tetrahedron. To
impose isotropy one then imposes the criterion that all the labels be the same, i.e., that

the tetrahedra are all equilateral.

3.1.2. Coupling to matter degrees of freedom

In discrete approaches to quantum gravity, coupling to matter degrees of freedom is
usually achieved by decorating each vertex of the discrete graph with the value of the

matter degrees of freedom. If one interprets the vertex as being dual to a volume of space,
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Chapter 3. Group field theory cosmology

then the interpretation is that the matter degree of freedom takes the value defined at
the vertex in this corresponding region of space. GFT is no exception to this idea and we

now turn to the coupling of scalar fields to a GFT.

In ordinary quantum field theory, a real scalar field is a function mapping points of the
spacetime manifold M to the real numbers, y: M — R. For our purposes we are only
interested in the range of the scalar field, namely the real numbers. A group field coupled

to a scalar field is then defined as a function

p: GM xR =K, (91,x) —~ ¢(g,x), Ke{R,C}. (3.6)

Coupling to more than one scalar field can be achieved by adding the desired number of
fields as arguments to the group field. For instance, if we want to couple D scalar fields

to the group field we have for the group field
0: GMxRP 5K, (91, %) — (91, x%), Ke{R,C}, (3.7)

where x* = (x°,...,x%) and D =d + 1.

As explained above the main reason for coupling the group field to one or more massless
scalar fields is to view the matter fields as a reference frame, similar to models in classical
general relativity as, e.g., Brown—Kuchaf dust. In the case of a single scalar field we
interpret that scalar field as a relational clock. In the case of multiple scalar fields
we will view the scalar field x° as a relational clock and the remaining scalar fields
x = (x', ..., x?%) as spatial. With this interpretation it is natural to identify D with the

dimension of spacetime. However, we choose to leave it general in the following.

3.1.3. Quantum theory

The addition of the scalar field degrees of freedom to the GFT require that we revisit the
discussion of the quantum theory discussed in Section 2.1.2. In the case of GF'T cosmology
we only consider operator formulations of the quantum theory. When specifying the

commutation relations for this extended GFT there is some ambiguity.
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3.1. Overview

The covariant extension of (2.24) is given by the commutator

(27 (x*), @ ()] = 67560 (x* — x'?) . (3.8)

This commutator was discussed in [74, 75, 79]. However, it is often desirable to define

relational operators via

00) =3 [ 40,6, (3.9)
J

This could for instance provide us with a volume operator defined at a particular instance
of relational time. The commutator of two such relational operators is formally divergent
quantity when using the commutator (3.8) which would need to be regularised [13, 70, 73|.
One possible choice for regularisation is to instead impose only an equal-time commutation
relation |2, 70|,

(2% %), &5 (X%, X)) = 650 (x — X) - (3.10)

There is another possibility. In the case of a flat FLRW universe with one or more massless
scalar fields all the degrees of freedom are usually parametrised as a function of coordinate
time. However, the functional dependence of the scalar fields is invertible and therefore
and can go to a deparametrised description which does not feature the unobservable
coordinate time. (See also Appendix A.) Taking inspiration from this fact we can consider
one of the massless scalar fields, say x°, as functioning as a “clock” in a deparametrised
setting of the GF'T. One can then employ the canonical quantisation procedure with
respect to that massless scalar field clock to obtain yet another commutation relation |76,
77, 144|,

[0 %),y (X°, X)) = 18700 (x = X') (3.11)
where 7;(x®) is the conjugate momentum of the group field ¢ ;(x®). Note that in the case
of canonical quantisation it is no longer the field operators which furnish a representation
of the bosonic algebra. However, it is always possible to identify operators which satisfy

the bosonic commutation relations by taking linear combinations of the canonically

conjugate operators.

3.1.4. Observables

Group field theory cosmology aims to provide a quantum gravitational model that is

applicable to studying cosmology. In classical FLRW cosmology the system is entirely
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Chapter 3. Group field theory cosmology

captured by the scale factor a. Instead of the scale factor one can equivalently use any
power of it as the variable, in particular one can also view the volume of the universe as

the dynamical variable.

From the perspective put forward when discussing the relation of GF'T to discrete geometry
in Section 2.2 each field excitation corresponds to a spatial building block. The labelling
of this building block captures its shape and in particular also its volume. Therefore, one
can calculate the volume of a given state by summing over the number of building blocks
multiplied by their respective volume. As explained in Section 3.1.3 different quantisation
schemes have been put forward in the context of GFT cosmology. In the following we
aim to be scheme-agnostic by simply stating that the quantum theory is given by the
commutation relation

[as(x®),al (™)) = 80 F (X, X®) (3.12)

where the function f is real such that a;(x®) and &T](XO‘) furnish a representation of
the bosonic algebra. With this creation and annihilation operators we define a “density

operator”

Ny(x*) = al (x*)as (x*) , (3.13)
which counts the number of particles of a given labelling. By rescaling the partial density

operator one can get the “partial volume density”

Vi(x®) = vaNs (x%), (3.14)
where vy is the volume of a building block with labels J and x®. The value of the
coefficient vy can be obtained, e.g., from the volume operator defined in LQG which
assigns to each node of a spin network (labelled by spin representation and intertwiner

labels) a corresponding spatial volume.

Depending on the quantisation scheme chosen there are then two views to define ob-
servables. In a scheme in which the commutation relations are equal time commutation

relations, the relational observables are defined as
00C) =3 [ 406, (3.15)
J

We adopt this perspective in Chapters 4 and 5 where we discuss the canonical quantisation

scheme in great detail. In the more covariant scheme with commutation relation (3.8)
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3.2. Action for GFT cosmology

the observables are then given by the fully integrated quantities
0=3 [dx0sx"). (3.16)
J

We adopt this perspective in Chapter 6 where we discuss the one-body effective approach
to GF'T cosmology.

3.2. Action for GFT cosmology

We now turn to the question of how the action functional of a GFT (cf. (2.6)) should be

modified to accommodate the ingredients needed for the cosmological setting.

Our main focus lies on the kinetic term of the GFT action which now needs to be

generalised to

K(p,p) = /dMg dMg dPx dPx @(gr, x*)K(gr. 7. X X' *)e(97, X' ) - (3.17)

As a first simplification we assume that the group G is compact and that we therefore
can perform a mode expansion of the group field with respect to the group argument.
Furthermore, we restrict the modes to those compatible with the conditions for homo-
geneity and isotropy outlined in Section 3.1.1. With these considerations the kinetic term
takes the form

K(p,@) =) / dPxdPx @5 (x )K" (X ) (X') - (3.18)

JJ

If we assume that the kinetic kernel in the group representation is only a function of the
Laplace—Beltrami operator we can choose a basis in the mode expansion such that the
kinetic kernel is diagonal (“spin representation”). We will do so and arrive at a kinetic

kernel of the form
K(p,¢) = Z/de dPx @r (X (X X ) ps () - (3.19)
J

The arguments x® and x/'® are to be interpreted as being the values of scalar fields.
In ordinary quantum field theory, the Lagrangian density of such a collection of non-

interacting scalar fields on a manifold with metric g is given by

1
Lo = -3 —det(9)g" 9,X* 00X Sup , (3.20)
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Chapter 3. Group field theory cosmology

where d,4 is the metric on the set of scalar fields and we use it to raise and lower indices
of the scalar fields in the following. This Lagrangian density is invariant under the action

of the Euclidean group E(D), i.e., it is invariant under:
e Translations: y® — x® +a® , a® € RP
e Rotations: x* — Raﬁxﬁ , B3 € SO(D)
e Inversion: x® — —x“

Since we want our GFT action to be compatible with this interpretation, we are led to

the following form of the kinetic kernel,
KT (¢ xX®) = K (= x)?). (3.21)

where (x — X')? = Sas(X® — X'*)(x® — x’?). Inserting this form into the kinetic term one
gets

K(p,@) =) / dPxd”x @5 (XK ((x = X)) (XY)
J
= Z / dPxd”x ar(x K (D (X + X'
= Z/dD dDX oa(x )ICJ(<X,)2) (3.22)
X ;} HX/OQ X EINCIO 3n Hyen pr(x%)

= ZZ/dDXSOJ IEE Ao ()

n=0 J

where we defined

A, = zd: <aia)2 , (3.23)

)T ((()?) (3.24)

The kinetic term is therefore an infinite sum of terms with an integral power of the Laplace
operator A, acting on the group field. Similar to what is done in effective field theory, we

truncate this infinite sum after the second term. In the interpretation of the arguments
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3.2. Action for GFT cosmology

as being the values of scalar fields, the regime we are therefore interested in is where the

value of the scalar field is varying slowly. The resulting kinetic term therefore is
_ — o 0 2 (e}
K(p,¢) = Z/de 2.0(x") (’CS) + ’CS)AX) w(x). (3.25)
J

This truncation restricts our discussion to the case where the group field ¢ varies slowly
with respect to the massless scalar fields which is justified from an effective field theory

point of view [94].

For a general action of an interacting GFT as defined in (2.4) the classical equations of

motion then are given by

eV ]

(P + K7 84) 06 + 57,0 P =0, (3.26a)
o % i

(lC(JO) + IC(Jz)AX> @s(x*) + W(% ¢)=0. (3.26b)

3.2.1. Symmetries

In the case in which we are interested in the regime in which GFT interactions are

negligible the action is given only by the kinetic term,

S, ) = K(#,9) - (3.27)

We assume that the kinetic term is given by (3.25).

Continuous symmetries of the action lead to divergenceless currents per Noether’s theorem
[104]. The perspective taken here is that the group field is parametrised by a family of

scalar function ¢ on the manifold R and the action is given in terms of

S(p.p) = / 0P L2, Baipr 7, 009) (3.28)

where here and in the following d, = 9/9x“. Noether’s theorem states that to each

continuous transformation that transforms the scalar field x“ and group field ¢ as

XC = X+ XY, s sty (3.29)
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there is a Noether current given by [82]

" oL oL
/ _Z (8(80130J) &pj " a(aa@J) 590])

g o e\ N (3.30)

_ (ZJ: ((Maﬁw + Maggw) — 55£> ox” .

The crucial property of the Noether current is that its divergence vanishes,
O J* =0. (3.31)

We have chosen the kinetic term such that it is invariant under transformation of the
Euclidean group E(D) acting on the scalar field x*. Since the modes of the group field,
7, are scalars on the space of scalar fields, x%, they transform trivially under translations
and rotations. That is, one has d¢o; = 0 in (3.30). Therefore, for both translations and

rotations of the scalar fields x©, the Noether current is given by

Jo =Y (0aPiOsps + 05001 + Sapl) 6x°. (3.32)
7

Note that all the symmetries we consider are actually valid for each mode ‘J’ independently
due to the fact that the action is is a sum of actions for each J and we neglected the
interaction term which would give a coupling between different modes. Therefore, the

divergenceless current .J, is in fact a sum of divergenceless currents J;,
Jo=Y Jia (3.33)
J
For infinitesimal translations the transformation of the scalar fields is given by
IX* =€ (3.34)
and we define the “energy-momentum tensor”! O.p via

(Jtrans)oc = Gaﬁfﬁ- (3.35)

IThe names of the conserved charges discussed in this section are meant as an analogy only since they
take the same functional form as the charges defined in ordinary scalar field theory. The usual notions
of energy and momentum are defined with respect to a spacetime metric. Since GFT is a theory of
spacetime itself no clear interpretation can be given on the physical significance of the conserved

charges present in the GF'T formalism.
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For infinitesimal rotations the transformation of the scalar fields is given by
Ix* = waﬁxﬁ, (3.36)

where the matrix wo‘ﬁ is antisymmetric, and we define the “angular momentum tensor”
Mp via
(Jrot)oc = Maﬂ'ywﬁfy (337)

which is related to the energy-momentum tensor by the relation

Mapy = OapXy — OayXs - (3.38)

As explained above, our choice of action was motivated by considering the action of a
collection of massless scalar fields in ordinary quantum field theory on curved spacetime
(cf. (3.20)). Clearly the continuous transformations considered here will also give rise to
Noether currents in the ordinary quantum field theory, where now x“ takes the role of
the fields and the arguments are the spacetime coordinates z#. The scalar field theory
defined on a background manifold also permits the definition of conjugate momenta,

o OB dei(g) g O (3.39)

"™ T 900xa

For translations that shift only one of scalar fields (and leave the others invariant) the

resulting Noether current is

(Jsf, trans)h = —V/det(9)9" Ovxa - (3.40)

By integrating over the spatial coordinates of the time-component of the current one

arrives at the conserved Noether charge

(Py)® = —/dd:c —det(g)g% 0, x" = /dda)w;“ (3.41)

which corresponds to the total conjugate momentum of the scalar field xy®. Similarly,

rotations of the scalar fields (3.36) give rise to the Noether current

1 v
(Jsf7 rot)gﬁ = _5 —det(g)g‘u (81/X06Xﬁ - &/XBXa) . (3'42)

The conserved Noether charge is given by
1
(Msf)aﬁ = _5 ddm _det(g)goy (auXaXB - 0uX,3Xa)

1 (3.43)
= 2/dd:n (8,,77;‘)(6 —7r£x°‘) .
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In Chapters 4 and 5 the formalism of GF'T cosmology is discussed in a canonical framework.
In those chapters we will identify the conserved quantities of the GFT models with those

of the analogous system of ordinary quantum field theory when interpreting our results.

In the case of a complex group field, the action we are considering also exhibits a U(1)

symmetry acting on the group field ¢,

s (x*) €% (xY) (3.44)

which for infinitesimal ¢ gives a divergenceless current J, = ¢l,,

In =1 (0asps — 2s0ats) - (3.45)
J

3.3. Approaches to GFT cosmology

This section provides an overview of some of the different approaches put forward in the

study of GFT cosmology.

3.3.1. Mean-field theory approach

The mean-field perspective draws from non-relativistic quantum field theory and is

interested in states that satisfy

(@s(x)) =0s(x)- (3.46)

Note that for simplicity we restrict ourselves to the case of a single scalar field x, which is
also the most studied system in this context. Furthermore, a normal-ordering prescription
is applied which eliminates any quantum corrections arising from commuting the field

operators.

The equations of motions are simply those of the classical theory, where the group field is
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3.3. Approaches to GF'T cosmology

replaced by the condensate wave function,

N % _

(157 + KD ) 0ax) + 52 (0) =0, (347
o oV _

(lCSO) + KS2)AX> ar(x®) + W(Uv o) =0. (3.47b)

These equations are analogue to the Gross—Pitaevskii equations of non-relativistic quantum
field theory.

The main object of interest is the relational volume operator which is defined as

V(ix) = /dMg dMg' ¢ (9. x)V(9.9)9(d' . X) (3.48)

which in terms of the partial volume densities (and specialising to the case of a single

scalar field) is given by
Vo) = veh)es(x)- (3.49)
J

The expectation value of the volume operator is then a functional of the condensate wave

function,

Ve =Y vslo(x)*. (3.50)
J

By solving the equations of motion for the condensate wave function it is possible to

derive a Friedmann-like equation [111]

760} 2 ) 2%, UJPJ(X)sgn(pr(X))\/EJ - % +m2ps(x)? .
Yo svaps(x)? , .

where m2J = ICSO) / ICS2), pJ is the absolute value of oy and E; and Q; are conserved

quantities.

3.3.2. Canonical approach

One of the main ideas for coupling the group field to massless scalar fields was to have
access to some variable with respect to which one might adopt a relational point of view

which circumvents the introduction of spacetime coordinates. The canonical approach to
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GFT cosmology takes this perspective to its logical conclusion and treats one of the scalar
fields as a time variable. With a time variable at our disposal it is possible to perform
a Legendre transformation from the Lagrangian theory to a Hamiltonian theory. The
quantum theory is then obtained by the usual process of canonical quantisation where
the fields are promoted to operators and the commutation relation is directly related to
the canonical Poisson structure. In the case of multiple massless scalar fields a choice has
to be made as to which of them should serve as a relational clock. It turns out that this
choice breaks the Euclidean symmetry present in the original formulation. To be concrete,
assume that we choose " to serve as the clock variable the we have the canonical equal

time commutation relation,

(2% x), 77 (X, x)] = 16,00%(x = X') , (3.52)

where 7;(x®) is the operator of the conjugate momentum. Note that this canonical
commutation relation is not that of a bosonic creation and annihilation operators. In the
sequel we show in detail how to perform a transformation to creation and annihilation
operators which do satisfy the bosonic commutation relations. As mentioned above, it
is always with respect to the bosonic operators which the number operator and volume

operator are defined.

The canonical approach establishes connections to quantum field theory (in the case of
multiple scalar fields) and quantum mechanics (in the case of a single scalar field). After
having singled out one of the scalar fields, x°, one can perform a Legendre transformation
resulting in the Hamiltonian H of the theory. In the Heisenberg picture the equations of

motion of the theory are then given by the Heisenberg equation

O'(x°) = —i[0(x"), H]. (3.53)

The canonical approach was first proposed in [144] and then further investigated in |76,
77]. The discussion of this approach is the subject of Chapters 4 and 5, where we discuss

the case of multiple scalar fields and a single scalar field, respectively.
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3.3.3. Frozen formalism approach

As discussed in the previous section it is possible to deparametrise the theory before
quantising which allows to carry out the procedure of canonical quantisation giving the
commutation relations (3.52). However, we already mentioned that the more covariant
commutator would be given by (3.8). In [71] it was shown how these two commutation

relations can be reconciled.

The starting point for that discussion is the world line action

_ i/_ Oy 0p
S(e,o,N) = drdPx |5 (@s(r, x*) =2 (1 x™) — == (1, x¥)e(T, X*)
XJ:/ [2 < ’ or or ) (3.54)

+ N(m 09 (7, x7) (’CSO) + K5 Ax) (7, x”)} :

The equations of motion for ¢, ® and N together imply that ¢ and ¢ are independent
of 7. The action also tells us that the field and its complex conjugate are canonically
conjugate. Therefore the commutation relation from this theory is given by the same
expression as (3.8),

(27 (x*), @1 ()] = 67560 (x* — x'?) . (3.55)

The key realisation of |71] is as follows. If one starts with the kinematical (Fock) Hilbert
space generated by the conjugate group field operator, one can define a projection to the
physical Hilbert space by using group averaging techniques. The resulting inner product
is then exactly the same as that of the canonical theory. In this sense both theories can

be seen to be equivalent.

3.3.4. Thermal approach

One of the ideas of GFT in general is that the emergence of a continuous spacetime
might be understood as a coherent excitation of a large number of spatial building blocks,
i.e., a condensate. Condensation is a concept from many-body physics and statistical
mechanics and is described as a phase transition. It is therefore natural to employ the

tools of statistical mechanics and in particular of thermal field theory.

In [13, 14] this approach to GFT cosmology has been investigated in some detail. The
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key object of interest in their approach is the thermal volume Gibbs state

1 ~
hg = —e PV 3.56
pPB Zﬁ e ’ ( )
where Zg = tr(pg). Expectation values of observables are then computed via the thermal
expectation value

(0) = tr(pgO0) . (3.57)

As in the other approaches listed in this section one is able to derive an effective Friedmann

equation which takes a form similar to (3.51).

3.3.5. Coherent peaked states approach

Coherent peaked states present an interesting modification to the usual condensate states
and are discussed in detail in [99, 100]. The model studied there is a GFT coupled to a
single scalar field. The main goal of this approach is to ameliorate some of the conceptual
issues arising in previous definitions of relational observables. For instance, one might ask
why one would not integrate over the scalar field degrees of freedom in in the definition
of the volume operator (3.48). Instead, the proposition is to define the operators as the

fully integrated (averaged) quantities, e.g.

V= /dMngg’dxst(g,X)V(g,g’)s??(g’,x)- (3.58)

Relational time is then introduced by considering special types of condensate wave
functions, namely the class of coherent peaked states. A coherent peaked state is defined

as the product wave function

o (g1, X; X0, €) = n(x — x0;€)7 (91, X) » (3.59)

where the states now carry to additional labels, xg and €, 1 is the peaking function which
is a Gaussian distribution centred at xo and variance ¢, and & is the condensate wave
function defining perturbations away from the peaking function. Note that just making
an ansatz such as this does not change the dynamics. Indeed, the idea is to consider only

the “instantaneous” equation of motion,

6809\ _
<590(91, Xo) >X076 -0 (3.60)
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where the subscript indicates that the expectation value is to be taken for coherent peaked
states with parameters yo and € and the argument of the functional derivative is crucially

the same as the parameter with respect to which the expectation value is taken.

The resulting Friedmann equations take the same functional form as those of the mean
field approach (3.51), although the parameters appearing throughout are modified by the

choice of coherent peaked state parameters.

3.3.6. One-body effective approach

There is a formulation of quantum mechanics in which the central role is not taken by
states, but rather by the expectation values and moments of certain operators. The main
advantage of this is that it allows one to be state-agnostic to some degree. Clearly, if one
were to specify all the infinite possible moments, one would describe the state completely.
The simplification is achieved by truncating a semi-classical expansion in orders of A
which corresponds to only considering moments up to a certain order?. This approach
has been studied extensively for simple quantum mechanical systems, both relativistic

and non-relativistic and has been employed to study the problem of time [27, 28, 29].

In the context of GFT the first step is to identify the algebra of operators one is interested
in. One drastic simplification can be achieved by considering only one-body operators,

that is operators that have been fully integrated, e.g.
0= /dMg dMg'aPx dPx’ ¢ (gr, x*)O(g1, 91, %, X ) (g7 X'*) (3.61)

Note that this is very similar to how we defined the volume operator above. The main
difference lies in the fact that before we still were able to specify arbitrary states. In
the one-body effective approach only the expectation values and moments of the set of
operators considered enter. As mentioned above, if one were to specify all the infinite

number of moments one specifies the state completely.

The effective approach in the context of GFT was studied in [72]| and is the subject of
Chapter 6.

’In many cases the order of the moment does scale with the order in . Generically this is still a

restriction on the class of admissible states, though.
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Chapter 4.

Canonical formulation: Multiple

scalar fields

This chapter is based on [77].

In this chapter we discuss the canonical formalism applied to GFT models defined with
multiple scalar fields. This extends the formalism which was introduced for the case of a
single scalar field of [144]| which is also the subject of Chapter 5. Although the case of a
single scalar field can be viewed as a special case of the case of more than one scalar field,
the technical simplification arising from considering only a single scalar field warrants a

separate treatment.

In this chapter we will only be interested in the case where the group field is real.!
Furthermore we assume that we are in a regime where the group field interactions are

negligible and that the action is given only by the kinetic term (3.25),
1 (64 (64
S =5 3 [ @xeae) (K9 + 10 8,) o167, (41)
J

where we rescaled the field to introduce the customary factor of 1/2. We expect the action
(4.1) to be valid in the mesoscopic regime, where there are a large number of excitations
but the interactions of the quanta can still be neglected. More generally, one would also

need to include an interaction term in the action. Note that since we are interested in

'The formalism can be readily extended to the case of a complex group field which would lead to the

introduction of an additional pair of creation and annihilation operators.
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Chapter 4. Canonical formulation: Multiple scalar fields

multiple scalar fields we demand that D > 2, i.e., there must be at least two massless
scalar fields present. The case D =1 is treated separately in Chapter 5. The equations of
motion are given by (cf. (3.26))

(£ + P 8,) sl =0. (4.2)
It is customary to introduce a new symbol,
1O
2 J
mj=——4, (4.3)
J ICSQ)

which brings the equations of motions into the same form as the equations of motion in

Euclidean scalar field theory,

(Bx =m3) s (x) = 0. (4.4)

Note that this notation is slightly misleading as m?] is not positive definite. Furthermore

each mode ‘J’ can have a different sign. For our purposes the case of positive m?, is
of the greatest interest since it leads to exponentially growing (or decaying) solutions
which we will identify with a cosmological expansion. Note that for m% < 0 the solutions
are oscillatory in relational time and therefore their contribution is expected to the

subdominant at sufficiently late relational times.

In the following we will split the tuple of D = d + 1 scalar fields, x® = (x% x',...,x%) =
(X%, x%) = (x°, x%) into a “temporal” scalar field x° and the “spatial” scalar fields x* which
we will also write in vector form as x. As the terminology suggests, we would like to
interpret the scalar fields as defining a reference frame where the temporal scalar field
acts as a (relational) clock and the spatial scalar fields act as a (relational) spatial frame
of reference. Previous work on using multiple massless scalar fields in the context of GF'T

cosmology can be found in [63, 69, 70, 73].

4.1. Hamiltonian

If one interprets the temporal scalar field x? as a clock it is possible to derive a Hamiltonian
from (4.1) by a Legendre transform. To this end it is helpful to view the action (4.1) as

being given in terms of a Lagrangian,

S(p) = / Ay’ L(9, acp) (4.5)

o4



4.1. Hamiltonian

where 0, = 9/0x“. The conjugate momentum of the group field is then given by

ey 950 @005 (X7)
= st~ o (48)

In terms of conjugate momenta the action can be written as (with arguments omitted)

2
Sp)=>_ [ d" Waw_lcf,) g (=Ly +m7) (4.7)
pY)= X JaXO ) VC(Q)PT(J wJ X J) PJ ) .

J J

where A, = (9/9x)? denotes the Laplacian acting on the space of spatial scalar fields.

From this one can read off the Hamiltonian

HZ/dd Sy ()2 + s (x*) (= Ox +m3) 0s(x™) (4.8)
= e X 9 |K§2)|27TJX LAV ¢ x TMy)Psx . .

The equation of motion (4.4) is an elliptic partial differential equation on R”. Elliptic
partial differential equations are well-posed when formulated as a boundary value problem.
That is, by specifying the value of the group field on some subspace in R” that bounds a
D-dimensional region it is possible to solve the partial differential equation for the value of
the group field in the interior. However, we are interested in formulating dynamics as an
initial value problem. It is well known that elliptic differential equations are unstable when
formulated as a Cauchy problem [113, 140|. Nevertheless we will proceed by formulating
the theory as an initial value problem. Indeed, the unstable solutions are of particular
interest for our interpretation in terms of an exponentially expanding universe. As we will
discuss in the sequel, the insistence on treating this system as an initial value problem

breaks the E(D) symmetry of the Lagrangian formulation.

In order to specify the initial value formulation we view the space R as being foliated by
d-dimensional slices. We assume that the group field is regular on each of these spatial
slices in the sense that is is square integrable with respect to the standard measure and
therefore permits a decomposition into Fourier modes. This assumption breaks the E(D)
symmetry of the original theory to a subgroup F(1) x E(d). Note that as soon as we have
chosen one foliation any other foliation is impermissible, as the group field would then not
be square integrable on these other slices. This conundrum is illustrated in Fig. 4.1 where
the green (solid) leaves depict the foliation which features square integrable functions on

each leaf and the red (dotted) leaves are representative of any other choice of foliation.
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Chapter 4. Canonical formulation: Multiple scalar fields

Figure 4.1.: Different foliations of R? into d-dimensional leaves. The green (solid) leaves
show the foliation on which the group field is square integrable. The red
(dotted) leaves show a foliation on which some of the group field modes would

not be square integrable. The figure is taken from [77].

We assume from now on that the foliation we have chosen is such that the group field and
its conjugate momentum are square integrable on the spatial slices. Their decomposition

into Fourier modes is given by?

d

0s(X%) = / %ei%xxo, k), (4.9a)
d

ﬂJ(Xa)Z/((;Wl)cdeik'XWJ(XO,k). (4.9b)

The Hamiltonian can then also be written in terms of the Fourier modes,

d'k
H= XJ: / ). (4.10)

The single-mode Hamiltonian densities are given explicitly by

K@ 1
HJ(k) = é] (_|IC(2)|27rJ(X07_k)7TJ(XO7k) +CUJ(k)2Q0J(X0,—k)(,OJ(XO,k)> ) (411)
J

2We adopt the convention where a function and its Fourier transform are distinguished by the names
of their arguments. That is, a function f(x) has a Fourier transform denoted by f(k). The
mathematically inclined reader is encouraged to think of ¥ and k as not elements of R? but rather a

“labelled” R?. The function f is then a piecewise function taking different values for different labels.
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where we defined
wr(k)? =k* +m?%. (4.12)

4.2. Quantisation

One of the big advantages of adopting the canonical framework is that quantisation can
be carried out in the same standard framework of canonical quantisation. The classical

phase space of the theory has a Poisson structure given by the Poisson brackets

{os(°, %), mr (X%, x)} = 64(x — x)ds - (4.13)

The quantisation of the theory is then achieved by promoting the field modes to operators

and defining their canonical equal relational time commutation relation as

(270", %), 70 (X0, X)) = 10.7.0:0%(x — X)1 (4.14)

where 1 is the identity operator. In the Fourier mode representation the commutation
relation reads

[2s(X" k), 705 (X0, k)] = 10,550 (2m) 6% (ke — k)T . (4.15)

As has been already alluded to in Section 3.1.3 we emphasise the appearance of equal
(relational) time commutation relations. This needs to be contrasted to other (non-
canonical) approaches where it is always assumed that the group field operators defined

at different relational times x° # x’° commute.

The next step is to write the group field operators in terms of creation and annihilation

operators,
A . i
as (X" k) = Ay (k)G (X" ) + 5 AJ(k)”(XO’ k), (4.16a)
) . T
YOO K) = As (k)2 (0 —k) = s ma (0 =k (4.16D)

where Aj(k) is an arbitrary real function and we made use of the fact that for a real

group field
Ph(° k) = ¢, —k) (4.17)
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and similarly for 7;(x°, k). The commutation relations for the operators @ and a' are

then those of bosonic creation and annihilation operators,
(0" K), b (0, )] = 8,027 0 — K (4.18)
Note that the corresponding Fock vacuum of this bosonic algebra satisfies
aj(k)|@)=0. (4.19)

The interpretation is now that the labelled nodes of a spin network are generated by
acting with the creation operators &T](k) on the Fock vacuum. In Chapter 2 a slightly
different perspective was presented. In some sense the formalism of the present chapter
is more satisfying as it is derived from the theory by a standard algorithm rather than
merely postulated. Note furthermore the states constructed in this formalism can directly
be interpreted as physical states of the GF'T. This in contrast to other approaches where
the Fock space is a “kinematical” Hilbert space and the physical states have to obtained
by a suitable “projection”. Below we will adopt the standard notation |@) = |0) for the

Fock vacuum.

The relations (4.16) can be inverted to obtain expressions for the group field and the

conjugate momentum. Assuming for simplicity that A;(k) = Aj(—k), the relations are

G’ k) = 2Aj(k) (dJ(xo,k) +d§(x°,k)) : (4.20a)

wr(xX" k) = 2AJ(’¢)% (&J(XO, k) —al(x°, k)) : (4.20Db)

Let us now turn to the question what a suitable choice of the function A;(k) is.

If we assume that Aj(k) = Aj(—k) the Hamiltonian takes the form,

. 2) 2 (k)2
(k) =& ((’ﬁgi’fi + 4;51@2) (s ks (k) + (k) (R)

)

2 L 2

- (5 - 585 oo teonm) ).
J

(4.21)

where we have written the expression in terms of the (time-independent) Schrédinger
operators. This is justified because we will define time evolution via the Hamiltonian

and therefore expect it to be time-independent. From this we see that in the case
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that wy(k) # 0 there is a natural choice for the function A;(k) which simplifies (4.21)

cancelling one of the two terms respectively,

(2)
sy = lest 1) )

For the case wj(k) = 0 the natural choice for A;(k) leading to a simple prefactor in

(4.21) is given by
As(k) =\ IKD]. (4.23)

Although this case is of marginal interest since in the k-space this is a subspace with
measure zero, we state the results for this case for completeness. With these choices the
single-mode Hamiltonian is either of the type of the harmonic oscillator (w;(k)? < 0),
of the squeezing type (ws(k)? > 0) known from quantum optics or of the special type
(ws(k) = 0). From the perspective of GFT cosmology the case wy(k)? > 0 is the interesting
one, since it leads to exponentially growing (or shrinking) solutions. In contrast, the
oscillatory solutions of the modes with w;(k)? < 0 would correspond to a static universe

and modes with w;(k) = 0 grow linearly.

An important point to highlight is that the distinction of which behaviour certain modes
will exhibit does depend on the pair of labels (J, k). That is, even in the case in which
m?% < 0 the combined quantity w(k)? = m? + k? will be positive for large enough |k|.

To summarise, there are three types of single-mode Hamiltonians. Those of the harmonic

oscillator type (ws(k)? < 0),

115(k) = —sen(cE) B (G hpal () v abmas ) . 29)
those of squeezing type (w;(k)? > 0),
50 = sen(C D)) () kyas (k) + abmah-m) . @29)

and those of special type (ws(k) = 0),

A5(k) = Ssan(KP) (as(k)as (k) + b (k)al) (k)

2 (4.26)
— ay(=k)ah (k) — ) (k)as (k)

The harmonic oscillator type Hamiltonian (4.24) is related to the number operator and

counts the number of excitations of a specific mode. The squeezing type Hamiltonian
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(4.25) has a term which creates a pair of excitations and a term destroying a pair of
excitations. The special type Hamiltonian (4.26) is a sum of the other two types. In the

next section we provide the dynamics generated for each type of Hamiltonian.

4.3. Equations of motion

In the Heisenberg picture the equations of motion are given by the Heisenberg equation,

0 . i -

A0 aJ(Xov k) = _1[aJ(XO7 k), H] ) (427&)
0 . i A

WaT,(xO, k) = —i[al(x° k), H] . (4.27b)

Depending on the type of mode, the equations of motion take different forms. For modes

of the harmonic oscillator type (w;(k)? < 0) the solutions are given by

450, ) = g (k)P Dl (R (4.282)

0

ah (0, k) = a (k)eisen (T ws X (4.28b)

For the modes of squeezing type (ws(k)? > 0) which we are most interested in the

solutions to the equations of motion are given by

a(x°, k) = a(k)cosh(w, (k)x°) — isgn(KP)al (—k)sinh(w, (k)x), (4.29a)
at (X0, k) = al (k)cosh(w, (k)x°) + isgn(KP )i (—k)sinh(w, (k)x°) . (4.29b)

Finally, the modes of special type (ws(k) = 0) have solutions

a(x°, k) = a(k) + i (&(k) - aT(—k)) sgn(K2)x0, (4.30a)
a'(x°, k) = al(k) —i <dT(k) - d(—k)> sgn(lCL(,Z))XO : (4.30b)

From now on we will only consider modes of squeezing type.
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4.4. Symmetries and conserved charges

As discussed in Section 3.2.1 the action considered here has several continuous symmetries
which give rise to Noether currents which are divergenceless. Having now singled out one
of the scalar fields to act as a relational clock, x°, we can go one step further and define

corresponding Noether charges which are conserved under relational time evolution,
0
= [ d%J°(x*), =-Q=0. 4.31
Q= [ax (). 550 (131)

We discuss now these conserved charges in the quantum theory of the canonical framework.

We adopt a normal ordering prescription where creation operators are placed to the left

)

of all annihilation operators which we denote by : - :’.

Translations of the scalar field, x* — x® + €%, give rise to the energy-momentum tensor

Onp (cf. (3.35)). We define the resulting charge as the “momentum”

P, = /ddx Ooa(x?). (4.32)

The temporal component is equal to minus the Hamiltonian,

~ ~ d w
Py=-H=Y / ((;W’;dsgn(KSQ)) "2('“) (aJ(k)aJ(—k) +a§(k)af,(—k)) . (4.33)
J

where we have made the assumption that all the modes are of squeezing type. The spatial

components are given by

~ ~ d
P=>P/= —Z/ddx L7 (X V@ () 1= ;/ (‘;W';dkaf,(k)aJ(k). (4.34)

J J

Since the time-dependence of the modes do not mix their J labels it is clear that each of
the J modes is conserved separately. This can also be understood by noting that each
J mode is invariant independently under the symmetry transformation. Therefore, any
combination of modes is conserved. The conservation of spatial momentum can also be
understood by noting that the squeezing Hamiltonian always produces two modes of the

opposite wave vector k.

Rotations of the scalar fields x give rise to the angular momentum tensor Mg (cf. (3.37)).

We define the conserved total angular momentum as

Maop :/ddX Moap(X?) - (4.35)
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The 0i-component of the angular momentum operator is given by
Mo = — Pi xo
: d
i 2) d’k R 0 . o 0 At

(4.36)

where P; are the components of the spatial momentum given in (4.34). One can check by

direct computation that the My; are conserved by using the identities

d dp.’
Z/ d k: d k: J(_k)aaki&‘](k)’dgl(k/)d}(_k,)]

JJ'

ddk: o O 0 . o
_22/ 5 <a )50 (k) + ak'aj(k:)a}(ko ,

ddkz ddk:/ a . . .
S [ttt (k)50 () (<)
JJ' !

(4.37b)

= 2Z/ddk’ 0 (i () + s (k) o-a (k)
~ i) emd \ok T T ok
and noting that the sum of of the two contributions is a total derivative.
The ij-components of the angular momentum operator are

) d
Mij = iZJ: / gﬂ';ddﬂ(k) (kiaakj - /-cjaam> as(k). (4.38)

Again, one can check by direct computation that the Mij are conserved by using the

identities

(4.39a)

(4.39b)

One can check that the operators satisfy the commutation relations of the Euclidean
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group E(D),
[Mag, Mmg] = —1 (5017]\%55 — 50[5]\257 — 557]\2[@5 + 555Ma7) , (4.40)
[N, Py = =i (003 Py — G5y Pn ) - (4.41)

Note that the expressions presented here for the modes of squeezing type highlight that the
“temporal” and “spatial” direction in the space of scalar fields exhibit different behaviour.
Let us reiterate that Euclidean E(D) symmetry is broken to a E(1) x E(d) symmetry

due to the unstable dynamics of the modes of squeezing type.

As mentioned in Section 3.2.1 translations of the scalar fields give rise to a conserved
quantity in the usual quantum field theory where the scalar fields propagate on a curved

spacetime (background) manifold. The total momentum of each scalar field is given by
(cf. (3.41))

(Py)® = / A%zl (4.42)

and the total angular momentum of each pair of scalar field is given by

1
(M) = 5 / A’z (ﬂﬁxﬂ - ﬂﬁx“) : (4.43)

where 73 is the conjugate momentum of xo. We now propose the following identifications

of the theory
P & (Py)®, M (My)®P . (4.44)

The most important aspect of this identification is that the Hamiltonian H = PO is
interpreted as conjugate momentum of the massless scalar field within the GFT formalism.
This ensures that the interpretation of the massless scalar field x" as a clock is compatible
with time evolution being generated by the Hamiltonian. This point has also been

discussed in [2, 76| in the case of only a single scalar field.

4.5. Coherent states

In this section we present a class of coherent states which will serve as the initial states

for time evolution.
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We define coherent states to be given by

o) = el /Qexp<z / ddk (k))\o), (4.45)

where |0) is the Fock vacuum and the norm ||| which ensures normalisation is given by

d
o2 = Z / d’“dr oy (k)2 (4.46)

These coherent states are completely characterised by specifying the family of functions
{o7(k)}s. In order to study the theory in the simplest cases we will make the further
assumption that only some of the modes (J, k) are relevant. This can be achieved by

choosing a suitable envelope function f(k) and write the complex function o ;(k) as
=" felk — ki) (ki) , (4.47)

where 7(k;) is a complex number. The interpretation is that the mode J has only support

on some k, centred around the k;. The function f, is required to satisfy

d
i | (d LK1 k) 2o(k) = 6(0) (4.48)

e—0 )

for some test function ¢(k). In other words, we require the function f. to converge to the

delta distribution. The standard example for such an envelope is a Gaussian,

a4
4 e
7;) = (4.49)

fitw) = (

€

For the Gaussian envelope it is possible to perform an expansion in powers of e,

d?k 9 e o 4
/( il RIFo k) = ¢(0) + 7 (V7)(0) + O<) (4.50)

Although the simple states which are peaked at only certain modes (J, k) are appealing,
some cautionary remarks are in order. From the solutions to the equations of motion

0 .
Nws(k)x” where N is an

(4.29) we expect the time dependence to be proportional to e
integer. The first thing to note is that for any k there is a k' such that w;(k') > w;y(k)
which would imply that the mode k' grows faster than the k mode. So unless one has

very special fine tuned initial conditions where only exactly one mode is excited, the
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4.6. Volume operator

relative significance of the modes will shift throughout time evolution. This can be seen

by studying the Gaussian envelope (4.49) and solving the equation for the peak k.,

4
dk

(]fe(k: - ko)PeNW(’“)X“) —0, (4.51)
k=k.

which to leading non-trivial order in € has a solution
NeyO >
2|ko| )’

which shows that the peak is moving linearly in time. For the example of a Gaussian

k, = kg (1 + (4.52)

envelope this result can be turned around and one can say that the approximation that
2|ko
Ne2 -
In the following we will always assume that the peak kg of modes we consider remains

the state is peaked at a particular value of kg is valid only for times x? < x% . <
unchanged by time evolution. This means that we consider the initial state to be peaked

so sharply (small value of €) such that the peak remains unchanged for a sufficiently long

time.

4.6. Volume operator

The observable of main interest is the volume operator which we define to be given by

. dp .
UCOEDD / ((;WI;:dVJ(XO7k)7 (4.53)
J

where the “partial volume densities” are given by
(0 — 2T (A0 VA (40
Vilx' k) =vyaz(x, k)as(x", k). (4.54)

The meaning of the volume operator can be understood as a weighted sum over the
number operators of each mode. The value of the weight can be obtained by comparing,

e.g., with the volume operator defined in LQG as discussed in Section 3.1.4.

Inserting the solutions (4.29) to the equations of motion gives the explicit time dependence

of the volume operator as
(Vj(k) —Vi(—k) — ’U]Cooj)
<VJ(k:) + Vi(—k) + choof) cosh(2wy(k)x°) (4.55)

1
2
X ;(k)sinh(2w;(k)x°),
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where we introduced the formally divergent quantity

oo = {[as (k). ah (R)]) = (2m)"6%(k)| (4.56)

and defined the operator X (k) as

X5k = sen(KP) os (as(k)as (k) — ) (R)a(~k)) (4.57)

The total volume is then given by

~ d vjC A ~ vjC A
7(x%) :2;/ éﬂ';’d[— i+ (VJ(k)+ J2°°I> cosh(2w, (k)x°)

(4.58)
+ X (k)sinh(2w J(k)xo)] .

The appearance of the formally divergent terms proportional to ¢, needs to be regularised.
The simplest form of regularisation would be to simply set c¢o, = 0 which would correspond
to the adoption of a normal-ordering prescription. However, the same effect can be achieved

by subtracting the vacuum contribution from the volume operator,

Vieg(x") = V(x°) = (0[V(x")|0)1 . (4.59)

In such a regularisation the regularised volume operator counts only the excitations
relative to those already present in the vacuum state. Note that the appearance of
divergent particle numbers also occurs in quantum optics and therefore should be no

reason to reject this procedure [21].

Finally, note that there is a term in the volume operator (4.55) which is doubly divergent

when no regularisation is in place,

vc d
> JQOO / (;iﬂ’)“d (cosh(2w;(k)x") — 1) . (4.60)
J

This term would then require further regularisation by imposing cutoffs on the sum and
integral. In the following we will leave the formally divergent parameter c,, unregu-

larised.
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4.7. Effective Friedmann equations

As discussed in Appendix A the case of a homogeneous, isotropic universe with D = d+ 1

massless scalar fields has a Friedmann equation given by (cf. (A.52))

V;cv(XO) ? 3K 71')2(
(L0} (o, ) oo

where V)0 is the volume of the universe expressed as a function of the value of the massless

scalar field x° and m = (7L, ... ,ﬁ;‘é) denotes the conjugate momenta of the spatial scalar

o
fields.

A note on notation: we denote the relational volume, expressed as a function of the
value of the massless scalar field, in the classical theory as V)0 and the relational volume
operator as V. In the classical theory we adopt this notation to distinguish the function
representing the relational volume from the more familiar function which expresses the
volume as a function of coordinate time. In contrast, the volume operator of GFT was
defined as a relational quantity, i.e., as a function of relational time. To summarise this
remark, we note that the goal is to establish whether or not the following identification is
justified:

(VOO = Viox?) (4.62)

In the case of the GFT considered here, we have the volume operator (4.55) at our

disposal. Taking the (relational) time derivative of (4.55) gives

0.0V (X0, k) = 2w, (k) [% (V,(k) +V(—k) + v Jcoof) sinh(2w, (k)x°)
) (4.63)
+ Xy (k)cosh(2w J(k)xo)} .

The expectation value of this can be rewritten as a function of the expectation value of

the volume of the same mode,
0,0V (X", k)) = £2w, (k)

(000 19) = 080 ) (V50 9) + (T () + ) + ()2

This expression allows us to write the squared time derivative of the expectation value of
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the volume operator as

d d.!
-y / I d K G (R (k)

J,J’

. \/ (70, ) - <vj<k>>) (T ) + (Vo) + v ) + (K (h)?

x \/ (V0 (0, ) = (Vi (kD)) (Vi (0, D) + (Vg (—R) + vy ) + (Xr ()2
(4.65)
Dividing both sides by <V(X0)> does not lead to any simplification. We now turn the

question of possible physical interpretations of the above equation.

4.7.1. Late time limit

A drastic simplification can be made by considering the late time limit of (4.65). Note
that the only time-dependent quantity appearing on the right-hand side are the partial
volume densities V;(k). Indeed, as can be seen from the explicit expressions (4.29) the
expectation value of the volume grows exponentially. From this it follows that for late

times

(Vi(x%, k) > (Vi(£k)),  (Vi(xX° k) > (X;(k)). (4.66)

In the late time regime we therefore obtain the following asymptotic Friedmann equation,

(4.67)

(V(£00)) sz Lk A7) (oo, k) (Vi (00, k)

<<vf<ioo>> > 2 | o Sk Aw s (R)w (K) (Vi (00, k) (Vi (00, K'))
)2 (2m)?

Note that the notation ‘400’ should not be taken literally. As has been already emphasised,
we expect the validity of the simple non-interacting model to break down at some point.

Rather the meaning of the notation is to signify times which are sufficiently late.

In order to further clarify the possibility of a cosmological interpretation, we restrict
ourselves to the simple case in which only two modes (Jy, £ko) are excited. In that case
(4.67) takes the form

. 2
(W) ~ dwy, (ko) = 4(m7, + k§) . (4.68)
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4.7. Effective Friedmann equations

Note that the case of a single massless scalar field corresponds to the case in which kg = 0
or at least |ko| < |mj,|. As has been done in previous work, agreement with the classical
theory of a flat FLRW universe with a massless scalar field can be obtained by defining
mQJO = 3k/8 |2, 68, 76, 111, 112]. As discussed in Section 4.4 we propose to identify the
conjugate momenta of the scalar field in the classical theory with the total momentum in
the GFT formalism—the main justification stemming from the fact that they correspond
to Noether charges generated by the same symmetry transformations, albeit in different

theories. Symbolically, this identification amounts to
(H) «— 712,  (P)+—my. (4.69)

For the case in which only two modes (Jy, ko) are relevant we expect the following

relations
(H)? ~ wy, (ko)? <aJ0(k0)aJ0(—k:0) n a}o(ko)af,o(—ko)>2 , (4.70)
(P)? ~ g (N (ko))? = (Np (—ko))?) - (4.71)

Using these relations bring (4.68) into the suggestive form

~ 2 ~
o)) Ly (1 2P
((f/(ioo») ~ 4m?, <1 + 2) , (4.72)

where we introduced the variable

v? = i§ Ll (4.73)
M, <P >2
From this we see that v ~ 1, the condition for agreement with the classical theory, is
achieved only for very special initial conditions. We emphasise that from the perspective
of the underlying theory, the quantities <1€I ) and <15>2 are both conserved quantities and

both can be seen as free parameters, encoding (some of) the initial conditions.

There is another possibility for understanding that generically v # 1. In the present
discussion we have considered states where only two modes, (Jy, ko), are relevant as good
candidates to represent a homogeneous universe. However, this assumption might be
misguided. Indeed, in previous work it was suggested that when interpreting the spatial
scalar fields as a relational reference frame the case we describe here would correspond to
a “periodically inhomogeneous” universe [63, 69]. From that point of view, a homogeneous

universe would have to correspond to the case k = 0. In [77, Appendix B| we discussed a
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Chapter 4. Canonical formulation: Multiple scalar fields

simple cosmological model of a spatially periodically inhomogeneous universe. However,
there does not seem to be a simple connection between the simple case considered here

and the classical theory.

In conclusion, the interpretation of the theory in terms of either a homogeneous or an

inhomogeneous universe remains largely an open question.

4.8. Simple coherent states

To make things more concrete, we consider next the effective Friedmann equations for
the choice of simple coherent states as the initial condition. In particular, we will discuss

under what conditions we expect to find agreement with the classical theory.

In the case that only two modes (Jo, :ko) are relevant, the volume operator (4.55) takes

a particularly simple form,
<V(XO)> ~ <V>cosh(2wjo(ko)xo) + <X>Sinh(2WJ0(k[))X0) , (4.74)

where V = S, 4 on )d k V;(k) is the total volume at initial times and we defined (cf. (4.57))
X=3 5[ (gd’)cd . The effective Friedmann equation (4.65) takes the form

(V7N = duwgy (o) (V)2 = ()2 4+ (X)?) (4.75)

If one considers the even more specific state in which only a single mode, (Jy, ko) is
relevant, both the expectation values of H and of X vanish. In that case the effective

Friedmann equation takes the form

71 ,0\\ 2 7\ 2
VIO sm _ gy (k)2 (1 - Wf;ﬁ);‘%j . (4.76)

In this very simple case we are not able to provide an interpretation in terms of corrections
to the classical equation which are similar to those encountered in LQC. This is due to
the fact that for single-mode states the expectation value of H vanishes and therefore we
can not have terms proportional to the energy density as in LQC. As we will show below,

in a slightly less restrictive case we are however able to provide an interpretation of the
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Friedmann equation. An example of such a single mode state can be characterised by a

coherent state (4.45) with coherent state function
(0sm).g (k) = 0.0, fe(k — ko)T (ko) . (4.77)
The constant entering the effective Friedmann equation is then given by

(V)sm = v, |7 (ko) (4.78)
which is proportional to the expectation value of the number operator, (N)gm = |7(ko)|%.
We now turn the discussion of the case in which two modes, (Jy, ko), are relevant in more

detail. We refer to this type of states as double mode states. The effective Friedmann

equation then takes the form

VONam _ 4k 2<1_ (Nin (D > 170
T R S e PR e TR ()

Note that below we show that (V)3 —(X)3 > 0 (cf. (4.89)) and therefore the right-hand
side will generically be zero at some value of the relational time x". These double mode

states can be realised as coherent states (4.45) by setting the coherent state function to

(0am) s (k) = 0150 (fe(k = ko)T(ko) + fe(k + ko)T(—ko)) - (4.80)

The parameters in the effective Friedmann equation can readily be computed for the

double mode coherent states,

(V)am = vg (I7(ko)* + [7(=ko)[*) , (4.81)
(X)am = 1,580 (KP) (7 (ko) T(—ko) — 7(ko)T(— ko)) - (4.82)
Note that also in this case the expectation value of the volume operator is proportional

A

to the expectation value of the number operator <V>dm = v7,(N)dm. The components of

the total momentum are given by

(H)am = sgn(KG)w s, (ko) (7(ko)T(—ko) + 7 (ko)T(—ko)) , (4.83)
(P)am = ko (|7(ko)” — |7(—ko)|?) . (4.84)

We now revisit the question when these states result in a Friedmann equation for which
we can provide an interpretation as modifications to the classical equations similar to

the corrections found in LQC. In the case that k% < m?]O agreement with the classical
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equation is obtained if we require that the expectation values of H and P satisfy the
following relation (cf. (4.73))

1 . 1 .
——(H)? = —=(P)3,. 4.85
WJO(kO)2< )d k(g]( )d (4.85)

If we write the coherent state function in terms of their modulus and argument,
(ko) = prel* (4.86)

then we get the condition that the moduli and arguments are related by

Pt — P
|cos(04 +0_)| = (4.87)
" 204 p—
which then further implies the necessary condition
(V2= 1)ps < p- < (V2+1)py. (4.88)

From this we conclude that our proposed correspondence with the classical theory can
only hold if the moduli are comparable size. This implies, that the initial number of

quanta in both modes (Jy, +ko) must be comparable in quantity.

We will now bring (4.79) into a different form which is more conducive for an interpretation.

The first thing to note is that there is a relation between some of the expectation values,

v . v2 o . N
0 0
With this relation (4.79) can be written as
V7 (+0))2 2 (P2 2 (F)2
4 (x0)>2dm — oy, (ko)? (1 _ :Jg< gdn; _ UJO; A>dng — - (4.90)
VOX))im Kg(VX" ) dm  wio(k0)*(V(X°))

As already mentioned several times, we wish to interpret the Hamiltonian and spatial
total momentum of the group field as corresponding to the conjugate momenta of the
massless scalar field. In full analogy with this correspondence, we define the following

energy densities,

0 <ﬁ>(21m 0 < P >(2im
Pyo(X°) = ———, px(x)) = ——"2—. (4.91)
* 2(V(X"))im 2(V(X°))im
Inserting these definitions into (4.90) gives the expression
V'(xX")3 203 0 203 0
= =4 k 1-——=2 -0 . 4.92
<V X0)>(21m WJO( 0) k(Q) pX(X ) WJO(kO)2pXO(X ) ( )
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This form allows easier comparison with previous work in GF'T cosmology and also to
similar modifications to the Friedmann equations as derived from LQG and LQC [12,

138]. To complete the comparison, we introduce two further objects, namely the critical

densities 12 & )2
W 0

pX,C(Joka) = 21}% y pXO,C(J07kD) = ;1)73 . (493)
0 0

With the definition of the critical energy densities, the effective Friedmann equation takes

the form

m_ 2 _ pX(XO) B pxo(XO)
VOO, k) (l e o ko) pxo,cuo,ko)) (1.94)

This shows that in this model there is no cosmological singularity since the right-hand
side can be zero. The functional form is very similar to the Friedmann-like equations
arising from models in the context of LQG and LQC [12, 138]. Furthermore, the result
obtained here is also very similar to results obtained previously in the context of GFT
cosmology with a single scalar field |2, 76, 111]|. In these previous works, the critical
density also depended on the spin representation label. In the formalism of this section,
the critical density is also labelled by the wave number ky. Note that the different values
for the critical energy densities are once more a manifestation of the symmetry breaking
induced by the singling out of a particular scalar field to act as the clock variable. Note

that the critical density of the temporal scalar field reduces in the limit k3 < m?,o to

ok, g = Mo 3w, (o) (4.95)
Px0,c\J0, R0 ko—0 — 2,030 T 9 PP v ) .

which is compatible with the result of the work on GFT with a single scalar field.

An immediate consequence of the form of the effective Friedmann equation (4.94) is that

the expectation value of the volume operator will undergo a bounce when

Px(X?) pyo(x°)
pX,C(Joka) pXO,C(JOakO)

and therefore the expectation value of the volume operator remains positive through the

=1 (4.96)

relational time evolution. This last point implies that for generic states the big bang
singularity is avoided in this model. Indeed, the only case in which there is no bounce is
the case in which py(x?) = p,0(x?) = 0. In that case the effective Friedmann equation

has the same functional form as the classical theory,

(V' () = 4wy (ko) (V (X*) i - (4.97)
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These results are independent of the number of massless scalar fields. The only requirement

is that there are at least two massless scalar fields, i.e., D > 2.

There is an interesting difference in the functional form that the effective Friedmann
equations take when compared with the results for the case of only one massless scalar
field (D = 1) being present which was previously considered in |2, 76] and which is also the
content of Chapter 5. In that case the right-hand side of the Friedmann equation (where
the left-hand side is divided by the squared expectation value of the volume operator) also
has a term which is proportional to (V(Xo»_l. We trace this discrepancy back to the fact
that we had to regularise the volume operator by subtracting the vacuum contribution as
discussed in Section 4.6. Indeed, had we not set ¢, = 0, then the effective Friedmann

equation for the double mode states would read

4.9. Comparison with mean-field theory of a complex group
field

In this section we analyse the GFT with multiple scalar fields in the mean field formalism.
The aspect we want to emphasise is that the breaking of covariance also arises in the
mean field setting and is not an artefact of the canonical framework which we employed
in this chapter. As has been stated before, the breaking of the covariance of the theory
under the action of the Euclidean group E(D) to the smaller group E(1) x E(d) is due
to the insistence that there be a foliation of R” such that the group is square-integrable

on the co-dimension 1 leaves. This point is also illustrated in Fig. 4.1.

We consider a complex group field ¢: RP? — C. The theory we defined before can be
straightforwardly defined in terms of complex scalar fields. For definiteness, the action

functional takes the following form which is analogous to (4.1)

S() = 3 [ Pxeae) (K + K9 80) a6, (199)
J
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)

where the coeflicients ICS” are real. The resulting equations of motion are

(Ay —m3) es(x*) =0, (4.1008)
(Ay —m3) 25 (x*) =0, (4.100D)
where m? = —KSO)/KS2) as in (4.3). In the following we restrict ourselves to the case

m?, > 0 which is the case for which there is an exponential expansion. As before, the

breaking of the E(D) covariance occurs when we define the Fourier transform,

d .
P10 = [ gy Xesa (4.101)

which has equations of motion

2
(8(‘3{0)2 . mg) 0 (X’ k) =0. (4.102)

The general solution to the equations of motion is
070, k) = ay(k)eVF X 4 3 (k)e=VRTEmIX (4.103)

where aj(k) and B;(k) are complex parameters. The volume in the mean-field theory is

defined differently than in the canonical setting (cf. also the discussion in Chapter 3),
VO = o [ dixles 0P (4.104)
J
which for the solution (4.103) reads
d?k 520
0y _ 2 2¢/k?+m
V) = 3w [ Gy (st ety

+ 2Re(B (K)o (k) + By (k) Pe VI

(4.105)

For states sharply peaked at the modes (Jy, ko) one obtains the effective Friedmann

V/(XO) ? 2 2 2 k%
~ A4 ki) =4 1+ — 4.106
< V{X0) ) (i k) = {145, 100

which hearteningly agrees with (4.68). As before we would like to compare this with the

equation

classical expression (4.61). The first consequence is that if we relate the parameter m,
to the gravitational coupling constant as m?,o = 3k/8, we have an agreement with the

classical Friedmann equation. The next step is to establish a connection of the expression
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K3/ m%o to the conserved charges of the theory. In order to obtain the conserved quantities
of this theory, it is straightforward to adapt the procedure explained in Section 4.4. The

total momentum is given by
1 2 9%.(x", x) A (X" X) o -
=5 ZICS) /ddx (8XOV<PJ(XO,X) g0 Ve )

—Z/C / I 2k \Jk2 1 2 T (B, () ()

and the total energy is

K(Q)/dd ( 'awa( 07X)’2+‘W‘2+W3I¢J(Xoyx)|2>
(4.108)

(4.107)

ox

- Z’C [ 2 (4 m3) Re(Go ko).
As in the canonical framework it is clear that a priori there is no relation between these

conserved quantities and therefore the term k2 5/ m> J, does not have a straightforward

interpretation in terms of conserved quantities for generic initial conditions.

76



Chapter 5.

Canonical formulation: Single scalar

field

This chapter is based on [76].

In Chapter 4 we studied a GFT model coupled to D massless scalar fields. This chapter
deals with the case D =1, i.e., the case in which there is only a single massless scalar
field present, which is also the case that has been studied predominantly in other works
on GFT cosmology. In Chapter 4 we have seen that the canonical framework applied
to a GFT model with multiple scalar fields leads to a model which can be viewed as an
ordinary quantum field theory defined on R”. Unsurprisingly, the case of a single scalar
field, D = 1, then leads to a model which can be viewed as a quantum mechanical system.
Due to the comparatively simple nature of this quantum mechanical model, it is possible
to obtain some results which go beyond those we have presented for the case of multiple

scalar fields.
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5.1. General theory

As in Chapter 4 we will restrict ourselves to the case of a real group field. For the case of
a single scalar field (D = 1), the action (4.1) takes the form

S() =5 3 [ axeat (K9 + K032) 100 (51)
J

Since there is only one scalar field, the Legendre transform with respect to the scalar field

variables in unambiguous. The conjugate momentum is defined as (cf. (4.6))

_ 6S() _ (2)
- 590{7(96) =-K; ©r(x) - (5.2)

mr(X)

The resulting Hamiltonian is then given by the expression (cf. (4.8))

H=Y H;j=>»_ < (‘ . (X)* +m3 w(x)2> (5.3)
; 2\ ’ ’ |

2) 5
7 5P

where, as defined in (4.3), m? = —ICSO)/ /CSQ) and we emphasise again that m% need not

be positive.

The quantum theory can then be obtained by promoting the functions ¢ and 7 to

operators which satisfy the equal time commutation relation

(2500, 7 (X)) =651 (5.4)

As we did for the case of multiple scalar field, we introduce a new set of operators via the
relations (cf. (4.16))
A i

a;(x) = As05(X) + 57 () (5.5a)

() = Asps(x) - ﬁfw(x) , (5.5b)

where Aj; is an arbitrary real parameter. The operators ay and &T, satisfy the bosonic

commutation relations (cf. (4.18))

(a0, ()] = 8501, (5.6)

where T is the identity operator. The interpretation is again, that acting with dT] creates a

quantum of space with a geometry corresponding to the label J and likewise the operator

78



5.1. General theory

ay annihilates such a quantum. In the following we will refer to the operators dT] and a

as creation and annihilation operators, respectively.

As was the case for multiple scalar fields, there is a natural value which the parameter

Ay can take. For modes with m?] # 0 this natural choice is

/ 2)
Ay(k) = W (5.7)

A=y IKP. (5.8)

The corresponding mode Hamiltonians H; are as follows: for the case m?] > 0 one gets

and for m% =01itis

the Hamiltonian of squeezing type

~ m R N

Hjy = sgn(le))TJ (aJaJ + a]}a?}) , (5.9)
for the case mQJ < 0 one gets the Hamiltonian of harmonic oscillator type

Hy = —sgn(icf,2))|m2°’| (a sal +ata J) : (5.10)

and for the case m?] = 0 one gets the Hamiltonian of special type

o1
Ay = Ssen(K) (asas +abal, - ayal - aba,) . (5.11)

The relational volume operator is then defined as the weighted sum over all number
operators,

V() =Y vsNy, (5.12)

J

where N; = &T]& J and vy is the volume of a quantum of geometry with labels J. We
now assume that the Hamiltonian is give by a sum over mode Hamiltonians H; which
are all of the squeezing type (5.9). This makes sense since the time-dependence of the
corresponding modes is exponential rather than oscillatory or linear as would be the case
for the other cases. That is, for sufficiently late times it is reasonable to assume that all
the modes which are not the squeezing type have become irrelevant. One can solve the
equation of motion,

V'(x) = —i[V, H](x), (5.13)
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analytically and the general expression is given by
1 . . . .
Vix) = Z (—2UJI + <VJ + %]I) cosh(2myx) + XJsinh(2me)> , (5.14)
J

where we defined (cf. (4.57))

Xy = sen(K)5vs (asas —ahal) . (5.15)

Note that (5.14) can be obtained from (4.55) by noting that in the case of a single scalar
field the formally divergent quantity co, defined in (4.56) is no longer divergent and in

the case of a single scalar field we should set ¢, = 1 since for equal J (cf. (5.6)),
lag,al) =1. (5.16)

The expectation value of the time derivative of the partial volume operators, VJ, can be

written in terms of the expectation value of the partial volume operators themselves,

75001 = 22m [ (0500) = ) (170000 + (7)) + (K2, (517

The resulting Friedmann equation is then given by

70072 = Stmgman (17500 ~ 059 (V3000 + (70) + ) + (07
JJ! (5.18)

x ¢ (Vo 00 = (7)) ((Var0) + (V) + 0 ) + (X2,

Although this expression is a lot simpler than the analogue equation (4.65) of the previously
studied case with multiple scalar fields, the equation does not allow for a straightforward
cosmological interpretation. As before, the case in which only a single mode Jy is relevant
simplifies things a lot. Assuming that only one mode Jj is relevant, the resulting effective

Friedmann equation is given by

1
V(xX))sm (V(X))én

In the case of a single scalar field the restriction to a single mode can motivated as follows
[68]. Since the solutions of the equations of motion scale are linear combinations of
exp(+mx). In the case in which there is a maximal coefficient, |m .| = max;{|ms|},

the mode Jy would give the dominant contribution at sufficiently late times.
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5.1. General theory

We now turn to the question of a possible interpretation of (5.19). Recall that the massless
scalar field has an energy density

7T2

px(x) = QV&)Q : (5.20)

Furthermore, we put forward the interpretation that (the expectation value of) the

Hamiltonian corresponds to the scalar field momentum,
™ = (H). (5.21)

One can check by direct calculation that the expectation values of the operators X

satisfy
my

(X7)2 =02 <—<H"2>2 + <aa>(a*eﬁ)> . (5.22)

Using this relation one can rewrite (5.19) to read
V(o )
<X5m> — 4m?, (1 4+ Y
(V(x))sm (V(x))sm

. R .
_ <V(;)>2 (U?fo <Z>25m _ U?]O <&&>Sm<dT&T>sm + <V>Sm <<V>sm + 'UJO)> ) .

One can bring this equation into the even more suggestive form

N 2
<V,(X)>sm — A2 B pe(X) 4m?]0UJ0 924
<<V<x>>sm> W (1-200) - o (524

where we defined the effective energy density

(5.23)

2m? () (@) 250 (V)em <<f/>sm +v JO)

pet(X) = px(Xx) — - + - (5.25)
(V(X))em V5,V ()
and the critical energy density
_ M3,
Pe= 5" (5.26)
2’UJO

~

The first thing to note is that we expect the limit (V(x))sm — o0 to correspond to
the classical limit. Agreement with the classical theory of a flat FLRW universe with
a massless scalar field can then be obtained by identifying 4m30 = 3k/2. With this
identification we obtain for the critical energy density

_ 3k _ 37 p ’ (5.27)
P Y62~ 2" oy ) '
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Chapter 5. Canonical formulation: Single scalar field

which is compatible with earlier results derived in the mean field formalism of GFT
cosmology [111, 112]. The reason we brought the effective Friedmann equation into this
specific form is to allow better comparison with previous results. For instance, we wish
to compare our result for an effective Friedmann equation with that found in LQC. The
reason we expect the results to be similar is that both GFT and LQC are descendants from
the LQG research programme which is the primary motivation for considering discrete

spacetimes. The effective Friedmann equation found in LQC takes the form |12, 22]

Vigox(X) 2_3ﬁ 09
(VLQQX(X)> 2 <1 PLQC,C>' (5.28)

Compared to this form our result (5.24) has several extra terms which depend on the

initial conditions.

5.2. Algebraic formulation

This section presents the derivation of the effective Friedmann equations from a different
perspective. As we will see solving the equations of motion can be entirely circumvented
for the special case in which only a single mode is relevant. Since we expect there to be a
“fastest” growing mode it is reasonable to assume that the restriction to a single group

field mode provides some perspective on the physical content of the theory.

The starting point for the algebraic discussion is the assumption that the Hamiltonian is

given by the single mode Hamiltonian of squeezing type (5.9),
= —g (aa + aTaT) . (5.29)

More precisely, this expression corresponds to the mode Hamiltonian H Jo (5.9) with
mj, = w, sgn(k,) < 0 and suppression of the mode labels of the operators. This simple
form of squeezing Hamiltonian was also studied in the context of GFT in [2|. The crucial
observation of [19] was that the squeezing type Hamiltonian and volume operator can be
viewed as elements of a representation of the Lie algebra su(1,1). By using the Casimir
of su(1,1) it is possible to sidestep solving the equations of motion when deriving the
effective Friedmann equation of the system. The analysis in [19] was carried out for a
classical analogue system, where Lie algebra structure was realised via Poisson brackets.

In this section we extend the method to the non-commutative quantum setting.
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5.2. Algebraic formulation

We next establish how the formalism developed so far is related to the Lie algebra su(1,1).
In Appendix B we provide a brief overview of the representation theory of su(1,1). A
representation of su(1,1) in terms of bosonic creation and annihilation operators is given

by the following identifications,
X (gt aat oL Lo
K0:7<aa+aa), Ry =2a2, K_=:af? (5.30)
4 2 2
These operators do indeed satisfy the commutation relation of su(1,1),
(Ko, K] = K+, [Ke, Ki] = 42K, (5.31)

as one can check by direct computation. In general, the algebra su(1,1) has a Casimir
element

. 1/ N

C=R3-3 (K+K_ + K_K+> . (5.32)
By inserting the defining relations (5.30) into the Casimir one finds that the bosonic Fock

representation of su(1,1) has a fixed Casimir,

. 3
C=-. (5.33)

The Hamiltonian in terms of the su(1,1) operators is given by
H=-w (f(+ v f(_) : (5.34)

In the following we will consider this form of the Hamiltonian, (5.34), as the defining
equation for the Hamiltonian of the quantum system. That is, we allow for representations
other than the Fock representation. The representation we will consider is the ascending
discrete series of su(1,1). This representation has states |k, m) that satisfy the two

eigenvalue equations,

Clk,m) = k(k — 1)|k,m), (5.35)
Kolk,m) = (k +m)|k,m), (5.36)

where k is a positive real number and m is a non-negative integer. The label k is called
the Bargmann indez of the representation. From (5.33) it follows that the bosonic
representation corresponds to either k = 1/4 or k = 3/4. The operator Ky can be
rewritten in the Fock representation as

Ko =

% (2]\7 v f) , (5.37)
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Chapter 5. Canonical formulation: Single scalar field

where N = ala is the number operator and I is the identity operator. The standard Fock
representation satisfies N|n) = n|n). Considering the action of the operator Ky on the

Fock representation we observe that
- 1
Ky|2n) = <4 + n> 12n) , (5.38a)
- 3
Kol2n+1) = <4 + n> |2n 4+ 1) . (5.38b)

Therefore we conclude that a Bargmann index k = 1/4 corresponds to states where only
modes of an even number of quanta are present and an index k = 3/4 corresponds to
the case where there are only modes with an odd number of quanta present. From the
perspective of GFT cosmology therefore the index k = 1/4 is of the greatest interest since
it includes the Fock vacuum which we identify with the state which corresponds to no

geometry.

5.2.1. Friedmann equation

In the simple setting we consider in this section, there is only one type of group field

mode. Therefore the volume operator V is simply a rescaling of the number operator
N,
V =uN, (5.39)

where v is the volume of a single quantum. As can be seen from Eq. (5.37) the operator

K is related to the volume operator 1% by an affine transformation,
N ~ 1.
V=wv (2[(0 — 2[) . (5.40)

With this in mind, let us first derive a “Friedmann equation” for the expectation value of

the operator K. Explicitly, the aim is to obtain an expression

(K5(0))* = F((Eo(x))) (5.41)

where f is some functional where the only time-dependence arises through expectation

values of the operator K.

Note that we already solved the equation of motion for V and the explicit solution is

given in (5.14). Adapting that result to the set-up of this section and writing it in terms
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5.2. Algebraic formulation

of the su(1,1) variables, the time dependence of K, is given by

A~

Ro(x) = Ko cosh(2wy) + % (Ky — K_) sinh(2wy) (5.42)

However, the point of this section is to derive the effective Friedmann equation without
solving the equations of motion explicitly. Therefore we will not make use of this explicit

form in the following.

The equation of motion for the operator Kj is given by

Kp(x) = =ilKo, H)(x) = iw (K1 () = K-(x)) - (5.43)
Squaring this relation leads to the expression
Kh(0)? = —? (R (02 + K- (02 = KL 00K-(0) - K- (0K () . (5.44)

The crucial insight of [19] was that one can rewrite this as an expression where the
only time-dependent operator is K, by using the two conserved quantities of the model,
namely the Casimir and the Hamiltonian. In terms of these conserved quantities the

above equation can be expressed as

K{(x)? = 4w” (f(o(x)Q - C - 4;1%2) : (5.45)

As stated above, the goal is to obtain an equation where the left-hand side is given by
(K}(x))?. However, if we take the expectation value of (5.45), the left-hand side is the
expectation value of the operator squared, (Ké(x)2>. To address this issue we introduce
the following function,
A 1, .4 A A

G(A,B) = §<AB + BA) — (A)(B) . (5.46)
Note that this should not be interpreted as the (co)variance or uncertainty of the operators
since we allow the arguments to be non-Hermitian operators and G(A, B) therefore need

not be real. Note that the function G is symmetric and C-linear,
G(A,B) = G(B, A), (5.47a)
G(A,B+~C) = G(A, B) +vG(A, 0), (5.47b)
where v is a complex number. With this function in hand, we take the expectation value

of (5.45) and obtain

(400 = 16 ((Ral) = (€)= a0 + X ) (5.48)
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Chapter 5. Canonical formulation: Single scalar field

where the quantity X is defined as

1

X = G(KO(X)’KU(X)) 402

(GRG0, Ko()) + GUAL D)) . (5.49)

Note that the omission of a time-dependence on the left-hand side of the definition of
X is not an oversight. We will now show that X is indeed time-independent. Using the
expressions (5.34) and (5.43) we find that

G(Kg(x), Ko(x)) + G(H, H) = 4*G(K+(x), K- (x)) (5.50)

Note that since H is time-independent one may replace the time-independent, (Schrodinger)
operators with the time-dependent (Heisenberg) operators evaluated at any time. Using

this result the expression X takes the form

X = G(Ko(x), Ko(x)) — G(K4 (x), K- (x)) - (5.51)

To show that this is time-independent note that the equation of motion for Ky is given
by
K (x) = —i[K, H](x) = £2iwKo(x) - (5.52)

Using this and Eq. (5.43) we find
2G(Ko(x), Kj(x)) — GIKL(x), K- (X)) = G(K 4 (x), K. (x)) = 0, (5.53)
which confirms that X is time-independent and therefore given by

X = G(Ko, Ko) — G(K 4, K_). (5.54)

We remark that it is also possible to use the explicit form of the Casimir C to get an
equation which only depends on expectation values of the basic su(1,1) operators (as
opposed to their squares as is implicit by the appearance of the function G(-,)). Explicitly,

the expectation value of the Casimir (5.32) is given by

A~

(C) = (Ko)® = (K4 )(K_) + G(Ko, Ko) — G(K 4, K_). (5.55)

With this we see that the “Friedmann equation” (5.48) can also be written as

1

(Kp(x))? = 4w? (<f<o<x>>2 — (Ko)* =

() + <f<+><f<_>) L (556)
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5.3. Initial state

As explained above, the operator K can be related to the volume operator V of the Fock
representation. The explicit relation is given by
S 1 /- v
Ko=-(V+2). 5.57
0=, \V 3 (5:57)

With this relation we can obtain the following effective Friedmann equation,
2
(7001 = 46 ((TOUV00) +0) = (TIT) +0) = T3+ 40?5 5
(5.58)
Note that this is the same as the effective Friedmann equation we obtained from the
explicit solution to the equations of motion in the idealised case where only one mode is
relevant (cf. (5.23)).

5.3. Initial state

So far the discussion did not specialise to particular states. In this section we will show
that the late time behaviour which we are most interested in for cosmological consideration
depends on the choice of state. More precisely, we are interested in states that lead to
solutions we consider to be semiclassical. As a measure of semiclassicality we introduce

the relative uncertainty as a function of an observable O and a state [v),

_ WIOI¥) — (wlOly)*
(¥lO1)?

If the relative uncertainty is small we consider the state to be semiclassical for a given

r(0, [4)) (5.59)

observable. We wish to identify those states which lead to a small relative uncertainty
at late times for the volume operator and the Hamiltonian as those are the quantities
for which we have an immediate classical interpretation. This measure of semiclassicality
was discussed previously in the context of LQC in, e.g., [7] and in the context of GFT in
[119].

The states we are going to consider are the following coherent states

e Fock coherent states

e Perelomov-Gilmore (PG) coherent states
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Chapter 5. Canonical formulation: Single scalar field

e Barut—Girardello (BG) coherent states

Technical details concerning these states can be found in Appendix B. The Fock coherent
states are the well-known coherent states of the harmonic oscillator. In terms of the

bosonic creation and annihilation operators the Fock coherent states are given by
o) = exp (aaT - aa) [ (5.60)

where |0) is the Fock vacuum. Note that as explained above the Fock coherent states are
a superposition of two representations with different Bargmann index. (See (B.33) for
an explicit expression.) The PG coherent states can be obtained by acting on the lowest

state |k,0) with the squeezing operator
S(€) = exp (gfq - g‘f(,) . (5.61)
We define the PG coherent states to be given by

IC,k) =258 <|g|artanh(|C|)) |k, 0). (5.62)

The BG coherent states are eigenstates of the lowering operator Ky. Their defining

relation is given by the equation

K_|p, k) = plu, k) . (5.63)

We now turn to the question of what the relative uncertainties are for these classes of
coherent states. Since we expect the semiclassicality to be a late time phenomenon we
consider only the asymptotic volume operator. For Fock states the relative uncertainties

are given by

. 2(1 + 2|0 |?
Pl o) = 25T (5.614)
L
r(V(£o00), |o)) = 213 20 £i2)) (5.64b)

(1Fi(o+£i5)?)?

From these expressions it is clear that for large |o| the relative uncertainties can be
made arbitrarily small. Therefore Fock coherent states are compatible with our notion of

semiclassicality.
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5.3. Initial state

For PG coherent states the relative uncertainties are given by

10+ +¢)

r(H,1CR)) = o N (5.65a)
(7 (200), 16, K) = o (5.65b)

From this it follows that states which are compatible with our requirement of small
uncertainties correspond to representations with large k. Whilst this is mathematically
true, for the Fock representation we have k = 1/4 (or k = 3/4) and therefore the relative
uncertainties are not small. We conclude that the PG coherent states do not satisfy our

semiclassicality criterion.

For BG coherent states the relative uncertainties are given by

g = 2 Ly (2 .
) = gt e+ W2 T | (5:060)
(7 (00, 1, K)) =2 — 2L (21p)? + (3 = 48) |l o (2l F1 (211

(R F il — 1)+ 200 o (2]’ (5.66D)

< 2l Lae (2l + (2 F i — ) Eoir 21n])]

These expressions are quite involved. Omne possible simplification is to consider the
asymptotic expansion of the modified Bessel functions for large arguments. For large

absolute value of the coherent state parameter, |u|, the relative uncertainties are given by

oo 2p|
(b + m)?
|ul—o0 2

20pl Fi(p—m)

r(H, |, k) (5.67a)

r(V(£00), |1, k)) (5.67b)

From these expressions it is apparent that BG coherent states with a coherent state
parameter which has a sufficiently large absolute value are compatible with our notion of
semiclassicality. However, since the analytic calculations are rather involved due to the
appearance of the modified Bessel function we will not consider the BG coherent states

in subsequent sections.

In the above expressions we see that for the Fock and BG coherent states the asymptotic

value is generically not symmetric around the past, i.e., the asymptotic relative uncertainty
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Chapter 5. Canonical formulation: Single scalar field

in the infinite past and the infinite future differ. To quantify this asymmetry we introduce

an asymmetry parameter,

(5.68)

) =1 - mm{WHoo), ) r(V(=o0), r¢>>} |

r(V(=o0), [)) " r(V(+00), )
In Fig. 5.1 this asymmetry parameter is plotted as a function of the argument of the
complex coherent state parameter for Fock and BG coherent states. (PG coherent states
don’t have any asymmetry.) Although we have chosen specific states in the figure, the
situation is generic. Similar analyses concerning the asymmetry of the volume operator
have been carried out within the context of LQC in [23, 24, 40]. The discussion presented

here extends the results obtained in the mean field setting in [119].
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0.8* /// . \\\ | F
= 06 -~ - oo
= A - : NI
= S g ; N
< 04 - 7/ ; \\ w
N / . B
i K \
: A : L
0.2/ w .
, . .
o . \i
1 | ¥ | §
OO s jus 3T ™
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Figure 5.1.: The asymmetry parameter (5.68) shown as a function of the argument of the
complex coherent state parameter. The Fock coherent states (F) plotted are
given by |o) = |100exp(if)) and the BG coherent states plotted are given by
|pe, k) = |100exp(if), 1/4). This figure is taken from [76].

Up to now we only considered the asymptotic volume operators when discussing the
relative uncertainty for different states. It is also interesting to investigate this relative
uncertainty close to the bounce. Note that we have the explicit time-dependent expression
for the volume operator at our disposal, cf. (5.42). In Fig. 5.2 we show the time dependence
of the relative uncertainties for different values of the coherent state parameters close to
the bounce. The plots illustrate the possibility of a time asymmetry in which the states
on one side of the bounce have a small relative uncertainty, whilst having a large relative
uncertainty on the other side of the bounce. Note that the complex parameter in the
figure takes values only in the first quadrant of the complex plane. The behaviour for
complex numbers in the rest of the complex plane is essentially the same as that shown. A

notable difference is that for other choices it would be the past which has smaller relative
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uncertainty than the future. (In the plots shown it is always the future with smaller

relative uncertainty.)
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Figure 5.2.: The relative uncertainty (5.59) for different values of the coherent state
parameters of the various classes of coherent states. The translation of
the complex number = to the coherent state parameters is as follows: PG:
IC, k) = |(z/|x|)tanh(|z]), 1/4) BG: |u, k) = |x,1/4), Fock: |o) = |z). This
figure is taken from [76].

The discussion above shows that of the classes of states considered here, the Fock coherent
states and the BG coherent states are compatible with our desideratum that the relative
uncertainties of the Hamiltonian and volume operator are small at late times. The PG

coherent states do not satisfy this criterion.
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5.4. Interactions

In this section we add an interaction term to the system discussed in Section 5.2. The
cosmological solutions we have derived above all feature an exponentially growing volume
which corresponds to an exponential growth in the expectation value of the number
operators. As we have argued before, the free approximation should be thought of an
approximation valid in the mesoscopic regime where there are a large number of quanta
excited but not such a great number that one has to take interactions into consideration.
By introducing an interaction term to the model we hope to make a step towards more
general results in GFT cosmology. Related work on interacting GFT models has been
carried out in [42] and [119]. In [42] interactions were added to the single-mode case
by adding polynomial terms in the mean-field setting. One key insight from their work
was that for a suitable interaction term and initial conditions their model leads to an
inflationary universe. In [119] an interacting model is studied in the group represenation
(in contrast to the spin representation which we adopt). There it was shown that at early
times an isotropic configuration is unstable. However, they also showed that at late times

the evolution leads to an isotropisation.

The toy model we consider is given by the Hamiltonian
A= (Kt K ) +ow (R 4 K+ 2R0>2 . (5.69)
In terms of the Fock creation and annihilation operator this can be written as
H=-w (a2+aT2) +%‘" (a+a*)4. (5.70)

Recall that the creation and annihilation operators can be written in terms of the group
field and its conjugate momentum (cf. (5.5)). The corresponding Hamiltonian would
read

T = Mﬁ? — SIKOIE2 4 KO 24, (5.71)
where we suppressed the representation labels and made the identification w = m. From
these formulas one can already discern the following. In the case A > 0 the interaction
term has the opposite sign as the potential term coming from the free theory. The resulting
potential is similar to that used in modelling the Higgs boson and solutions correspond to

a cyclic universe. This agrees with the results of [42] where they found cyclic cosmologies
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for a similar potential. In the case A < 0 the upside-down harmonic oscillator becomes an

upside-down anharmonic oscillator leading to an even faster accelerated expansion.

In the following we present some cosmological implications of this interacting toy model.
Unfortunately, the system is already complicated enough to prevent simply carrying over
the analysis performed for the non-interacting model. As a first step we will derive the
Friedmann equations in a classical analogue system. Then we will study the quantum
system in a perturbative framework and finally we show some numerical, non-perturbative

results for the quantum system.

5.4.1. Classical analogue system

In this section we apply the algebraic method of Section 5.2 to a classical analogue system.
More precisely, we now consider a Poisson manifold with variables { Ky, Ky, K_} that

have a Poisson structure specified by the Poisson brackets
{Ko,Ki} = :FiKi s {K:Fv Ki} = :FiQKO . (5.72)

The Hamiltonian and Casimir of the system are then simply given by (5.69) and (5.32)
with the operators replaced by the corresponding phase space variables. In this section
only we will consider the variable K to be related to the volume by the relation

1

Kog=—V.
02v

(5.73)

We justify this by noting that in the quantum relation (5.57) the additional term was

due to the non-commutativity of the quantum operators.

As we will see in a moment it is useful to relate the linear combinations K, + K_ and

K, — K_ to the conserved quantities. Explicitly one finds

(Ky —K_)?=4C —4K3 4+ (Ky + K_)?, (5.74a)

(K, +K_)= % (1 — ANK, + \/1 + 4 (f - 2K0>> . (5.74D)

Note that in (5.74a) we didn’t take the square root as only the square will appear in later

equations and in (5.74b) we will specify to the sign which is connected to the free theory

in the limit A — 0, i.e., we choose the negative sign.
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The equation of motion of Kj in the classical analogue system is
Kb(x) = {Ko, H}(x) = iw(K+ — K_)(1 = 2M(K + K_ +2Kq)). (5.75)

Taking the square of this and using the relations (5.74) we get

K (x)? = 2“’; <1 + 4\ (f -~ QKO(X)>) x [1 — 8AKo(y)
(5.76)

—(1- 4/\K0(X))\/1 + 4 (f — 2K0(x)> 1o <4>\C+ Ij)

This can be written as a Friedmann equation in terms of the volume via (5.73).

We now turn to the question of interpreting this result. In classical cosmology the right-
hand side of the Friedmann equation is related to the energy density of the matter content
of the universe. The Friedmann equation for the relational volume with n different types

of matter when expressed as a function of the value of a massless scalar field is given by

<V, i) ZAV yi-wi (5.77)

where A; are constants and w; is the equation of state parameter of the matter species
with label 4. Usually the right-hand side of the Friedmann equation is considered to by
related to the matter content (with the notable exceptions of the cosmological constant
which is often call “dark energy” in this context and a curvature term). In our model the
additional terms on the right-hand side of the Friedmann equation should be thought of
as capturing quantum gravity effects'. Note that although we viewed the variables as
coordinates of a Poisson manifold in this section, the model itself is derived from a bona

fide quantum theory of gravity.

The appearance of a square root on the right-hand side of (5.76) makes the comparison
to the classical equation (5.77) non-trivial. One possibility is to expand (5.76) as a series

in A around A = 0. Writing this series in terms of the volume V' (as opposed to Ky) we

Tt is also possible to interpret these quantum gravity corrections as arising from a theory of modified

gravity [37].
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get
V'(x)? = 4w2v2{ fogf - [;2 —4C (1 — 4\ (VE}X) _ f))
- nzl [1%” (n 52?)';121 2)! <(2” - 1)% + (@B —n) VE)X)> (5.78)

) <v£}x> _f>+”

If one truncates this expansion at some order in A it is important to note that the quantity
which needs to be small for the approximation to be valid is actually the product AV ()
which needs to be small. The leading order linear correction would correspond to an
equation of state parameter w = 0, i.e., dust-like matter. Another interesting limit we

can take is the limit where the volume tends to infinity. In this limit we find

V(%) 2_ w2 [ — LX)
<V(X)> = 32w [ —A ” +0(1). (5.79)

This expression would correspond to an equation of state parameter w = 1/2. Note that

the solution of this Friedmann equation (neglecting the subdominant terms) scales as
V(x) ~ |x — xo| for some constant xo. Therefore, this solution would diverge at some

finite value of x.

Another possibility of interpreting our result is to define an effective equation of state
parameter as follows,

_ dlog((V'()/V(x))?)
dlog(V(x))

In Fig. 5.3 we show the Friedmann equation and the effective equation of state as a

Wett (X) = (5.80)

function of V. The plots illustrate the point that truncating any of these expressions at

finite order in A has a limited range of validity as explained above.

5.5. Quantum calculations

This section discusses the interacting toy model (5.69) as a quantum theory. Firstly we
present some analytical results obtained using perturbation theory. Secondly we show

some results obtained using numerical methods for the full theory.
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Figure 5.3.: The relative relational expansion rate squared (5.78) and the “effective equa-
tion of state parameter” (5.80) as functions of the volume V. The solid
lines correspond to a truncation at zeroth order in A. The dashed lines
correspond to a truncation at first order in A\. The dotted lines correspond to
a truncation at second order in A\. The dash-dotted lines correspond to the
full non-perturbative case. The parameters are: v =1, w =1, A = —1077,
H = —10040, C' = —3/16. (The choice of H corresponds to a Fock coherent
state, (o|H|o), for ¢ = 100.) This figure is taken from [76].
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5.5. Quantum calculations

The dynamics generated by the Hamiltonian (5.69) are quite complicated and we employ
methods of quantum perturbation theory to obtain analytical results. In this section
we consider the number operator N rather than the volume operator V for notational
simplicity. Note that the corresponding equations for the volume operator can be obtained

by setting N=V /v everywhere. We expand the number operator as a series in A,

N(x) = i AN, . (5.81)
n=0

We split the Hamiltonian (5.69) into a free part Hy and an interaction term H 1,
H=Hy+ \H, . (5.82)
If we write the time evolution operator as a product,

U(x) = Uo()Ui(x), (5.83)

where Up(x°) = exp(—iHyy) we find that the interaction time evolution operator is given
by

A

Ui(x) = Texp<—i)\ /OX dy’ ﬁol(xl)fllﬁo(xl)> , (5.84)

where the time-ordered exponential is defined as

reo( [Tav i) = 3 [ [ don - f). 68
n=0

The inverse operator U ~1(x) requires an anti-time-ordered exponential. Note also that
the expression Ual(x')l—jll Uo (x') amounts to replacing the operator Ky in H; with the
Heisenberg operator found in the free theory, (5.42). The operators R’+ and K_ appear
only as a sum, K+ + K _, which proportional to the free Hamiltonian Hy and therefore

constant. We expand the interaction time evolution operator Uy as a power series in A,
[o.¢]
Ui(x) = Y A"Ua(x) - (5.86)
n=0

In terms of the time evolution operator the general solution to the Heisenberg equation

for any operator O is given by

O(x) =U "' (00U (x). (5.87)
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Chapter 5. Canonical formulation: Single scalar field

Inserting the perturbative expansions for 0= Yoo A0, and the time evolution operator

and comparing order by order in A we get

On(x) = Y U 00U (00U () Utn—m () (5.88)
m=0

The Heisenberg equation can be written as the system of differential equations,

Oh(x) = —i[Oo(x), Hol , (5.89)

~ ~ ~

04,(x) = ~10n(x), Ho] ~1[0n-1(x), Hi], n>1. (5.90)

With these equations in hand it is possible to carry out the calculation to any order in A

in principle. We will only do this to first order.

The first term in the expansion (5.81) is of course the same as in the free theory
(cf. (5.42)),

S 1. N . .
No(x) = —51 + <N0 + 2[) cosh(2wy) + i <K+ — K_) sinh(2wy) , (5.91)

where we used the relation (5.37). Note that all the perturbative corrections of N and
K, are related by only a rescaling (as opposed to also having an additional shift),
Na(x) = 2(Ko)n(x), n=1. (5.92)
The first order perturbative correction to the number operator is given by?
Ni(x) =(K4)? [3 — 2(2 + 3iwy)cosh(2wy) + cosh(4wy) + isinh(2wy)] + h. c.
+ K4 (2N 4 3) [(i — 3wy )sinh(2wy) — isinh(4wy)] + h. c. (5.93)

1 . R NN
- Esinh(wa)2[3 +4N? + 8N + 8K, K_].

The next step in deriving an effective Friedmann equation is to take the expectation value
of N(x) and express (N’(x)) as a function of (N(x)). We were unable to carry this out
in general. However, for certain states we managed to carry out the procedure. Firstly,
for Fock coherent states we restrict ourselves to the case in which the coherent state

parameter, ¢ = 01 + io9, is either purely real or imaginary. For the case of a real coherent

2The analogous term in [76] has a wrong prefactor and is missing the term “iK?sinh(2wy) + h.c.”.
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5.5. Quantum calculations

state parameter, we find

(N (0N =4 <<fv<x>>% (RGN — 02(1 + o)

A o o
+m [ — 4N (x))#(3 + 1207 + 4o7)
CB(N(x)VE(3 + 1502 + 120% + 409) (5.94)

+6(N(x))r(—1 — 507F + 40%)

+202(3 + 2402 + 5l + 4805 + 20(;?)} + O(A2)> .
For imaginary coherent state parameter we find the following,

(BN = 4 <<fv<x>>% (R OO) — o2(1 4+ o)

A

o .
T 2onz |~ UV00)RG + 120, + do)

— 6(N(X))#(3 + 903 — 403 — 40%) (5.95)
+6(N(x))p(—1+ 03 + 1607 + 1209)

+203(3 4 603 — 1509 — 2405 — 403)] - O(A2)> .

Secondly, for PG states we find the following Friedmann equation

2 7\ 2
(0o = 4w2{ (¥0ee+5) - a2~ Eipo

+)\2k4;: 1 [— B(N(X))ba + 12(N(xX))be (Uflm _ 1)

+2(N(x))pa ((SWLPG + 16k2 — 3)

_ <<ﬁ>PG1> <2<H>12>G+ <ﬁ>PG+16k21>]

w

+ O(AQ)} .
(5.96)

It is very interesting that for PG coherent states this Friedmann equation can be written

entirely in terms of the expectation values of the number operator and the Hamiltonian.
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Chapter 5. Canonical formulation: Single scalar field

As already explained, the perturbative formulas have a rather limited range of applicability.
More precisely, the perturbative formulas are useful as long as |)\<N (x))| < 1. In order
to investigate the non-perturbative regime we analysed the system numerically. Using

the representation of the creation and annihilation operators as differential operators,

@)@) = 5 (o4 52 ) v, @)= (o= 5 ) v, oD

we solved the time-dependent Schrédinger equation with initial states given by Fock
coherent states. In Fig. 5.4 we show the Friedmann equation and the effective equation
of state (5.80) for different truncations. In Fig. 5.5 we show the time dependence of the
relative uncertainties for the interacting model. As expected, the relative uncertainties
start growing as soon the interaction terms become relevant. This fact confirms that GFT

interactions significantly can modify the late lime behaviour relevant for cosmology.
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Figure 5.4.: Comparison of the perturbative analytical results with the non-perturbative
numerical results. In the top diagram the value of the Friedmann equation is
plotted as a function of the volume. The bottom diagram shows the effective
equation of state parameter Eq. (5.80). The solid lines correspond to a
truncation at zeroth order in A. The dashed lines correspond to a truncation
at first order in A. The dotted lines correspond to a truncation at second
order in A. The dash-dotted lines correspond to the full non-perturbative
case. The parameters are: v =1, w =1, A = =103, o = 10. This figure is
taken from |76].
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Figure 5.5.: The relative uncertainty (5.59) of the volume operator for different values of
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the coherent state parameter o of Fock coherent states. The solid line is the

free case (A = 0) and the dashed line corresponds to the interacting case with

A = —1073. This figure is taken from [76].




Chapter 6.

One-body effective approach

This chapter is based on [72].

One way of obtaining a quantum theory is to start at a classical theory and then quantise
it by some method of quantisation. The well-understood method of canonical quantisation
requires as its starting point a Hamiltonian formulation of a classical system. The
Hamiltonian formulation itself is usually derived from the Lagrangian formulation defined
by an action by carrying out a Legendre transformation. The Legendre transformation
involves finding a map which allows one to express the velocities of the configuration
variables as a function of the conjugate momenta. In the case that such a map does
not exist (for a subset of velocities) one arrives at a Hamiltonian system with additional
constraints that the momenta need to satisfy. One example of this is the covariant
formulation of electrodynamics in vacuum in four dimensions where one finds as a
constraint that the divergence of the electric field must vanish. For systems defined on a
fixed spacetime manifold the quantisation of such systems is well understood [48, 87, 102].
However, if one starts with a theory that is background independent, such as general
relativity, one is faced with the problem of time which has to do with the fact that there
is no preferred notion of time in such a theory [90]. Mathematically one finds that the
Hamiltonian obtained via a Legendre transformation is given as a sum of constraints and
therefore vanishes on the constraint hypersurface. This can be understood by noting that
in general relativity there is no preferred time parameter and therefore there can be no

invariant Hamiltonian which generates time evolution.
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Chapter 6. One-body effective approach

One method of quantising a Hamiltonian system with constraints was first proposed by
Dirac. The method of Dirac quantisation is formulated on a Hilbert space where the
physical states are those which are annihilated by the constraint operator. Implementing
the constraints on the Hilbert space level is however quite complicated in general. It
therefore is desirable to sidestep the introduction of a Hilbert space entirely. We now turn
to one proposal for how one might accomplish this. To this end we have to first introduce
another perspective on the quantum theory: quantum mechanics can also by formulated as
a Poisson-geometric theory where the quantum phase space is spanned by the expectation
values and moments of the quantum variables'. A priori this quantum phase space
is infinite dimensional as it is spanned by all the possible moments of the theory. A
simplification arises by postulating that the moments capture the quantum behaviour
of states and that higher moments correspond to higher orders in A. Therefore one can
arrive at a semiclassical theory by considering only a finite subspace of the quantum phase
space. In |28] a way of implementing a quantum constraint on the quantum phase space
in terms of effective constraints was put forward for non-relativistic quantum systems.
The approach was further extended to relativistic quantum systems in [29] and invoked

to study the problem of time in [26, 27].

One of the goals of this chapter is to extend this formalism to (group) field theory. In field
theory the set of operators is a priori uncountably infinite. However, the formalism of
effective constraints was developed for quantum systems with a finite number of operators.
Our proposal is that we should pass to a description in terms of a finite set of observables
by averaging over the microscopic degrees of freedom. This should be thought as a coarse
graining procedure where we neglect the microscopic details and are only interested in
the collective behaviour. In particular it is possible that different microscopic states
correspond to the same macroscopic observable. Concretely we consider a set of one-body
operators as the quantum degrees of freedom relevant for the physical system we try to

model.

Having identified a finite set of observables, we apply this procedure to study the
cosmological sector of GFT. As in other chapters of this thesis we consider a GFT coupled
to a single scalar field. However, the geometric observable of key interest will turn out to
be the extrinsic curvature (rather than the volume). The resulting dynamics we find is

compatible with that of classical general relativity.

!This set-up is also used in the geometrical formulation of quantum mechanics of [11].

104



6.1. Effective methods for quantum systems

6.1. Effective methods for quantum systems

In this section we provide an overview of the formalism and methods needed for the

formalism of effective constraints.

As the quantum system of interest we consider the unital C*-algebra generated by the

variables A = {A;}V | that satisfy the commutation relations

where we assume that the structure constants f;; k are real. Note that this condition implies
that the variable A; are invariant under the k-operation which we denote as flj = A;. For
definiteness we consider the case in which this quantum system is represented by operators
acting on a Hilbert space. In particular, given a state [¢)) of the Hilbert space we can
define the expectation value (f(A;)) = (4| f(A;)|) for any function f of the generators A;.
Of particular interest are the expectation values of the operators themselves, <fll>, which
are of course related to the actually measured values of observables of a quantum system.
To parametrise the expectation value of other polynomials of variables we introduce the

notion of moments. A moment of order n is given by

A~ ~

A(Aiu sy Ay ) = <(AZ1 - <A11>) T (Aln - <Ain>)>wey1 ) (6'2)

where “Weyl” denotes totally symmetric ordering. For instance, a second order moment
is
. 1 . . F .
A, A7) = {Aidy + A 4;) — (Ai){4y) . (6.3)
The moments defined in (6.2) are C-multi-linear and totally symmetric. That is, for
any complex number « and any permutation 7 of the symmetric group S,, we have for

moments of order n

The next idea is that the space spanned by the expectation values of the generators and

moments can be endowed with a Poisson structure induced by the commutation relations
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Chapter 6. One-body effective approach

(6.1) resulting in a quantum phase space. The Poisson bracket on this quantum phase
space is defined for any expectation values as
. ) 1 ) )
{(f(A0), (g(Ai))} = ([f(Ai), g(47)]) - (6.5)
Note that linearity, antisymmetry and the Jacobi identity are automatically induced by
the commutator. Extension to arbitrary functions on quantum phase space are achieved

by imposition of the Leibniz rule,

{f,gh} ={f, g}h +g{f,h} (6.6)

for any phase space functions f, g and h. The Poisson bracket of an expectation value of

one of the generators with a second order moment is given by

(A, Ay, 40) = o (AL A, A + A, (A, Ad))

= £, A(Ay, Ay) + fi A4y, A)).

6.7)

The Poisson bracket of two second order moments is given by
{A(A;, A;), A(Ay, Ay}
= ((([Az‘, AD)A(A), Ar) + A([As, Axl, Aj, Ar)

1,0 2 . 1, .~ - .

+ E([[[Ai,Ak],Aj],Al]) — Z([[[Ai, Ae], &), Aj)) + (i j)) + (k < l))

= (fikm<Am>A(Ajv A + " A A, Aj, A

(ih)”
12

(i)
6

+ fir " fni" nlo<A0>_ fu™ mznfnjo<Ao>+(i<—>j)> + (k< 1).

(6.8)

From these explicit expressions it is already clear that the Poisson structure of the quantum
phase space is quite complicated?. Furthermore, the full quantum phase space is infinite
dimensional and therefore we expect that calculations can be carried out analytically in

only the simplest cases.

However, if we content ourselves with a semiclassical theory which is valid only up to

some order in & it is possible to consider only a finite subset of phase space variables.

2We developed a Wolfram Mathematica package that provides functions that calculate the quantum

phase space for an arbitrary system. The listing of the code can be found in Appendix C.

106



6.1. Effective methods for quantum systems

Note that this is a restriction on the states we consider permissible. In particular, we

assume that states satisfy the semiclassicality condition

A4y, ..., A;) = O(?) (6.9)

which is a non-trivial requirement. In the following we simply assume that the states we
consider satisfy this property. At linear order in i we therefore have for the truncated
quantum phase space N expectational values (A;) and N(N +1)/2 second order moments
A(fli, /1]) The Poisson structure of this truncated quantum phase space will in general
be degenerate. For instance, in the case N = 2 there are 2 + 3 variables and the Poisson

structure is therefore not invertible.

6.1.1. Effective constraints

The quantum phase space introduced above provides an alternative, equivalent formulation
of quantum mechanics. The phase space is infinite-dimensional and the Poisson structure
is quite complicated. The main advantage of using this approach is that it allows one to

study constrained systems in a systematic way which we will now turn to.

In the Hilbert space setting, given a (quantum) constraint C the method of Dirac

quantisation prescribes that physical states are elements of the kernel of the constraints,
Cly)=0 (6.10)

for any physical state |¢)). Clearly, if (6.10) holds then also the expectation value of C

vanishes for physical states,

C=()=0. (6.11)

However, the converse is not true and the condition that the expectation value vanishes
is not sufficient. The proposal of [28] to implement the constraint on the quantum phase

space is to require that
C(fy=(f- (M) =0 (6.12)

for all polynomials f . Note that there is no symmetrisation in the definition and the

effective constraints C'(f) are therefore complex in general. The constraints C' and C(f)
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Chapter 6. One-body effective approach

form a system of first class constraints as can be checked by direct computation. Indeed,

one finds for the Poisson bracket of C' with an effective constraint C(f)
. 1 - 1 .
G0N} = 0. (F = (N = FCUC. 1) (6.13)

The Poisson bracket of two effective constraints C'(f) and C(§) is given by

(C(71.€@) = 5 (CU7-410) + CFIC.a0) + CGIF.C)
(6.14)

-4mﬁwc—am@mﬁ—awﬁmm)

This shows that the effective constraints are all first class constraints, i.e., the Poisson
brackets amongst the effective constraints all vanish on the constraint-hypersurface. Note
however, that the Poisson structure is in general degenerate and that the flows generated

by the effective constraints are not independent.

6.1.2. Time in the effective approach

We now turn to the question of how the effective approach can be used to introduce a

notion of time. This problem has been studied in detail in |26, 27].

We are going to work with a system with N quantum variables and we assume that
there is one variable ¢ which forms a subalgebra with another variable p; and that they
commute with the other variables. We make no restriction on the specific form of their
commutation relation. Furthermore we restrict ourselves to the case of a quantum phase
space truncated at second-order moments. That is we consider a quantum phase space

with variables
V= {(@)}aca U{A®@,0)}; e 4 - (6.15)

There are N + 1 effective constraints C' and C(a). Effective constraints arising from
considering higher order polynomials are already captured by the first order monomials in
the truncated phase space and therefore need not be considered. The effective constraints

generate a flow on phase space,

V(1) = {v,c}(1), (6.16)
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6.1. Effective methods for quantum systems

where v denotes any phase space variable and c is any of the effective constraints. We
assume that N of the flows are independent. This is the case for the models studied in
[26, 27, 28, 29]. The strategy is then to implement N — 1 gauge fixing conditions and

view the residual gauge flow as time evolution.

As we have stated above, we assume that there are two variables ¢ and p; that form
a subalgebra that commutes with its complement. We furthermore assume that it is
possible to eliminate (p;) and A(py,a) for all @ in A from the relations imposed by the

effective constraints. The gauge fixing conditions are then defined as
G(a)=A(t,a) =0, aec A\ {p}. (6.17)

This can be understood by noting that if one were to deparametrise the system before
quantisation, then the parameter serving as a clock would necessarily be a real parameter
and could not have fluctuations. One might also interpret this as the requirement that the
clock should be as classical as possible. In this formalism neither the expectation values
nor the moments need to be real in general. Indeed, it is quite generic that the moment
A(t,py) is purely imaginary. This is of course an artefact from the fact that we defined

the effective constraints in such a way that they are complex relations in general.

After eliminating N + 1 variables using the effective constraint and N — 1 variables using
the gauge fixing conditions, we are left with an N (N —1)/2-dimensional reduced quantum
phase space which we denote V. Since we imposed N — 1 gauge fixing conditions, there
could in principle be two remaining gauge flows. If the variable ¢ is a suitable choice
of clock, then only one of the remaining gauge flows will be non-trivial on the gauge-
fixed constraint hypersurface. We assume that this is the case and refer to this residual
constraint as the Hamiltonian constraint Cyy. The Hamiltonian constraint generates a

flow on the reduced phase space,
U/(T) = {U7 CH}(T) , vVE f} . (618)

In the flow equation the parameter 7 is unphysical. We wish to express the phase space
flow in a deparametrised manner. This is achieved by inverting the relation (f)(7) to

arrive at a fully relational description,

vrat(t) = (o (YY), veV\{{}. (6.19)

Note that it is of course possible that such a choice of clock can not be carried out globally.

This is the case when the function (£)(7) is not a monotonic function. In [88] a method
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Chapter 6. One-body effective approach

of dealing with such systems was put forward which involves switching from one choice of

clock to another.

6.1.3. Example: Non-relativistic free particle

As a simple example illustrating the above formalism we consider the non-relativistic free

particle. The algebra we consider has variables,

A={t,pt,d4,Dq} (6.20)
with non-vanishing commutation relations
.o =ik, [4,Dg] = ih. (6.21)

We consider here also only the quantum phase space truncated at second order in moments

which is spanned by the 14 variables,

V= {{D), (o), (@), (Bq), AL, 1), AE, 1), A(E, §), A(E, o), (6.22)
Ape; 1), Ae, §), Ape, Dg), A(G, G) AG, Pg), APgs Pg) }

The quantum constraint for the non-relativistic free particle is given by

C =pi+ %pQ . (6.23)
The effective constraints defined in (6.11) and (6.12) are given by

C = (i) + 5 Ay, Bg) + 5 (00’ (6.24a)
O(F) = A5 + (A o) + 2 (6.24D)
C(pr) = A(pr, pr) + (Pg) A(Pr, Pg) » (6.24c)
O(@) = M) + {Ba) Ad,py) + 2 54) (6.240)
C(pq) = APr, Pg) + (Pg)A(Pg; Py) - (6.24e)

Setting these constraints to zero gives five equations which can be solved for the expectation
value (p;) and the four moments A(%, p;), A(pr, pr), A(Pr, §) and A(py, py). Since we wish

to interpret ¢ as the time variable, we choose the gauge fixing conditions (cf. (6.17))

G(a) = A(f,a) =0, ae A\ {p}. (6.25)

110



6.1. Effective methods for quantum systems

Imposing both the effective constraints and the gauge fixing condition eliminates all the
phase space variables involving the variables ¢ and p; except for the expectation value .
The explicit form of the Poisson brackets of the effective constraints with the gauge fixing

conditions is given for any a € A\ {p:} by

{C.G(a)} =0, (6.26a)
{01, @) ~0, (6.260)
{C(r),G(t)} = 2ih, (6.26¢)
{C.C@Y ~ 2 thy) + (50) A0 ) (6.260)
{CN, G} ~ () D, y) (6.260)
{C(@),G(@H)} =0, (6.26f)
{C@). C@) ~ ~Ad.4). (6.262)
(C(@), G} ~ 2 ~ M@ py). (6.260)
{C(py),G()} =0, (6.261)
{Clh). Cli)} ~ & — Alay). (6.26)
(o). Glo,)} = Aoy, o) (6.26K)

4

where ‘~‘ denotes restriction to the gauge-fixed constraint hypersurface. From these
relations we see that both C and C(f) remain unfixed by the choice of gauge. However,
one can check that the resulting gauge flow of C/(#) is trivial on the subspace of remaining
variables, V = {(£), (@), (Bq), A4, 4), A4, Pg), APy, Dg)}- Therefore the Hamiltonian

constraints of this system is given by
Cg=0C. (6.27)

The flow generated by the Hamiltonian constraint is defined by the set of differential
equations (cf. (6.18))

&Y (r)=1, (6.28a)
(@) (1) = (g) (1), (6.28D)
(Bg)' (1) =0, (6.28¢)
A(G,9)' () = 2A(q, D) (7) 4 (6.28d)
A(G,Dq)' (1) = Albgs Do) (7) , (6.28¢)
A(pgs bg)' (1) =0 (6.28f)
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Chapter 6. One-body effective approach

This system of differential equations is solved by

) (1) = (£)(0) + 7, (6.29a)
(@)(1) = (@)(0) + (pg) ()T, (6.29b)
(Dg)(T) = (Dg)(0), (6.29¢)
A(G,§)(1) = A4, 9)(0) + 2A(4, ) (0)T + A(Bg, ) (0)72 (6.29d)
A(q,Dq)(T) = A4, Pq)(0) + A(pg, Pg) (0)7 , (6.29¢)
A(Pq, Pg)(T) = AlPg, Pg)(0) - (6.291)

It is easy to see that the relation (6.28a) can be inverted and one can arrive at a relational
system where the other variables can be interpreted as function given in terms of the

expectation value (f).

It is interesting to compare the above expressions after deparametrisation with the
analogue expressions obtained from solving the Schrédinger equation of the free non-
relativistic free particle. Consider, for instance, the wave packet solution in the standard

position basis

_ L ¢’
w(ta(I) - W1/4\/Emexp<_2(0—_2‘i‘iht)> ) (63())

where o is a real parameter. The wave function 1 is a solution of the Schrédinger
equation,
o h®o?
—ih= - —= t,q) =0. 6.31
(ingy 5 ez ) v (6:31)
In this context (6.29b) and (6.29¢) above follow from Ehrenfest’s theorem. The moments

at a fixed moment of time are given by

1 h2o?

A(G,4) = = 2 32
(4,9) 552 Tt (6.32a)
L h2o2

A(G.Bg) = ——t, (6.32D)
o h2o2

Albg:Dg) = — - (6.32¢)

It is remarkable that these expressions are compatible with (6.29d)—(6.29f) without making

any semi-classical approrimation.
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6.2. Finite algebra in GFT

The goal of this chapter is to apply the method of effective constraints described in
Section 6.1 to the GFT formalism. As a starting point for this endeavour we consider a
GFT action®

n
S(p, ) = /dMg dx (g1, x) <m2 T Y Dyt Ah2Ax> @(91,X) - (6.33)
a=1

The equations of motion can be obtained by varying the action with respect to the group
field and its complex conjugate. We perform quantisation by promoting the group field
 to an operator ¢ and its complex conjugate ¢ to an operator g?)T with commutation
relations (cf. (3.8))

(891, %), 8" (97 X)] = Lgr. g1 (x — X'), (6.34)
where I(gz, g7) is the identity kernel on the group manifold GM (see also (2.25)). In the
quantum theory the equations of motion are implemented by requiring that states |¢)

solve the equation

2 M
<m2 P A Ah%) Plg1, )y = 0. (6.35)

a=1
We will however adopt a weaker version of equation of motion obtained by multiplying

with ¢ and integrating over the domain of the group field

. 2 & .
/dMg dx ¢'(g1,x) <m2 + 37 > Ag,+ )J‘LQAX> @(9r, X)) =0. (6.36)
a=1

The operator acting on the state is of the class of one-body operators. We interpret (6.36)

as an equation

Cly) =0, (6.37)

where we define the constraint C' as

. ) M )
C= /dMg dx @' (g1, %) <m2 + i Z Ny, + AHZAX> &(g1,X) - (6.38)
a=1

The simplification of considering only the one-body version of the quantum equation of

motion can be understood as follows. The goal of this chapter is to understand how the

3This is the same as (3.25) with D = 1, explicit forms of K© and £® and written in the group

representation.
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effective approach of quantum mechanics can be used to study the cosmological sector
of GFT. In cosmology we only consider a small number of degrees of freedom such as
the scale factor of the FLRW universe. We argue that integrating over the microscopic
degrees of freedom of the GF'T corresponds to only considering the macroscopic behaviour
resulting from the GFT. This is similar to a hydrodynamical approximation where one
averages over the microscopic degrees of freedom to obtain a macroscopic description of
a system. Whether or not this procedure imposes any restrictions on the cosmological

models one can study in this framework is an issue left for future research.

Following the above discussion we consider as our quantum algebra the one-body operators
of the GF'T. However, a priori there is an infinite number of one-body operators and we
need to restrict ourselves to a finite subset of those. From the one-body constraint (6.38)

we are lead to the definitions

1L, = (ih)" / dMgdx ' (g1, )0 (91, X) (6.39a)

R M

A=y [ Mg dx o080 0l0r 0. (6.39D)
a=1

With these definitions the constraint (6.38) reads
é = ’I?’L2f[0 - ]\ - )\ﬂQ . (640)

Note that our definition of IIy corresponds to the usual definition of the number operator

N for many-body systems.

The one-body operators defined so far commute with each other and therefore we need
to consider further operators to obtain non-trivial dynamics. For the matter sector we

adopt the proposal of [99, 100] and define the scalar field operator as

X = /dMgdxﬁ(gz,x)x@(gz,x)- (6.41)

This scalar field operator has non-trivial commutation relations with the operators I,
[X,10,] = ihndl, ;. (6.42)

Although this relation is only well-defined for n > 0 we often will write it in this form
also for the case n = 0. This is justified because in that case the non-existent operator

I is multiplied by zero.
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We also wish to introduce an operator which has a non-trivial commutation relation with
the operator A. To achieve this we define an operator K which satisfies the commutation
relation

A, K] = ihaK . (6.43)

Note that such an operator cannot be represented on a compact group manifold. To see
this note that on a compact group manifold the operator A is diagonal and has matrix

elements A;; = A;0;;, the matrix elements of K would then have to satisfy

which implies that K;; = 0. Since we wish to consider the commutation relation (6.43)

we should think of the group manifold as being non-compact.

Furthermore it would be desirable to define the operator K in the same way as we defined
the other one-body operators, i.e., by explicitly stating the integral kernel in the definition
of the one-body operator,

K= /dMgddeg’dx’ &' (a1, X)K (g1, 97 x: X )91, X) - (6.45)

Even more desirable would be to have a geometric interpretation of such an operator
provided by comparing it to an analogue operator acting on spin network states in LQG.
Although it would be good to further investigate these questions, we will content ourselves
with the ad hoc definition of (6.43).

The choice of (6.43) is not entirely arbitrary, however. Indeed with this choice of operator
we are able to obtain a correspondence with a classical FLRW universe. To see this
we employ the effective approach at the most semi-classical level, i.e., we consider the
quantum phase space being spanned only by the expectation values of the operators. The

effective constraint at this level is given by
C = (C) =m*(y) — (A) — ML) (6.46)
The only non-trivial flows generated by this constraint are given by (cf. (6.16))

(X)'(t) = —2\(TT) (6.47a)
(KY(t) = alK). (6.47b)
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The other equations are all trivial,
(IL,)'(t) = (A)(1) = 0. (6.48)
The non-constant solutions to the flow equations are then given by

(X)(t) = (X)(0) — 2\({I1,)(0)¢, (6.49a)
(K)(t) = (K)(0)e™ . (6.49b)

Note that both flows are invertible for all values of the flow parameter and could therefore
be employed as a relational clock. For definiteness, we choose (X ) as the clock variable.

The relational evolution of (K) is then given by

~ o

((K) o (X)) ({X)) = (K)(0)exp | ——=——((X) = (X)(0)) |- (6.50)
2\(I11)(0)

We wish to give a physical interpretation of the operator K. To compare this to the

classical FLRW universe with a massless scalar field, we state the relational dynamics

obtained in Appendix A where we expressed the volume and its conjugate momentum as

a function of the value of the massless scalar field (cf. (A.43)),

(Vox H(x) = V(0)exp <¢\/§(x - X(O))> ; (6.51a)
(pv o X1 (x) = pv(0)exp (i\/?(x - X(O))> : (6.51b)

From this we see that depending on the initial conditions an interpretation of (K) as either
the volume or the conjugate momentum would be possible since the exponents in (6.51)
can have either sign and therefore both have the same functional form as (6.50). Since
we have a notion of volume operator in GFT and its explicit form is known (cf. (3.48)),
we conclude that the operator K should be interpreted as the conjugate momentum of

the volume which itself is related to the extrinsic curvature.

The above discussion shows that we can expect the operator K to be useful for studying
the cosmological sector of GFT. For completeness we consider the dynamics of the more
general commutation relation

A K] =ih) " asé, (6.52)

acV
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6.2. Finite algebra in GFT
where we introduced the set of labels
V = {Ip, Iy, Iy, X, K, A}. (6.53)
The differential equation specifying the flow of <K> is then given by
(K) (1) = aal@)(t). (6.54)
acy

For ax # 0 the solution is given by

®)(1) = (aK - Z§;2A<fh><o>) (€ = 1) + RO + o0 (6.5

and in the case ag = 0 by the expression
(K)(t) = (K)(0) + 2t — ax A\(IL;)(0)¢, (6.56)

where in both cases we defined

A~ A~ ~

@ = am, (o) (0) + o, (111)(0) + o, (T2) (0) + ax (X)(0) + aa (A)(0) . (6.57)

In an FLRW universe with a massless scalar field all the relational variables are either of
an exponential form or constant (cf. (A.43)). We wish to give an interpretation of K in
terms of those variables. The constant case could only be achieved for x = ax = 0 which
would require fine-tuning. The exponential form requires that ax # 0. The general case
for ax # 0 can be seen as a modification to the classical equations?. However, we require
that the equation (6.55) agrees with the classical expression at low curvature (<! < 1)

which implies that
r=ax =0. (6.58)

The vanishing of z can be achieved by fine-tuning the initial conditions or simply requiring
that
ar, = o, = o, = ap =0. (6.59)

In the following we assume that this is the case and that the commutator is given by
(6.43).

4In LQC one also finds a modification to the classical expression. The extrinsic curvature in LQC is

proportional to arctan(exp(£4/3k/2x)) [12, 34]
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6.3. Effective one-body relational cosmology

This section applies the effective formalism introduced in Section 6.1 to the algebra of

one-body operators defined in Section 6.2.

Recall that the quantum algebra we are considering is given by
A= {X7ﬂ07ﬂ17ﬂ27[\7f<} (660)
and that the non-trivial commutation relations are given by (cf. (6.42) and (6.43))

[X,10,] = ihndl, 1, (6.61a)
[A,K] = ihoK . (6.61b)

The quantum constraint is defined as (cf. (6.40))

C =m?y — A — NI, (6.62)

As in Section 6.1 we are interested in the lowest semi-classical order of the quantum phase
space which we assume to correspond to a truncation at second order moments. Concretely,
in our case this means that the effective quantum phase space we consider is spanned by 6
expectation values and 21 second order moments and therefore 27-dimensional. Explicitly,

the variables of the phase space are given by

The Poisson structure of the effective phase space follows from the definition (6.5). For
a € V, with V being the set of labels defined in (6.53), the explicit expressions for the

non-trivial Poisson brackets are given by®

{(A), A(K, @)} = (1 + dux)aA (K, @), (6.64a)
{(K),A(A,a)} = —(1 + ban) A (K, @), (6.64b)

5In Appendix C.2 we show the Mathematica program used to perform the computations of this section.
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{(X), A(ITp, @)} = (14 darr, )AL, 1,0) ;@ # T (6.64c)
{(X), A(IL,,, IL,,)} = nA(IL,_1, IL,,,) + mA (ML, 11, _1) (6.64d)
{{11,), A(X,a)} = —(1+ dax )nA(Il,1,0) , (6.64¢)
(AN X),A(K, @)} = (1 + dux)a(K)A(X,0), a#Tl,, (6.64f)
{AA, X), ATy, a)} = (14 6am, )n{T-1)A(A, &), a # K, Tz, (6.64g)
{AA, X),A(K,T1,)} = n(IL,_1)AA K) + a(K)A(X,T1,,) (6.64h)
{A(A, X), A(IL,,, 11,,)} = n(IL,_1)A(A, TI,,,) + m(I,_1)A(A, I, (6.64i)
{AK, X),A(A,0)} = —(1+ dan)a(K)A(X,a), a#T,, (6.64j)
{A(K, X),A(IT,,d)} = (14 am, )n(IL,—1)AK, @), a# Ay, (6.64k)
{AK, X),A(A,T1,)} = n(lT,_1)A(K, A) — a(K)A(X,11,,), (6.641)
{AK, X), A(TL,, I1,,)} = n(T,_1)A(K, ) + m (L, _1)A(K,I1,,), (6.64m)
{AA L), AR, @)} = (14 0x)a(K)A(,,0), a# X, (6.64n)
{AA,TI,), A(X,8)} = —(1 4 dux)n(Il,_1)A(A, &), a#K, (6.640)
{AAIL), A(K, X)} = —n(IL,_1)A(A, &) + ao(K)A(IL,, a) (6.64p)
{AK, L), AN, @)} = —(1 4 60)a(K)A(IL,,4), a# X, (6.64q)
{AK,IL,), A(X,a)} = —(1 4 dox)n (I, 1)A(K,d), a#A, (6.64r)
{AK,IL,,), A(A, X)} = —n(IT,_1)A(K, &) — a(K)A(TI,, &) , (6.64s)
{A(K,K),A(Aa)} = —(1 + 6ap)20(K)A(K, @), (6.64t)
{AAA), A(K,a)} = (14 0ax)2a(K)A(A, ), (6.64u)
{AAK),AK,a)} = a(K)AK,a), a#A, (6.64v)
{AAK), AN a)} = —a(K)AA,6), a#K, (6.64w)
{AX, X), AT, a)} = (14 Gam, )20 (T, 1)A(X,4), @ # s, (6.64x)
{AX, X), ALy, 1)} = 2(n (M) AT, X) + m{lln-) AT, X)), (6.64y)
{AX,T0,), A(T, @)} = (14 Sam,, )m (M 1) A(T, @), a# X, i,  (6.642)
{A(X,11,,), A(IL,, 11)} = m (L, 1) A (I, IL) + LI ) A(TT,, TT,,) (6.64aa)
{A(X,I1,), A(X,a)} = —(1 4 dox ([, 1 )AL, IL),  a #11,,, (6.64ab)
{A(IL,, T,,), A(X,a)} = —(1 4 dux ) (n{IL,_1)A(I, @) + m(Ip, 1) A(IL,, @) .
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From (6.11) and (6.12) we have the following set of effective constraints,

C = m?*(Tly) — (A) — \(IIy) (6.652)
O(X) = m2A(X,Tly) — AR, A) — MA(X, TL) — A (L), (6.65b)
C(Tly) = m>A(Tly, ITy) — A(Tlo, A) — AA(TIp, TI) (6.65¢)
C (1) = m*A(Tlo, ITy) — A(II, A) — AA(ITy, TT) (6.65d)
O(Ily) = m2A(Tl, M) — A(Ilz, A) — AA(Tp, 1) , (6.65¢)
C(A) = m?A(Ily, A) — A(A,A) — AA(ITy, A) | (6.65¢)
O(K) = m?A(Tlg, K) ~ AGLK) + 2 a{k) ~ AA(TL, K) (6.65)

Next we have to choose a gauge. Since we wish to employ the method of Section 6.1.2 we
need a subalgebra which commutes with the rest of the algebra. In our case this means
that we can not choose X as a clock and we therefore choose the operator K to act as
a clock and eliminate its “conjugate” A via the effective constraints (6.65). The gauge

fixing conditions therefore are given by
G(a) = A(K,a),a € A\ {A}. (6.66)

As expected two of the constraints have a Poisson bracket which vanishes weakly, i.e., on
the gauge-fixed constraint hypersurface. For any a € V the explicit expressions of the

Poisson bracket of the gauge fixing condition and the effective constraints are given by

{G(a),C} =~ 0, (6.67a)
(Gl@), C(11,)) = (1~ bu)alR) (A(TL,,0) - g (i) (6.67b)
(G(a), C(X)} ~ (1 — 6,)a(R) <A(X, &) + 5anni§n<ﬁn1>> , (6.67¢)
(G(1,), C(A)} ~ a(K) (mQA(f[o, 1,) — AA(T, ﬁn)) : (6.67d)
(G(X), C(A)} ~ a(K) <m2A(ﬂ0, X) = AA(Il, X) — 3m<ﬂ1>) , (6.67¢)
{G(K),C(A)} ~ 2iha(K)?, (6.67f)
{G(a),C(K)} = 0. (6.67g)

In summary, the effective constraints (6.65) eliminate the expectation value (A) and the

moments A(A, a) (for any a € A) and the gauge fixing conditions eliminate the moments
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6.3. Effective one-body relational cosmology

A(K,a) (for a € A\ {A}). Therefore, by imposing both the effective constraints (6.65)
and the gauge fixing conditions (6.66) we arrive at the 15-dimensional reduced phase

space spanned by the variables,

75 = {<X>7 <K>7 <HO>7 <ﬂ1>7 <H2>7A<X7X)7A(Xaﬂ0)aA(X7ﬂ1)7A(X7fI2)7

o o o R N (6.68)
0), A(Ily, 1Ty ), A(T1, Ip), A(I1y, 1y ), A(II, ITp), A(To, I12) } .

B
jam
e

=

On this reduced phase space the flow of C' (K) is trivial and therefore the Hamiltonian
constraint is given by
Cu=0C. (6.69)

The non-trivial equations of motion generated by the Hamiltonian constraint are

(X)(t) = =2X\(IL) (1), (6.70a)
(K)'(t) = a(K)(t), (6.70b)
A(X, X) (t) = 4 A(X,TT)(¢), (6.70c)
A(X,Thp) (t) = —20A(TTo, T ) (1) , (6.70d)
A(X,TL) () = —2AA(IT,, ) (), (6.70e)
A(X, L) (t) = —2AA(IT;, TTo)(t) . (6.70f)

From the equations of motion one can already see that the classical part corresponding
to the expectation values decouples from the quantum corrections given by the moments.
Perhaps this should not be that surprising as the same behaviour can be seen in the
example studied in Section 6.1.3 for which we showed that the effective treatment captures
the true quantum dynamics well. The non-constant solutions to the equations of motion

are given by

(X)(t) = (X)(0) — 2A(T11) (0)¢, (6.71a)
(K)(t) = (K)(0)e™ (6.71b)
A(X, X)(t) = A(X, X)(0) — ANA(X, 1) (0)¢ + 4AN2A(TI, 1T1,) (0)£2 (6.71c)
A(X,TIp)(t) = A(X, TIp)(0) — 2AA(TIo, I11) (0)¢ (6.71d)
A(X,TI)(t) = A(X, T1;)(0) — 2AA (M1, T1) (0)t (6.71¢)
A(X,TI)(t) = A(X, T12)(0) — 2AA(TTy, TI,) (0)t . (6.71f)

Note that although both (X) and (K) can be inverted and could be used as a clock, our

choice of gauge suggests that we should deparametrise the system by interpreting the
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variable <K> as the clock. Most importantly, the expectation value of the scalar field

operator is then given by the relational expression

o Ty gy MO ()
() 0 ()™ (K)) = (%) (0) - =+ 1g<<f{>(o)>' (6.72)

This has the same functional form as in the classical FLRW universe with a massless
scalar field where the value of the scalar field can be written as a function of the extrinsic
curvature (cf. (6.51b))

(x o Py )(pv) = x(0) £ \/?Zlog <p5‘(/0)> : (6.73)

This shows that we recover the classical expression if we identify (X) times a constant

with the scalar field x and (K) times a constant with the extrinsic curvature py. Note
furthermore that the ratio of the coupling constants A/« is related to Newton’s constant.
We can eliminate the dependence on the initial condition (II;)(0) by interpreting the
scalar field x to be identified with the quotient (X)/(II;). This correspondence of GFT
dynamics with the classical equations needs to be contrasted with other works in GFT
cosmology such as [76, 111, 112] where the emergence of the classical theory was shown
by studying the expectation value of the volume operator. In our setting the volume
operator as defined in previous work would actually remain a constant since it commutes
with all of the operators in the constraint (6.40). Note that the constancy of the volume
operator can be traced back to the truncation of the action and algebra of observables.
We would expect that less restrictive truncations would result in a non-trivial flow of the

expectation value of the volume operator.

One notion of semi-classicality for states is that the relative uncertainty should be small.
This is discussed, e.g., in Section 5.3 and [100]|. In the model discussed here it would be
the case that if we require that the relative uncertainties are small at small curvature
then they also need to be small at large curvature. This can be seen by noting that in
the limits |¢| — oo the expectation value |(K)(t)| becomes either large or small depending
on the signs of the coupling constants. In the limit of |¢| — oo the relative uncertainty
A(a,a’)(t)
(@)(t)(a")(t)

does however agree for both limits as can be seen by the explicit expressions (6.49). A

(6.74)

related discussion on the smallness of fluctuation in the quantum regime in the context of
LQC is given in [131].
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Conclusions

In Chapter 1 we discussed the problem of quantum gravity and provided an overview of
the early history. Since their inception in the beginning of the twentieth century both
quantum theory and general relativity have been confirmed experimentally with ever
increasing accuracy. Nevertheless it remains highly desirable to attain a quantum theory
of gravity and even more so a theory which encompasses a description of both gravity and
matter ultimately culminating in a theory which provides an explanation of all phenomena
we observe in nature (i.e., a “theory of everything”). Quantum gravity effects are expected
to become relevant at very high energy scales. Our current understanding of the universe
as a whole suggests that the universe was once in a very hot and dense state and it seems
natural that quantum gravity effects should become important in that regime. There exists
a rather simple cosmological model which explains the current observations reasonably
well. However, one needs to supply the model with initial conditions. Ideally, the full
theory of quantum gravity would provide a process with which the initial conditions can
be explained (or at least reduced to a smaller number of parameters). However one needs
to be careful not to take such arguments too seriously. Statistical reasoning in a sample
size of one can ultimately be completely misguided—it might just be that the universe

we live in is the way it is for no underlying reason.

In Chapter 2 we introduced GF'T which is a proposal for a theory of quantum gravity.
GFT is a quantum field theory where the field is defined on a group manifold which is
related to the gauge group of gravity. In certain interacting GFTs the Feynman graphs

arising in a perturbative expansion can be seen as simplicial complexes that are dual to

123



Chapter 7. Conclusions

a discretisation of spacetime where the boundary is given by a discretisation of space.
This fact provides a connection to other approaches to quantum gravity and random
geometry such as spin foams and tensor models that offer a similar view on the structure
of spacetime. One big improvement relative to the theory of spin foams is that GFT gives
a prescription as to how different discrete structures should summed over. In particular,

the sum over discretisations also includes a sum over all topologies.

Chapter 3 explained the assumptions that provide the basis for studying the cosmological
implications of GFT. The main idea is that just as classical cosmology is described
by a small number of degrees of freedom, GFT cosmology should only require a small
number of degrees of freedom to capture the cosmological dynamics. The main idea
is that one can focus on special classes of condensate states which are characterised
by a non-vanishing expectation value of the group field operator. This is similar to
Bose—Einstein condensation in the theory of many-body systems. A further assumption
which is made is that the domain of the group field is extended to also include additional
arguments which are interpreted to be massless scalar fields. Finally one is interested in
states which capture the notions of homogeneity and isotropy that are expected to hold
at least in the classical limit. As discussed in the main text there are several different

perspectives on how one should deal with such a system.

Chapters 4 and 5 discussed the canonical formalism of GFT cosmology. By choosing one
of the scalar fields coupled to the GFT as a clock variable, one can perform the Legendre
transformation from the Lagrangian theory to a Hamiltonian theory. The Hamiltonian
theory can then be quantised by the standard method of canonical quantisation. In the
case of multiple scalar fields, the assumption that the group field is square integrable for
constant value of the clock scalar field breaks the covariance of the Lagrangian theory. In
both cases we were able to arrive at equations which resemble the Friedmann equations
of a classical FLRW universe in the presence of a massless scalar field. The agreement
for the case of multiple scalar fields was however not generic and required a very special
choice of initial conditions. In the case of a single massless scalar field we showed how
one can arrive at the Friedmann-like equations without having to solve the equations of
motion by using the underlying algebraic structure of the system. The majority of work
on GFT cosmology neglects any type of GFT interactions. As a step to ameliorate the
situation we studied a toy model in the case of a coupling a single scalar field with a simple

interaction term. We studied the interacting system both as a classical and quantum
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system. We showed that generically the assumption of negligible interactions breaks down
at some point and that the dynamics can be dramatically changed by adding interactions.
One particularly interesting possibility is that interactions lead to a cyclic cosmology
where the universe is periodically expanding and contracting. The cosmologies studied in
the canonical approach were the homogeneous and isotropic case. Accommodating more
general geometries in the canonical framework is an interesting idea for further research.
Another open problem is studying the effects of GFT interactions provided by a more

realistic model than the toy model we studied.

In Chapter 6 we employed an effective approach to quantum theory to study GFT
cosmology. In the effective approach one considers the so-called quantum phase space
which is spanned by the expectation values and moments of some algebra of quantum
variables. In general this point of view is equivalent to other quantum theories such as the
Hilbert space formalism as the states in a Hilbert space can be specified entirely by its
moments. The idea to arrive at a tractable system is to consider a certain semi-classical
approximation. The assumption for the semi-classical approximation is that higher order in
moments correspond to higher orders in & which is taken to be a measure of “quantumness”.
By truncating the phase space at a certain order in moments, one is able to study a
semi-classical theory up to a certain order in i. Note that such a truncation limits the
states which are described accurately by the theory. This truncated quantum phase space
allows one to implement a quantum constraint in an effective manner by requiring that
certain expectation values vanish. In order to apply this method to study GFT cosmology
we identified a class of observables that we expect to capture the cosmological dynamics
of the theory. This is similar to a hydrodynamical description where one averages over
the microscopic degrees of freedom to arrive at a macroscopic description of a system. In
contrast to other work on GFT cosmology the geometric operator we studied corresponds
to the extrinsic curvature of an FLRW universe. An interesting property of dynamics we
found is that the expectation values (corresponding to the classical sector) decouple from
the moments (corresponding to the quantum corrections). However, since this behaviour
also occurs in simple models such as the free non-relativistic particle this feature should
not be interpreted as a shortcoming of the method. One of the most puzzling results is
the time-independence of the expectation value of the volume operator. Further research
is needed to better understand the relation of the effective one-body approach to the
other approaches which find a non-constant expectation value of the volume operator.

Another possible generalisation of the simple model we considered is to add an interaction
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term to the GFT model used as the starting point.

One desideratum of a theory of quantum theory is to provide an explanation for the initial
conditions needed for the standard cosmological model. In cosmological perturbation
theory the deviations from perfect homogeneity and isotropy in the initial conditions
are used to describe the formation of the currently observed large scale structures. In
[70, 73] the feasibility of studying cosmological perturbations within a GFT setting was
demonstrated in a mean-field setting. However, it would be good to extend the results to
the other approaches of GFT cosmology. One particularly interesting idea is to identify
operators which capture the relevant degrees of freedom within the full theory and study
the system with the one-body effective approach. Another perhaps simpler step in this
direction was to consider more general states which allow for some notion of anisotropy.
Clearly the challenge also here lies in identifying the necessary degrees of freedom within
the full theory.

The main result of GFT cosmology is the resolution of the big bang singularity. The big
bang singularity is replaced by a bounce, i.e., one obtains as a result that the universe
was in a contracting phase before it entered the currently observed expanding phase. In
most approaches this is a result which is generic and does not require any fine-tuning of
the initial conditions. Furthermore, agreement with the classical theory was also shown
across approaches, albeit with the need to specify to specific initial states. These facts
and the intersection of GFT with other approaches to quantum gravity and random
geometry make a compelling case for further study of GFT in general and GFT cosmology

in particular.
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Appendix A.

Flat, homogeneous and isotropic

universe with a massless scalar field

In this appendix we present the theory of a flat, homogeneous and isotropic universe with
the matter content given by a massless scalar field, minimally coupled to the metric. Note
that the scalar field y necessarily has the same symmetries as the metric tensor, i.e., it is

only a function of coordinate time. More precisely, we consider a metric of the form

ds® = —N(t)%dt% + a(t)?

(2

(dz®)?, (A1)

d
=1

where N is the lapse function and a is the scale factor.

A.1. Lagrangian formulation

In this section we state the action of this symmetry-reduced setting and derive the

equations of motion.

The Ricci curvature scalar of this metric is given by

2 (d(t) d-1d(1)®  d(t) N'(t)
R‘N(t)?(a(t) T Wt at) N(t))' (4.2)
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Appendix A. Flat, homogeneous and isotropic universe with a massless scalar field

In the Einstein—Hilbert action, the curvature scalar is multiplied by the volume form,

a da/ 2 a(Ha d—1
J/=det(g)R = —d(d —1) 2) a(f)) +2d% <%> (A.3)

Since the last term is a total derivative!, the symmetry-reduced Einstein-Hilbert action

is given by

_d-11 V() V'(t)?
S VN = =50 | YN Vi

where k is the gravitational coupling constant and we have written the action as a function

(A.4)

of the volume,

V(t) = /ddaza(t)d. (A.5)

As stated above, the massless scalar field x has to have the same symmetries as the metric.

Therefore the Lagrangian density of the massless scalar field is given by

1 1
/ N - - - / 2 A
L0 (0. N(1) = 537X ) (A.6)
and the action is given by
(t)
sz X, V, N /dt 7 . (A?)

Combining the gravitational and matter actions we arrive at the total action, S =

Sgrav + sz7

/ 2
S(x,V,N)= [ dt ]‘\/[((?) (—dgl;ﬁ <“//((tt)>) —i—;x’(t)2> . (A.8)

By varying the action by x, V and N respectively, one arrives at the following equations

of motion,

4 (VENQ)Y _
i () =0 (A0

Vi) V(¢ N'(
V() V() N(t

(“///((:)) ) PP N O (A.9¢)

)) ~0, (A.9D)

'More precisely, one should add the Gibbons-Hawking-York boundary term to the action to cancel the

boundary term arising from the total derivative [64, 146].
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A.2. Hamiltonian formulation

Note that the equations are not independent, for instance (A.9¢) and (A.9a) together
imply (A.9b). Equation (A.9a) is the Klein-Gordon equation, (A.9b) is the Raychaudhuri
equation and (A.9c¢) is the Friedmann equation. By noting that the energy density of the
massless scalar field is given by
1
t) = =5 x(t)? A10
1) = Y (A10)

one can bring the Friedmann equation (A.9¢) into the more familiar form

V/(t) \? d
(N(t)V(t)) = 2/@d — p(t). (A.11)

The action (A.8) has the following reparametrisation invariance,
S(X7V7N):S(Xofavofvf/'(Nof))v (A12)

where f : R — R is an arbitrary function? and ¢’ denotes pointwise multiplication,
(f-g9)(t) = f(t)g(t). This reparametrisation invariance corresponds to the diffeomorphism

invariance of general relativity.

A.2. Hamiltonian formulation

In this section we review the Hamiltonian formulation of a flat FLRW universe with a

massless scalar field.

The Hamiltonian formulation of this system is of particular interest since the Hamiltonian
is given by a constraint as we will see momentarily. The conjugate momentum of the

volume is given by

5S 1d—1 V'(t)

= vV N =TT Neve .

pv(t)

The conjugate moment of the massless scalar field is given by

PO = o (6 VeN) = LX),

(A.14)

2In the case that the action functional is interpreted as a definite integral, the reparametrisation function

f must leave the boundary invariant.
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Appendix A. Flat, homogeneous and isotropic universe with a massless scalar field

Since the velocity of the lapse function doesn’t feature in the action, one arrives at the

primary constraint

(55
t V,N)=0. A.15
Carrying out the Legendre transformation, one finds that the Hamiltonian is given by
H(pwVapV,N):—§ (Hd_l‘/pv—vpx) . (A.16)

The equations of motion in the Hamiltonian system are (with all arguments omitted)

N
X' = {0 H} = 3y (A.17a)
Py ={p.H} =0, (A.17b)
V' ={V,H} = (A.17c)
N d 1
, P —_— —
pv ={pv, H} =5 ( = V2px> : (A.174d)
N ={N,H}=0, (A.17e)
1 d 1
ro_ _ 1 2 1 9
Note that from the primary constraint (A.15), py(t) = 0, (A.17f) gives the secondary
constraint p .
_ T =
Mi1 7P =0 (A.18)

This then can be used to simplify the equation of motion (A.17d), e.g.,

d
/ 2
pV—de_lpV (A.19)

There are two things to note here. Firstly, (A.18) is the Friedmann equation (A.9c).
Secondly, the Hamiltonian (A.16) is proportional to the constraint and therefore vanishes

when the constraint is satisfied.

A.2.1. Specific gauges

The Hamiltonian given in (A.16) can be seen as a constraint being multiplied by a

Lagrange multiplier N. We have seen that different choices of IV correspond to different
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A.2. Hamiltonian formulation

parametrisations of the system. We now solve the equations of motion for specific choices

of gauge.

Firstly, we consider the proper time gauge, specified by the choice N(¢) = 1. We denote
the phase space function in the proper time gauge with a tilde. The Hamiltonian in

proper time gauge is given by

H(V,pv,X:Dy) = —5 (”d — Vv - Vpx> : (A.20)

The equations of motion for this system are given by

V(1) = —mdf V(e (t), (A.21a)
(1) = 6Ty ()7, (A.21b)
o Dx(t

X' (t) = ‘;‘(t) : (A.21c)
P (t) =0, (A.21d)

V(t)=V(0) <1 - de 1I3v(0)t> : (A.22a)
_ pv(0)

pv(t) =1 nr v () (A.22D)
x(t) = x(0) — %d; 1ﬁvl()(>)<)(‘(;)(0)log<l - Iidi 1ﬁv(0)t> , (A.22c)
Px(t) = Dx(0). (A.22d)

Secondly, we consider the volume gauge, where the lapse function is equal to the volume,
N(t) = V(t). We notate the variables in the volume gauge with an overbar. The

Hamiltonian in the volume gauge is given by

e 1 d 9o
H(V,pv,X,px) = =5 </<cd 1V2p%, —pi) . (A.23)
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Appendix A. Flat, homogeneous and isotropic universe with a massless scalar field

The equations of motion in the volume gauge are given by

_ d _
VI(t) = =k V(#) By (1), (A.24a)
~ d -, . _

Py (t) = ko V(Hpv (1)*, (A.24b)
X (1) = py(t), (A.24c)
Py (t) =0. (A.24d)

This system of equations is solved by

V(t) = V(0)e "a-tPv OV O (A.25a)
By (t) = py (0)e e TPV OV O (A.25b)
X(t) = x(0) + py (0)¢, (A.25¢)
Px(t) = Dx(0). (A.25d)

Note the different qualitative behaviour of the two gauges. In the volume gauge all
the variables are well defined for all values of the parameter. In the proper time gauge,
however, for the value of the parameter at which the volume would be zero, both the
conjugate momentum of the volume, py, and the scalar field, y diverge. As has been
emphasised before, different choices of gauge correspond to different parametrisations of

the system and we now turn to the question of how one can address this ambiguity.

A.3. Deparametrisation

In this section we discuss the distinction of parametrised and deparametrised formulations,
both in general and with respect to the case of a flat FLRW metric with a massless scalar
field.

In a physical model the variables used to describe a system are often not independent of
each other. It is then possible to view this as a system with constraints. This point can
already be appreciated in a simple classical mechanical system of a point particle with an

action

S(q) = / at L(g(t), ¢ (1)) (A.26)
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A.3. Deparametrisation

We assume that the relation
pq =LV (q,q) (A.27)

can be solved for the velocity ¢’ and that therefore the Legendre transform gives the

Hamiltonian
H(q,pq) = q'pq — L(¢,q) (A.28)

where ¢’ is the solution of (A.27). The Hamiltonian equations of motion are then given

by (with omitted arguments)

¢ ={¢.H(q,pg)}, (A.29a)
Py = {pg: H(q:pg)} - (A.29b)

In the action (A.26) ¢ is the position of the point particle and ¢ is the parameter with
respect to which the trajectories are parametrised. In classical mechanics this is of course
the Newtonian time. However, from a relativistic point of view it might seem odd that if
t represents time that it should be treated differently from the variable ¢. Indeed, one

may instead consider the equivalent system
S(t,q) = /dT L(t(7),t'(7),q(7), (7)) , (A.30)

where the Lagrangian L is related to L via

q(r
(). ¢(7).a(), () = £ ()L (a1, 50 ) (A31)
and the relation between the actions is given by

S(t,q) = S(qgot™). (A.32)

The conjugate momentum of ¢ is given by

oL 7\ ¢ q
Pt = %(tvtla q7q/) =1L <q7 t/> - ?L(Dyl) q, ? (A33)

and the conjugate momentum of ¢ is given by

oL !
_ 9% _ 70 a
Pa= 5y L (q, t,) . (A.34)
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Appendix A. Flat, homogeneous and isotropic universe with a massless scalar field

The Legendre transformation reveals that the Hamiltonian is zero,
/
: = q
H(t,p,q,pq) =t'pe +4'pg — L <q, t,) =0. (A.35)
Note that in (A.35) it is implicitly assumed that one can express the velocities ¢ and ¢’

in terms of the momenta p; and p,. It turns out that in this case it is not possible to

invert the relation as can be seen by noting that

9L(g,q'/t")

where v' = (t,q). Since L is the Lagrangian of a classical system, one can invert (A.34)
to write ¢//t' as a function of p,. Therefore (A.33) does not feature ¢ and cannot be

inverted. Equation (A.33) is therefore a primary constraint.

The total Hamiltonian of the parametrised system is then given by the primary constraint,

multiplied by an arbitrary function
Hry(t(7), pe(7), 4(7), pg (7))
-

=N () + L0200 (4. 0 -1 (0. £3)) s

= N(7) (pe(1) + H(q(1),p4(7))) »

where H is the Hamiltonian of the original system.

The equations of motion of the parametrised system are given by (with arguments omitted)

t' = {t, Hr(t,p,49,p¢)} = N, (A.38a)
Py = {pe, Hr(t,prs4,p9)} = 0, (A.38b)
¢ ={q, Hr(t,pt,4,pq)} = N{a, H(q:pq)}, (A.38¢)
Py = {p, Hr(t, pr,4,09)} = N{p, H(q,p¢)} - (A.38d)

Comparing these equations of motion with those of the deparametrised system given in
(A.29) we see that for the choice N(7) = 1 the equations of motion for ¢ and p, are the
same and that the parameter is given by Newtonian time, i.e. ¢(7) = 7. Furthermore, the
case of general N can be viewed as a reparametrisation of the initial theory. This can be

seen by inserting, e.g.,
q=qGof™", pg=pgof" (A.39)
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A.3. Deparametrisation

into the Hamiltonian equations of motion (A.29) which gives the equations

¢ = f{q, H(qpq)} (A.40a)
]5; = f/{ﬁq, H((I, ﬁq)} (A~4Ob)

which for suitable choices of N and f are the same as (A.38).

We now return to the model of main concern in this appendix, namely the case of a flat
FLRW universe with a massless scalar field. We have stressed above that the time variable
is arbitrary in the sense that one may reparametrise the system at will. The conclusion of
this is that the value of t is irrelevant. Indeed, we adopt a relational perspective. What
counts is the relation of the variables V() and x(¢) at any given time. In the case that
X'(t) # 0 for all ¢, x(t) is a monotonic function and one may even go one step further and
eliminate the time parameter ¢ entirely by inverting the function to obtain a function

x~!: R — R. We then define a new function,
Vi=Vox . (A.41)

With this the Friedmann equation (A.9c¢) can be written in the compact form

Vi d
(Fig) =rasr S

In Appendix A.2.1 we solved the equations of motion in two different parametrisations.
By inverting the solutions for y, we arrive at the following relational functions which are
independent of any choice of parametrisation (and we chose the integration constants in

such a way that the initial conditions agree in both parametrisations)

(Vox h(x) = V(0)exp <3F\/ K f T(x = X(O))) , (A.43a)
(pv o x 1 (x) = pv(0)exp (i\/ K f T~ X(O))> ) (A.43b)

(px 0 X 1) (X) = py(0), (A.43c)

where we made use of the constraint

d
d—1

(0% =k V(0)?py (0)? (A.44)

and the choice of sign is determined by the initial conditions.
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Appendix A. Flat, homogeneous and isotropic universe with a massless scalar field

A.4. Multiple scalar fields

The above considerations can be readily extended to the case of multiple scalar fields. In

this section we collect the main results for that case.

The Lagrangian we are going to consider is given by

£sf(xg(t)7N(t)) = ;N(lt)2

where we assume that there are n + 1 scalar fields,

0% X (X (1), (A.45)

XOé = (XO) X17 e 7Xn) . (A46)

The corresponding action is then given by the functional

Salun Vi) = 5 [ dt 0G0, (A.47)

The conjugate momenta are given by

5SSf V(t) 6&5 /

o p—y = —_ —— t . A.4
The equation of motion of NV is the Friedmann equation
V/(£)\? d 1
= 2kh—— —0F\ ()X 5(t) . A4
(Vi) =27 300 (A9
Written in terms of the conjugate momenta of the scalar fields this reads
V') \? d 1
— ) =k 0P’ A50
<N(t)V(t) Ma— 1V (t)2 XX (A.50)

where we emphasise that the conjugate momenta are time independent.

If we want to adopt the relational point of view, we have to choose one of the scalar fields
to serve as the relational clock variable. We will chose the scalar field yg and define the
relational volume as

Vo =Vo(xo) " (A.51)

The resulting Friedmann equation is then given by

<V;O(X0)>2:Hdd <1+ (p§)2+---+(p§<)2> | (A.52)

o

Vo (X0) -1 (Py)?

136



Appendix B.

Representation theory of su(1,1)

This appendix provides an overview of the representation theory of the Lie algebra su(1, 1)

and coherent states.

The defining Lie bracket relations for su(1, 1) are given by
(Ko, K1) =iKy, [K1, Ky = —iKy, [Ka, Ko =iK]. (B.1)
As noted in [135] this can be written compactly as
(K, K] = ieijug™ Ki (B.2)

where €;j;, is the alternating tensor with eg12 = 1 and g% are the components of the metric
(¢") = diag(—1,1,1). The Casimir of su(1,1) is given by

C=-gYK,K; = K} - K} - K3, (B.3)
where the choice of sign is conventional. An explicit representation of su(1,1) can be

given in terms of Pauli matrices

L~ 1 L i oo i
Kog= =6 Ky ==6 Ky= -6 B.4
0 203 ) 1 201 ) 2 202 ’ ( )
where the binary operator ‘=" should be read as “is represented by” and the Lie bracket

is of course given by the commutator. Note that this representation is non-unitary since

the generators are not all Hermitian.

As in the case of su(2) it is possible to define raising and lowering operators

Ki =K +iK;. (B.5)
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Appendix B. Representation theory of su(1,1)

In terms of raising and lowering operator the algebra is given by the following Lie
brackets,
(Ko, K] = K4, [Ke,Ki] = +2Kp. (B.6)

The Casimir is then given by

. 1/ - .
C=Kj-3 <K+K_ + K_K+> . (B.7)

We now wish to sketch the different representations possible for su(1,1). In the following
we will view the Lie algebra as operators acting on some Hilbert space. We characterise

the representations by the eigenvalues of the operators C and Ko,

Cler, e2) = ciler, o), (B.8a)
Koler, ¢2) = ealer, ) . (B.8b)
Using the commutation relations one can verify the meaningfulness of calling K. + and

A~

K_ raising and lowering operators,
Kiler, ) = cx(er, e)ler,co £ 1) (B.9)
Using the Casimir and the fact that the adjoint of K+ is K_ we find
lex(er,e2)* = ca(ca£1) — ¢ . (B.10)

Note that when constructing states by acting with the raising and lowering operators only
the eigenvalue of K, changes. Assume that ¢ is fixed and you start at some initial cs.
Then by acting with the raising and lowering operators you can reach states |c1,co £ 1).
Generically, one can act with the raising and lowering operators an infinite number of
times. However, for special initial values it might be that the coefficient c4 vanishes after
some iterations. In the case where the action of K_ leads to such a vanishing coefficient
we speak of an ascending series, in the case where there is a state annihilated by K+ the

family of states is called the descending series.

From now on we will be only considering the discrete ascending series. We will also adopt

the standard states where the eigenvalues take a particular form

Clk,m) = k(k — 1)|k,m), (B.11a)
Kolk,m) = (k4 m)|k,m), (B.11b)
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B.1. Coherent states

where k is a positive real and m is a non-negative integer. Note that with this choice, the
state m = 0 is annihilated by K_,
K_|k,0)=0. (B.12)

The action of the raising and lowering operators has coefficients

Kilk,m) =+/(k+m)(k4+m—1) — k(k —1)|k,m). (B.13)

The states |k, m) can also be obtained by repeatedly acting with the raising operator on
the lowest state |k, 0),

T(2k)

kym) = | =2
[k, m) ['(2k + m)m!

K™k, 0). (B.14)

B.1. Coherent states

Coherent states are classes of states which have desirable properties both from a mathe-
matical and physical perspective. The most well known type of coherent states is those
which describe the most semiclassical states of the quantum harmonic oscillator. In the
case of the harmonic oscillator the coherent states are eigenstates of the annihilation
operator and can also be generated by acting with a displacement operator on the ground
state. Both these notions can be extended to su(1,1) where, as we will see, those two

notions no longer coincide.

A general discussion of coherent states can be found in the textbooks [39, 116].

B.1.1. Perelomov—Gilmore coherent states

The first class we will discuss are the so-called Perelomov-Gilmore (PG) coherent states
[80, 115, 116]. This class of coherent states can be generated by acting with an operator
on the lowest state |k, 0).

The operator which generates the PG coherent states is given by

S(&) = exp(EKy —EK_). (B.15)
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Appendix B. Representation theory of su(1,1)

This operator can be written in the “normal-ordered” form [116]

T(¢) = oK+ gnKog—CK- (B.16)

9

where ( is defined as

§
€l

Note that this relation can be verified rather straightforwardly in the representation as

¢ = =tanh(l¢)), 5 =In(l - tanh(])?) = n(1 — |¢%). (B.17)

Pauli matrices (B.4). To summarise the two operators (B.15) and (B.16) are related by

T(¢) = (é’artanhﬂﬂ)) . (B.18)
The product of two such T operators can be explicitly given as
Pt = eo(n(T22) k)0, - 2L @
or with the opposite ordering
T(C)T(C) = T(C)exp (mG 1 22 > f(o) L G frzf; . (B.20)

We define the PG coherent states by acting with T (¢) on the lowest state |k, 0),

) = T(QIR,0) = (1— [P S ”“m)cmvs . (B.21)
m=0

Expectation values of “anti-normal-ordered” operators can be given in a closed form [95]

. . . _ 2\2k
(G IR PRy (R by = U B0

B.22
Xi|C|2mF(2k+m+p)F(m+p+1)(k+m+p)q (B.22)
4= ml 'm+p—r+1) )
The PG coherent states are eigenstates of the operator v*K;, where [135]
1 _
(v0, V4, v-) = 1—7|C|2(1 +1¢1%,2¢,2¢) (B.23)
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B.1. Coherent states

with eigenvalues k, i.e.

VK| k) = g9 0iKGIC k) = k|G, k) (B.24)

As an aside let us remark that in [96] it was pointed out that the PG coherent states
saturate the usual Robertson—Schrédinger uncertainty relation. A slight generalisation of

their result is that for any generators A, B the following inequality is saturated

A(A,A)A(B,B) > A(A, B)? + A(A, B)?, (B.25)
where the moment A(-,-) and “anti-moment” A(-,-) are defined as
A(4,B) = % ((A1B + BFA) - (AN(B) - (BY)(4)) | (B.26a)
A(A B) = % (1418~ B1A) — (4%)(B) + (BH(A) . (B.26b)
Note that for Hermitian operators these definitions take the more familiar form,
A(A, B) = %<AB + BA) — (A)(B), (B.27a)
A(A B) = %([A, B)). (B.27h)

B.1.2. Barut—Girardello coherent states

The second class of coherent states we discuss are the so-called Barut-Girardello (BG)
coherent states [18]. These coherent states are defined as being the eigenstates of the
lowering operator,

K_|p, k) = plp, k). (B.28)

This equation can be solved to obtain the states

’ B.29a

sk Z \/m'F 2k +m) ( )

N k) = | (5.29)
Inp_1(2|p])

where I, () is the modified Bessel function of the first kind.

The expectation value of “normal-ordered” products of su(1,1) elements is given by

G Ry = Py > WP gy (B.30)
IR 'l @) 2 it ok m) - &

141



Appendix B. Representation theory of su(1,1)

B.1.3. Fock coherent states

As explained in the main text on Page 83, the su(1,1) algebra can be realised by the
bosonic creation and annihilation operators,

. 1 - 1 . 1

K0:4( Ta+am) Ry =gat, ko=gal (B.31)

Note that this requires a Bargmann index of k = 1/4 or k = 3/4 corresponding to the case

in which only modes with an even or odd number of quanta are excited, respectively.

Coherent states can then by defined by either relation,

o) = exp(oa! — 7a)|0), (B.32a)
alo) = olo) . (B.32b)

Explicitly the Fock coherent states are given by

o lol? /22 7|n

_‘U|2/2 O’ 1 oo 2m+1
- (n;) J/@2m)! 4’m> —~ /@m+ 1) >>

where |n) are the eigenstates of the number operator and which shows that the Fock

(B.33)

coherent states are a superposition of two distinct ascending series representations of
su(1,1).

“Normal-ordered” expectation values for Fock coherent states are given by

. A oo 1 _ r 1 q 1 \rm
(AR (o) (K ) lo) = grpagro™o™ 3 (m> s (@No) . (B3da)
m=0
(o|N™|0) = Zs m,n)|o)®, (B.34b)

where S(m,n) are the Stirling numbers of the second kind,

S(m,n) = — Zn:(—nk (Z) (n—k)™. (B.35)
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Mathematica package

“EffectiveConstraints”

This appendix provides a listing of the Mathematica package EffectiveConstraints

developed to carry out the computations of the formalism introduced in Section 6.1.

C.1. Code listings

C.1.1. init.wl

Get["EffectiveConstraints‘Usage‘"]
Get["EffectiveConstraints‘QuantumAlgebra‘"]

Get ["EffectiveConstraints‘EffectiveAlgebra‘"]

Get ["EffectiveConstraints‘EffectiveConstraints‘"]

Get ["EffectiveConstraints‘Poisson‘"]

C.1.2. Usage.wl

BeginPackage ["EffectiveConstraints‘"]
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Appendix C. Mathematica package “EffectiveConstraints”

expVal: :usage =

"expVal[x] computes the expectation value of the operator x.";

moment : :usage =

"moment [x1, ..., xn] denotes the nth moment of the xs.";

toMoments: :usage =
"toMoments [expr, alg] converts all expectation values of more

than one operator to the corresponding moments.";

toExpVal: :usage =
"toExpVal [expr] converts all moments present in expr to their

Weyl ordered expansion in terms of expectation values.";

truncate: :usage =
"truncate[expr, ord] truncates expr to order ord in the

moments. Effectively an expansion to order ord/2 in \[HBar].";

effectivePhaseSpace: :usage =
"effectivePhaseSpace[ops, alg, ord] computes the effective

phase space of ops up to order ord.

Output is of the form {effectiveVariables,
effectivePoissonStructure} where
* effectiveVariables is a list of effectives variables
* effectivePoissonStructure is a matrix of Poisson brackets
* of the effective

variables";
effectiveConstraints: :usage =
"effectiveConstraints[c, ops, alg, ord] gives the effective
constraints of the quantum constraint ¢ up to order

\[HBar]~(ord / 2).

If the algebra is not fully specified, it is assumed that
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commutators are of the order \[HBar].";

poissonBracket: :usage =
"poissonBracket[x, y, vars, ps] computes the Poisson bracket of
x and y.
* vars: List of variables
Example: {q, p}
* ps: Matrix corresponding to the Poisson structure of
* ’vars’

Example: {{0, 1}, {-1, 0}}";

diracBracket: :usage =
"diracBracket[x, y, vars, ps, cs, deltal computes the Dirac
bracket of x and y, where cs are constraints and delta is the

inverse of the Poisson bracket matrix of the constraints.";

op::usage =

"op[x] represents the operator x.";

ncTimes: :usage =
"ncTimes([x, y, ...] represents the noncommutative product of
operators. Only expressions wrapped in ’op’ are considered to

be operators.";

ncPower: :usage =
"ncPower[x, n] gives the noncommutative product of x n times

with itself.";

commutator: :usage =

"commutator[x, y] gives the commutator of x and y.";

completeAlgebra: :usage =
"completeAlgebralops, alg] gives the completion of a partial
algebra by antisymmetrizing and filling in the missing

commutators with trivial commutators.";
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ordering: :usage =

"orderingl[expr] brings the arguments of ncTimes into lexical
order. orderinglexpr, order] brings the arguments of ncTimes
into the same same order as supplied by the optional argument
order = {opl[1], op[2], op[3], ...}.";

applyAlgebra: :usage =

"applyAlgebralexpr, alg] replaces commutators with their

respective entry in alg.";

EndPackage[]

C.1.3. QuantumAlgebra.wl

BeginPackage ["EffectiveConstraints‘"]

Get ["EffectiveConstraints‘Usage‘"]

Begin["‘Private‘"]

Clear [op]

Clear [ncTimes]

ncTimes[] := 1
ncTimes([x___, ncTimes[y___]1, z___] := ncTimes[x, y, z]
ncTimes[x___, Plus([yl_, y2__1, z___] :=

ncTimes[x, y1, z] + ncTimes[x, Plus[y2], z]

ncTimes[x_op] := x
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ncTimes [x_commutator] := x

ncTimes[x___, c_expVal, y___] := c ncTimes[x, y]
ncTimes[x___, c_expVal y__, z___] := c ncTimes[x, Times[y],
ncTimes[x___, c_, y___1 /; FreeQlc, opl := c ncTimes[x, yl
ncTimes[x___, c_ y__, z___1 /; FreeQlc, op] :=

¢ ncTimes[x, Timesl[yl, z]

Clear [ncPower]

ncPower[x_, n_Integer] := ncTimes @@ Table[x, n]

Clear [commutator]

commutator[x_, x_] := 0

Il
o

commutator[x_, _] /; NumericQ[x]

commutator[_, x_] /; NumericQ[x]

commutator [HoldPattern[ncTimes[x_, y__11, z_] :=

C.1. Code listings

z]

ncTimes [commutator[x, z], y] + ncTimes[x, commutator[ncTimes[y], z]]

commutator [x_, HoldPattern[ncTimes[y_, z__11]1 :=

ncTimes [commutator[x, y], z] + ncTimes[y, commutator[x, ncTimes[z]]]

commutator[c_ x_, y_] /; FreeQlc, opl ¢ commutator[x, y]

commutator[x_, c_ y_] /; FreeQlc, op] := ¢ commutator[x, y]
commutator[x_ + y_, z_] := commutator[x, z] + commutator[y, z]
commutator[x_ , y_ + z_] := commutator([x, y] + commutator[x, z]
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Clear [completeAlgebral

completeAlgebralops_List, alg_] /; (
MatchQlops, {__op}]

)=
Module [{
rule,
antisymmetrized,
rest
¥,
rule = RuleDelayed[
commutator([a_, b_] -> c_,
commutator[b, a] -> -c
1;
antisymmetrized = Flatten @ (
{#, # /. rule}& /Q alg
)3
rest = (commutator[#1, #2] -> 0)& @@ Complement[
DeleteCases[{x_, x_}] @ Tupleslops, 2],
Replacel[
antisymmetrized,
(commutator[a_, b_]1 -> _) :> {a, b}, 1
]
1;
Join[antisymmetrized, rest]
]

Clear [commutatorReduce]

(* The reason of introducing this helper function is that
defining such a rule for "commutator" would result in the
need to wrap all left-hand sides containing a pattern with

"commutator" in "HoldPattern". *)
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commutatorReduce [expr_] :=
Module[{condition, localCommutator},
condition[x_] := FreeQ[op] [x] && FreeQ[commutator] [x];
localCommutator[x_, _] /; condition[x] = 0;
localCommutator[_, x_] /; condition[x] = 0;
Composition[
ReplaceAll[localCommutator -> commutator],
ReplaceAll [commutator -> localCommutator]

1 [expr]

Clear [applyAlgebral

applyAlgebralexpr_, alg_] :=

FixedPoint [commutatorReduce @ ReplaceRepeated[#, alg] &, expr]

applyAlgebralalg_] := applyAlgebral#, algl&

Clear[orderedPairs]

orderedPairs[1_List] :=

{10[#111, 1[[#2]11} & Q@@ Subsets[#, {2}] &©@ Range[Length[1]]

Clear [pairToRule]

pairToRule[{a_, b_}] :=

ncTimes [PatternSequence[x___, b, a, y___1] :>

ncTimes[x, a, b, y] - ncTimes[x, commutator[a, b], y]

Clear [extractArgs]

extractArgs[expr_] :=
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DeleteDuplicates @ Sort @ Flatten @ Last @ Reapl
expr /. HoldPattern[x : ncTimes[args__]] :> (Sow[{args}]; x)

Clear [orderingAux]

orderingAux[expr_, order_:{}] :=
Module[{args, rules},

args = If[
order === {},
extractArgs [expr],
order

1;

rules = pairToRule /@ (orderedPairs @ args);

ReplaceRepeated[expr, rules]

Clear [ordering]

ordering[expr_] := FixedPoint[orderingAux, expr]

ordering[expr_, order_] := FixedPoint[orderingAux[#, order]&, expr]
End []

EndPackage []

C.1.4. EffectiveAlgebra.wl

BeginPackage ["EffectiveConstraints‘"]

Get["EffectiveConstraints‘Usage‘"]
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Begin["‘Private‘"]

\[HBar] = Global‘\[HBar];

Clear [expVall

SetAttributes[expVal, Listable]

expVal[c_7NumericQ] := c

expVal[c_] /; FreeQlc, opl :=c

expVallc_ x___]1 /; FreeQlc, op] := c expVal[Times[x]]
expVal[Plus[yl_, y2__]] := expVall[yl] + expVal[Plus[y2]]
expVal [Power [c_expVal, n_.] x_.] := c™n expVal[Times[x]]
Clear [moment]

SetAttributes[moment, Orderless]

moment[] := 1

C.1. Code listings

moment[x___, c_, z___1 /; (FreeQlop] [c] && FreeQ[commutator] [c]) :=

c moment[x, z]
moment [x

e

¢ moment[x, Times[y], z]

moment [x___, yl_ + y2__, z___] :=

moment [x, y1, z] + moment[x, Plus[y2], z]

Clear [weylOrdering]

weylOrdering :=

ReplaceAll[

c_ y__, z___1 /; (FreeQ[op] [c] && FreeQ[commutator][c]) :=

HoldPattern[expVal [ncTimes[xs__]1]1]:> weylExpVal [ncTimes [xs]]
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Clear [weylExpVall

weylExpVal [HoldPattern[ncTimes[x__]11] :=
Module [

{
permutations

1},

permutations = Permutations[{x}];

Times[
1/Length[permutations],
expVal[Plus @@ ncTimes Q@@ Flatten /@ permutations]

Clear [toMoments]

toMoments [expr_] := toMoments[expr, {}]
toMoments [expr_, ops_, alg_] := toMoments[expr, alg]
toMoments [expr_, alg ] :=
Module [{repl},
repl = HoldPattern[x : expVall[ncTimes[xs__]1] :> (

X

+ moment [xs]

- momentExpand [xs]

(* The above adds and subtracts the same expression, but
only expands the moment in terms of the expectation
values for the subtracted part. *)

)3
FixedPoint [
Composition[

Simplify,
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ordering,
ReplaceAll[repl]
1,
ordering[expr]

1 // applyAlgebral#, algl&

Clear [toExpVal]

toExpVal[expr_] :=

ReplaceAll[HoldPattern[moment [xs__]] :> momentExpand[xs]] @ expr

Clear [momentExpand]

momentExpand[xs__] :=

weylOrdering @ expVal[ncTimes @@ Table[x - expVallx], {x, {xs}}]]

Clear [effPoissonBracket]

(* Basic properties of the Poisson bracket *)

effPoissonBracket [x_?NumericQ, y_, ___] :=
effPoissonBracket[x_, y_?NumericQ, ___] :=
effPoissonBracket[x_, x_, ___]1 :=0

effPoissonBracket [Plus([x_, y__]1, z_, ops_, alg_]
Plus[
effPoissonBracket[x, z, ops, alg],
effPoissonBracket[Plus[y], z, ops, alg]
]
effPoissonBracket[x_, Plus[y_, z__], ops_, alg_]
Plus[
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effPoissonBracket[x, y, ops, algl,
effPoissonBracket [x, Plus[z], ops, alg]

effPoissonBracket [Power [x_, n_Integer], y_, ops_, alg_]

n Power[x, n-1] effPoissonBracket[x, y, ops, alg]

effPoissonBracket[x_, Power[y_, n_Integer], ops_, alg_]

n Power[y, n-1] effPoissonBracket[x, y, ops, alg]

effPoissonBracket[Times[x_, y__1, z_, ops_, alg_ ] :=
Plus[
x effPoissonBracket[Times([y], z, ops, alg],
Times[y] effPoissonBracket[x, z, ops, alg]
]
effPoissonBracket[x_ , Times[y_, z__], ops_, alg_] :=
Plus[
y effPoissonBracket[x, Times[z], ops, alg],

Times[z] effPoissonBracket([x, y, ops, alg]

HoldPattern[effPoissonBracket [expVal[x_], expVally_], ops_, alg_]] :=
Composition[
toMoments [#, algl&,
applyAlgebral#, algl&
1L
1 / (I \[HBar]) * expVal[commutator[x, y]]

effPoissonBracket [x_moment, y_, ops_, alg_] :=

Composition[

Simplify,

toMoments [#, algl&
1L

effPoissonBracket [toExpVal[x], y, ops, algl
]
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effPoissonBracket [x_, y_moment, ops_, alg_ ] :=

- effPoissonBracket[y, x, ops,alg]

Clear [opsToVars]

opsToVars [ops_List] /; MatchQ[ops, {__op}] :=
ops /. op -> Identity

Clear [unsortedTuples]

unsortedTuples[1_List, n_Integer] :=
DeleteDuplicates[Sort /@ Tuples[l, n]]

Clear [truncate]
truncate[order_Integer] := truncatel#, order] &
truncate[expr_, order_Integer] :=
Module[
{repl, \[Lambdal},
repl = ReplaceAll[{
x:\[HBar] -> \[Lambdal "2 * x,
moment -> (\[Lambda] ~“Length[{##}] * moment [##] &),
commutator -> (\[Lambda]~2 * commutator [##] &)
35
Normal@Series[repl@expr, {\[Lambdal, O, order}] /. \[Lambda] -> 1

Clear[effectiveVariables]

effectiveVariables[ops_List, ord_Integer] :=

Join[

155



Appendix C. Mathematica package “EffectiveConstraints”

expVal /@ ops,
moment @@ Join @@ (
Table[unsortedTuples[ops, n], {n, 2, ord}]

Clear [effectivePoissonStructure]

effectivePoissonStructure[effVars_, ops_List, alg_List, ord_Integer] :=
Module[{n},
n = Length[effVars];
truncate[ord] @ Simplify @ Normal @ SparseArrayl[
Flatten[#, 2]& @ Tablel[
With[{

val = effPoissonBracket[effVars[[$il],
effVars[[$jl1], ops, algl

},
{{$i, $j¥ -> val, {$j, $i} -> - val}
1,
{$i, 1, n-1}, {$j, $i, n}
1,
{n, n}

Clear[effectivePhaseSpace]

effectivePhaseSpace[ops_List, alg_List, ord_Integer] :=
Module[{effVars, effPS},
effVars = effectiveVariables[ops, ord];
effPS = effectivePoissonStructureleffVars, ops, alg, ord];

{effVars, effPS}
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End[]

EndPackage []

C.1.5. EffectiveConstraints.wl

BeginPackage ["EffectiveConstraints‘"]

Get["EffectiveConstraints‘Usage‘"]

Begin["‘Private‘"]

Clear [effectiveConstraints]

effectiveConstraints[c_, ops_, alg_, order_Integer] :=
Composition[
truncate[#, orderl&,
toMoments [#, ops, algl&,
Flatten
1L
Table[
computeEffectiveConstraints[c, ops, n],

{n, 0, order - 1}

Clear [computeEffectiveConstraints]

computeEffectiveConstraints[c_, _, 0] := expVall[c]
computeEffectiveConstraints[c_, ops_, n_Integer] :=
Module [{polyOrderings},
polyOrderings = DeleteDuplicates[Sort /@ Tuples[ops, {n}1];
Table[
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expVall[
ncTimes @@ Join[
ReleaseHold[
HoldPattern[# - expVal[#]]& /@ polyOrdering
1,
{c}
]
1,
{polyOrdering, polyOrderings}

End[]

EndPackage[]

C.1.6. Poisson.wl

BeginPackage["EffectiveConstraints‘"]

Get ["EffectiveConstraints‘Usage‘"]

Begin["Private‘"]

poissonBracket[x_, y_, vars_, ps_] :=

Grad[x, vars] . ps . Gradly, vars]

diracBracket[x_, y_, vars_, ps_, cs_, delta_] :=
poissonBracket[x, y, vars, ps] -
Dot [
poissonBracket[x, #, vars, ps]& /@ cs,
delta,

poissonBracket [#, y, vars, psl& /@ cs
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End[]

EndPackage []

C.2. One-body GFT calculation

The following listing shows how the calculation performed in Section 6.3 can be performed

using the Mathematica package EffectiveConstraints.

<<"EffectiveConstraints*‘"

vars = {
\ [DoubleStruckCapitall],
\ [CapitalPil1,
\ [CapitalPi]?2,
\ [DoubleStruckCapitalX],
\ [CapitalLambda],
\ [CapitalKappal]
s
ops = op /Q vars;
algPartial = {
commutator [
op [\ [DoubleStruckCapitalX]],
op[\[CapitalPi]1]
1 -> I \[HBar] op[\[DoubleStruckCapitalN]],
commutator [
op[\ [DoubleStruckCapitalX]],
op[\[CapitalPi]2]
1 -> I \[HBar] 2 op[\[CapitalPi]1],
commutator [

op[\[CapitallLambdall,
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op[\[CapitalKappa]l]
1 -> I \[HBar] \[Alpha] op[\[CapitalKappal]
s
alg = completeAlgebralops, algPartiall;

(* Define the quantum constraint. *)
\ [DoubleStruckCapitalC] = Sum[
m~2 op[\[DoubleStruckCapitalN]],
- op[\[CapitalLambdal],
- \[Lambda] op[\[CapitalPi]2]
1;
(* Compute a list of effective constraints. *)
eff\ [DoubleStruckCapitalCls = effectiveConstraints[
\ [DoubleStruckCapitalC], ops, alg, 2
1;

(* Compute the truncated quantum phase space. *)

{effVars, effPS} = effectivePhaseSpacelops, alg, 2];

(* Define gauge fixing conditions. *)
\ [DoubleStruckCapitalGls = Map[
moment [op [\ [CapitalKappall, #]&,
Complement [ops, {op[\[CapitalLambda]]}]
1;
(* List of rules which impose the gauge fixing conditions. *)
repl\ [DoubleStruckCapitalGls = Mapl[
Rule[#, 0]&,
\ [DoubleStruckCapitalG]ls
1;

(* Variables to eliminate via the effective constraints. *)
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toEliminate = Join[
{expVal[op[\ [CapitalLambdalll},
Map [
moment [op [\ [CapitallLambdal]l, #]&,
ops
]
13
(* List of rules which implement the effective constraints. *)
repl\ [DoubleStruckCapitalCls = First @ Solvel[
0 == # & /@ eff\[DoubleStruckCapitalCls,
toEliminate

1;

(* The variables spanning the gauge-fixed constraint hypersurface.
* Overscript[\[ScriptCapitalP], "] in the main text. *)
remainingVars = Complement [
effVars,
toEliminate,
\ [DoubleStruckCapitalGls
1;

(* Function which imposes both effective constraints and gauge
* fixing conditions. *)

toGaugeFixedConstraintHypersurface = Composition[
ReplaceAll [repl\ [DoubleStruckCapitalGls],
ReplaceAll[repl\ [DoubleStruckCapitalC]ls]

1;

(* The matrix of Poisson brackets of the gauge fixing

* conditions \[DoubleStruckCapitalG]_a and the effective
* constraints \[DoubleStruckCapitalC],

* \[DoubleStruckCapitalC]_a on the gauge-fixed constraint
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* hypersurface. *)
pbMatrix =
toGaugeFixedConstraintHypersurface @
Outer[
poissonBracket [#1, #2, effVars, effPS]l&,
\ [DoubleStruckCapitalGls,
eff\ [DoubleStruckCapitalCls
1;

(* Determine which flow is nontrivial on the gauge-fixed constraint
* hypersurface. *)
unfixedConstraintsIndices = Position[Transpose @ pbMatrix, {0..}];
unfixedConstraints = Extract[
eff\ [DoubleStruckCapitalCls, unfixedConstraintsIndices
1;
flowNonTrivialQ[constraint_] := Not @ MatchQ[{0..}] @ Map[
toGaugeFixedConstraintHypersurface @
poissonBracket [constraint, #, effVars, effPS]&,
remainingVars
1;

{hamiltonianConstraint} = Select[unfixedConstraints, flowNonTrivialQ];

(* The set of differential equations on the reduced phase space.
* The time-dependent function are wrapped in ‘u‘ and the initial
* values are wrapped in ‘initial‘. *)

toTimeDep = ReplaceAll[Rule[#, ul[#][t]]& /@ remainingVars];

funcs = u /@ remainingVars;

eomsLHS

D[toTimeDep @ remainingVars, t];

eomsRHS = toTimeDep @ Map[
poissonBracket [#, hamiltonianConstraint, effVars, effPS]&,
remainingVars

1;

eoms = Thread[Equal[eomsLHS, eomsRHS]];
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eomsInitial = Mapl[
ul#] [0] == initial[#]&,
remainingVars

1;

(* Solutions to the equations of motion. *)
solutions = First @ DSolvel

Join[eoms, eomsInitiall,

funcs,

t
1;

C.2. One-body GFT calculation

163






Bibliography

1]

2l

3]

4]

5]

6]

7]

8]

Addazi, A. et al. “Quantum gravity phenomenology at the dawn of the multi-
messenger era—A review”. In: Progress in Particle and Nuclear Physics (2022),
p. 103948. 18SN: 0146-6410. DOI: https://doi.org/10.1016/j .ppnp.2022.
103948.

Adjei, E., Gielen, S., and Wieland, W. “Cosmological evolution as squeezing: a toy
model for group field cosmology”. In: Class. Quant. Grav. 35.10 (2018), p. 105016.
DOI: 10.1088/1361-6382/aaball. arXiv: 1712.07266 [gr-qc].

Adler, S. L. “Why decoherence has not solved the measurement problem: a response
to P.W. Anderson”. In: Studies in History and Philosophy of Science Part B: Studies
in History and Philosophy of Modern Physics 34.1 (2003), pp. 135-142. 1sSN: 1355-
2198. DOI: 10.1016/S1355-2198(02) 00086-2. arXiv: quant-ph/0112095.

Arnowitt, R., Deser, S., and Misner, C. W. “The Dynamics of General Relativity”.
In: Gravitation: an introduction to current research. Ed. by Witten, L. New York,
London: John Wiley & Sons, Inc., 1962.

Ashtekar, A. “New Variables for Classical and Quantum Gravity”. In: Physical
Review Letters 57 (18 1986), pp. 2244-2247. DOI: 10.1103/PhysRevLett.57.2244.

Ashtekar, A. and Bianchi, E. “A short review of loop quantum gravity”. In: Reports
on Progress in Physics 84.4 (2021), p. 042001. pOI: 10.1088/1361-6633/abed91.
arXiv: 2104.04394 [gr-qc].

Ashtekar, A. and Gupt, B. “Generalized effective description of loop quantum
cosmology”. In: Physical Review D 92.8 (2015), p. 084060. DOI: 10.1103/PhysRevD.
92.084060. arXiv: 15609.08899 [gr-qc].

Ashtekar, A. and Lewandowski, J. “Quantum Theory of Geometry II: Volume
operators”. In: Advances in Theoretical and Mathematical Physics 1.2 (1997),
pp. 388-429. poOI: 10.4310/ATMP. 1997 .v1.n2.a8. arXiv: gr-qc/9711031.

165


https://doi.org/https://doi.org/10.1016/j.ppnp.2022.103948
https://doi.org/https://doi.org/10.1016/j.ppnp.2022.103948
https://doi.org/10.1088/1361-6382/aaba11
https://arxiv.org/abs/1712.07266
https://doi.org/10.1016/S1355-2198(02)00086-2
https://arxiv.org/abs/quant-ph/0112095
https://doi.org/10.1103/PhysRevLett.57.2244
https://doi.org/10.1088/1361-6633/abed91
https://arxiv.org/abs/2104.04394
https://doi.org/10.1103/PhysRevD.92.084060
https://doi.org/10.1103/PhysRevD.92.084060
https://arxiv.org/abs/1509.08899
https://doi.org/10.4310/ATMP.1997.v1.n2.a8
https://arxiv.org/abs/gr-qc/9711031

Bibliography

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

166

Ashtekar, A. and Lewandowski, J. “Quantum theory of geometry: I. Area operators”.
In: Classical and Quantum Gravity 14.1A (1997), A55-A81. pOI: 10.1088/0264-
9381/14/1a/006. arXiv: gr-qc/9602046. URL: https://doi.org/10.1088/0264-
9381/14/1a/006.

Ashtekar, A. and Lewandowski, J. “Background independent quantum gravity:
a status report”. In: Class. Quant. Grav. 21 (2004), R53. DOI: 10.1088/0264 -
9381/21/15/R01. arXiv: gr-qc/0404018.

Ashtekar, A. and Schilling, T. A. “Geometrical formulation of quantum mechanics”.
In: (June 1997). arXiv: gr-qc/9706069.

Ashtekar, A. and Singh, P. “Loop quantum cosmology: a status report”. In: Class.
Quant. Grav. 28.21 (2011), p. 213001. DOI: 10.1088/0264-9381/28/21/213001.
arXiv: 1108.0893 [gr-qc].

Assanioussi, M. and Kotecha, I. “Thermal quantum gravity condensates in group
field theory cosmology”. In: Physical Review D 102 (2020), p. 044024. por1: 10.
1103/PhysRevD.102.044024. arXiv: 2003.01097 [gr-qc].

Assanioussi, M. and Kotecha, I. “Thermal representations in group field theory:
squeezed vacua and quantum gravity condensates”. In: Journal of High Energy
Physics 2020.2 (2020), p. 172. DOI: 10.1007/JHEP02(2020) 173. arXiv: 1910.06889
[gr-qc].

Baez, J. C. “An Introduction to Spin Foam Models of BF Theory and Quantum
Gravity”. In: Lecture Notes in Physics 543 (2000). Ed. by Gausterer, H., Pittner, L.,
and Grosse, H., p. 25. DOI: 10.1007/3-540-46552-9\_2. arXiv: gr-qc/9905087.

Barrett, J. W. and Crane, L. “Relativistic spin networks and quantum gravity”.
In: Journal of Mathematical Physics 39 (1998), p. 3296. DOI: 10.1063/1.532254.
arXiv: gr-qc/9709028.

Barrett, John W and Naish-Guzman, Ileana. “The Ponzano—Regge model”. In:
Classical and Quantum Gravity 26.15 (2009), p. 155014. DOI: 10.1088/0264 -
9381/26/15/155014.

Barut, A. O. and Girardello, L. “New “Coherent” States Associated with Non-
Compact Groups”. In: Commun. Math. Phys. 21.1 (1971), p. 41. pDOIL: 10.1007/
BF01646483.


https://doi.org/10.1088/0264-9381/14/1a/006
https://doi.org/10.1088/0264-9381/14/1a/006
https://arxiv.org/abs/gr-qc/9602046
https://doi.org/10.1088/0264-9381/14/1a/006
https://doi.org/10.1088/0264-9381/14/1a/006
https://doi.org/10.1088/0264-9381/21/15/R01
https://doi.org/10.1088/0264-9381/21/15/R01
https://arxiv.org/abs/gr-qc/0404018
https://arxiv.org/abs/gr-qc/9706069
https://doi.org/10.1088/0264-9381/28/21/213001
https://arxiv.org/abs/1108.0893
https://doi.org/10.1103/PhysRevD.102.044024
https://doi.org/10.1103/PhysRevD.102.044024
https://arxiv.org/abs/2003.01097
https://doi.org/10.1007/JHEP02(2020)173
https://arxiv.org/abs/1910.06889
https://arxiv.org/abs/1910.06889
https://doi.org/10.1007/3-540-46552-9\_2
https://arxiv.org/abs/gr-qc/9905087
https://doi.org/10.1063/1.532254
https://arxiv.org/abs/gr-qc/9709028
https://doi.org/10.1088/0264-9381/26/15/155014
https://doi.org/10.1088/0264-9381/26/15/155014
https://doi.org/10.1007/BF01646483
https://doi.org/10.1007/BF01646483

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Bibliography

Baytasg, B., Bojowald, M., and Crowe, S. “Equivalence of Models in Loop Quantum
Cosmology and Group Field Theory”. In: Universe 5.2 (2019), p. 41. por: 10.3390/
universeb5020041. arXiv: 1811.11156 [gr-qc].

Ben Achour, J., Geiller, M., Noui, K., and Yu, C. “Testing the role of the Barbero-
Immirzi parameter and the choice of connection in Loop Quantum Gravity”. In:
Physical Review D 91.10 (2015), p. 104016. DOI: 10.1103/PhysRevD.91.104016.
arXiv: 1306.3241 [gr-qc].

Blow, K. J., Loudon, R., Phoenix, S. J. D., and Shepherd, T. J. “Continuum
fields in quantum optics”. In: Physical Review A 42 (7 Oct. 1990), p. 4102. DOT:
10.1103/PhysRevA . 42.4102. URL: https://link.aps.org/doi/10.1103/
PhysRevA.42.4102.

Bojowald, M. “Absence of a Singularity in Loop Quantum Cosmology”. In: Physical
Review Letters 86.23 (2001), p. 5227. DOI: 10.1103/PhysRevLett.86.5227. arXiv:
gr-qc/0102069 [gr-qcl.

Bojowald, M. “Comment on “Quantum Bounce and Cosmic Recall””. In: Physical
Review Letters 101 (2008), p. 209001. DOI: 10.1103/PhysRevLett.101.209001.
arXiv: 0811.2790 [gr-qcl].

Bojowald, M. “Harmonic cosmology: how much can we know about a universe
before the big bang?” In: Proceedings of the Royal Society A 464 (2008), p. 2135.
DOL: 10.1098/rspa.2008.0050. arXiv: 0710.4919 [gr-qcl.

Bojowald, M. Canonical Gravity and Applications Canonical Gravity and Applica-
tions: Cosmology, Black Holes, and Quantum Gravity. Cambridge University Press,
2010. 1SBN: 9780521195751.

Bojowald, M., Hoéhn, P. A., and Tsobanjan, A. “Effective approach to the problem
of time: General features and examples”. In: Physical Review D 83 (2011), p. 125023.
DOI: 10.1103/PhysRevD.83.125023. arXiv: 1011.3040 [gr-qc].

Bojowald, M., Hohn, P. A., and Tsobanjan, A. “An effective approach to the
problem of time”. In: Class. Quant. Grav. 28 (2011), p. 035006. DOI: 10.1088/0264-
9381/28/3/035006. arXiv: 1009.5953 [gr-qc].

Bojowald, M., Sandhofer, B., Skirzewski, A., and Tsobanjan, A. “Effective Con-
straints for Quantum Systems”. In: Reviews in Mathematical Physics 21.1 (2009),
pp- 111-154. por1: 10.1142/50129055X09003591. arXiv: 0804.3365 [math-ph].

167


https://doi.org/10.3390/universe5020041
https://doi.org/10.3390/universe5020041
https://arxiv.org/abs/1811.11156
https://doi.org/10.1103/PhysRevD.91.104016
https://arxiv.org/abs/1306.3241
https://doi.org/10.1103/PhysRevA.42.4102
https://link.aps.org/doi/10.1103/PhysRevA.42.4102
https://link.aps.org/doi/10.1103/PhysRevA.42.4102
https://doi.org/10.1103/PhysRevLett.86.5227
https://arxiv.org/abs/gr-qc/0102069
https://doi.org/10.1103/PhysRevLett.101.209001
https://arxiv.org/abs/0811.2790
https://doi.org/10.1098/rspa.2008.0050
https://arxiv.org/abs/0710.4919
https://doi.org/10.1103/PhysRevD.83.125023
https://arxiv.org/abs/1011.3040
https://doi.org/10.1088/0264-9381/28/3/035006
https://doi.org/10.1088/0264-9381/28/3/035006
https://arxiv.org/abs/1009.5953
https://doi.org/10.1142/S0129055X09003591
https://arxiv.org/abs/0804.3365

Bibliography

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

168

Bojowald, M. and Tsobanjan, A. “Effective constraints for relativistic quantum
systems”. In: Physical Review D 80 (12 2009), p. 125008. DOI: 10.1103/PhysRevD.
80.125008. arXiv: 0906.1772 [math-ph].

Born, M., Heisenberg, W., and Jordan, P. “Zur Quantenmechanik II”. In: Zeitschrift
fiir Physik 35 (1925), pp. 557-615.

Boulatov, D. “A Model of Three-Dimensional Lattice Gravity”. In: Modern Physics
Letters A 7 (1992), p. 1629. poI: 10 . 1142/50217732392001324. arXiv: hep -
th/9202074 [hep-th].

Brandenberger, Robert and Peter, Patrick. “Bouncing Cosmologies: Progress and
Problems”. In: Foundations of Physics 57.6 (2017), pp. 797-850. DOIL: 10.1007/
$10701-016-0057-0. arXiv: 1603.05834 [hep-th].

Brown, J. D. and Kuchaf, K. V. “Dust as a standard of space and time in canonical
quantum gravity”. In: Physical Review D 51 (1995), p. 5600. poI: 10.1103/
PhysRevD.51.5600. arXiv: gr-qc/9409001 [gr-qc].

Calcagni, G., Gielen, S., and Oriti, D. “Group field cosmology: a cosmological field
theory of quantum geometry”. In: Class. Quant. Grav. 29 (2012), p. 105005. DOI:
10.1088/0264-9381/29/10/105005. arXiv: 1201.4151 [gr-qc].

Calcagni, G., Kuroyanagi, S., Marsat, S., Sakellariadou, M., Tamanini, N., and
Tasinato, G. “Quantum gravity and gravitational-wave astronomy”. In: JCAP
10 (2019), p. 012. DOI: 10.1088/1475-7516/2019/10/012. arXiv: 1907 .02489
[gr-qcl.

Carrozza, S. “Flowing in Group Field Theory Space: a Review”. In: SIGMA 12
(2016), p. 070. DOI: 10.3842/SIGMA.2016.070. arXiv: 1603.01902 [gr-qcl.

Cesare, M. de. “Reconstruction of Mimetic Gravity in a Non-Singular Bouncing
Universe from Quantum Gravity”. In: Universe 5 (2019), p. 107. por: 10.3390/
universe5050107. arXiv: 1904.02622 [gr-qc].

Chandrasekhar, S. “The maximum mass of ideal white dwarfs”. In: The Astrophys-
ical Journal 74 (1931), pp. 81-82. DOI: 10.1086/143324.

Combescure, M. and Robert, D. Coherent States and Applications in Mathematical
Physics. Springer, 2012. DOI: 10.1007/978-94-007-0196-0.

Corichi, A. and Singh, P. “Quantum Bounce and Cosmic Recall”. In: Physical
Review Letters 100 (2008), p. 161302. DOI: 10.1103/PhysRevLett.100.161302.
arXiv: 0710.4543 [gr-qcl.


https://doi.org/10.1103/PhysRevD.80.125008
https://doi.org/10.1103/PhysRevD.80.125008
https://arxiv.org/abs/0906.1772
https://doi.org/10.1142/S0217732392001324
https://arxiv.org/abs/hep-th/9202074
https://arxiv.org/abs/hep-th/9202074
https://doi.org/10.1007/s10701-016-0057-0
https://doi.org/10.1007/s10701-016-0057-0
https://arxiv.org/abs/1603.05834
https://doi.org/10.1103/PhysRevD.51.5600
https://doi.org/10.1103/PhysRevD.51.5600
https://arxiv.org/abs/gr-qc/9409001
https://doi.org/10.1088/0264-9381/29/10/105005
https://arxiv.org/abs/1201.4151
https://doi.org/10.1088/1475-7516/2019/10/012
https://arxiv.org/abs/1907.02489
https://arxiv.org/abs/1907.02489
https://doi.org/10.3842/SIGMA.2016.070
https://arxiv.org/abs/1603.01902
https://doi.org/10.3390/universe5050107
https://doi.org/10.3390/universe5050107
https://arxiv.org/abs/1904.02622
https://doi.org/10.1086/143324
https://doi.org/10.1007/978-94-007-0196-0
https://doi.org/10.1103/PhysRevLett.100.161302
https://arxiv.org/abs/0710.4543

[41]

[42]

[43]

[44]

[45]

[46]

[47]

48]

[49]

[50]

Bibliography

Dapor, A., Liegener, K., and Pawlowski, T. “Challenges in recovering a consistent
cosmology from the effective dynamics of loop quantum gravity”. In: Physical
Review D 100.10 (2019), p. 106016. arXiv: 1910.04710 [gr-qc].

de Cesare, M., Pithis, A. G. A., and Sakellariadou, M. “Cosmological implications of
interacting group field theory models: Cyclic Universe and accelerated expansion”.
In: Physical Review D 94.6 (2016), p. 064051. DOI: 10.1103/PhysRevD.94.064051.
arXiv: 1606.00352 [gr-qc].

De Pietri, R., Freidel, L., Krasnov, K., and Rovelli, C. “Barrett—Crane model
from a Boulatov—Ooguri field theory over a homogeneous space”. In: Nuclear
Physics B 574 (2000), p. 785. DOI: 10.1016/80550-3213(00) 00005-5. arXiv:
hep-th/9907154.

DeWitt, B. S. “Quantum Theory of Gravity. I. The Canonical Theory”. In: Physical
Review 160 (5 1967), pp. 1113-1148. pOI: 10.1103/PhysRev.160.1113.

DeWitt, B. S. “Quantum Theory of Gravity. II. The Manifestly Covariant Theory”.
In: Physical Review 162 (5 1967), pp. 1195-1239. DOI: 10.1103/PhysRev.162.1195.

Di Francesco, P., Ginsparg, P. H., and Zinn-Justin, J. “2-D Gravity and random
matrices”. In: Physics Reports 254 (1995), p. 1. DOI: 10.1016/0370-1573(94)
00084-G. arXiv: hep-th/9306153 [hep-th].

Dirac, P. A. M. “The Theory of gravitation in Hamiltonian form”. In: Proceedings
of the Royal Society A 246 (1958), pp. 333-343. DOI: 10.1098/rspa.1958.0142.

Dirac, P. A. M. Lectures on quantum mechanics. Vol. 2. Monographs series. New
York: Belfer Graduate School of Science, 1964.

Dittrich, B. “How to construct diffeomorphism symmetry on the lattice”. In:
Proceedings of Science: 3rd Quantum Gravity and Quantum Geometry School
(QGQGS 2011) 140 (2011). Ed. by Barrett, J., Giesel, K., Hellmann, F., Jonke, L.,
Krajewski, T., Lewandowski, J., Rovelli, C., Sahlmann, H., and Steinacker, H.,
p. 012. DOI: 10.22323/1.140.0012. arXiv: 1201.3840 [gr-qc].

Dittrich, B. “From the discrete to the continuous: towards a cylindrically consistent
dynamics”. In: New Journal of Physics 14 (2012), p. 123004. por: 10.1088/1367-
2630/14/12/123004. arXiv: 1205.6127 [gr-qc].

169


https://arxiv.org/abs/1910.04710
https://doi.org/10.1103/PhysRevD.94.064051
https://arxiv.org/abs/1606.00352
https://doi.org/10.1016/S0550-3213(00)00005-5
https://arxiv.org/abs/hep-th/9907154
https://doi.org/10.1103/PhysRev.160.1113
https://doi.org/10.1103/PhysRev.162.1195
https://doi.org/10.1016/0370-1573(94)00084-G
https://doi.org/10.1016/0370-1573(94)00084-G
https://arxiv.org/abs/hep-th/9306153
https://doi.org/10.1098/rspa.1958.0142
https://doi.org/10.22323/1.140.0012
https://arxiv.org/abs/1201.3840
https://doi.org/10.1088/1367-2630/14/12/123004
https://doi.org/10.1088/1367-2630/14/12/123004
https://arxiv.org/abs/1205.6127

Bibliography

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

170

Dittrich, B. “The Continuum Limit of Loop Quantum Gravity: A Framework
for Solving the Theory”. In: Loop Quantum Gravity: The First 30 Years. Ed.
by Ashtekar, A. and Pullin, J. 2017. Chap. 5, pp. 153-179. poI: 10. 1142/
9789813220003_0006. arXiv: 1409.1450 [gr-qc].

Dittrich, B. and Ryan, J. P. “On the role of the Barbero-Immirzi parameter
in discrete quantum gravity”. In: Classical and Quantum Gravity 30.9 (2013),
p. 095015. DOI: 10.1088/0264-9381/30/9/095015. arXiv: 1209.4892 [gr-qc].

Einstein, A. “Naherungsweise Integration der Feldgleichungen der Gravitation”. In:
Sitzungsberichte der Koniglich Preussischen Akademie der Wissenschaften (Berlin)
(1916), pp. 688-696.

Einstein, A. “Zur Elektrodynamik bewegter Korper”. In: Annalen der Physik und
Chemie 17 (1905), pp. 891-921.

Einstein, A. “Die Feldgleichungen der Gravitation”. In: Sitzungsberichte der Preus-

sischen Akademie der Wissenschaften (Berlin) (1915), pp. 844-847.

Everett, H. ““Relative State” Formulation of Quantum Mechanics”. In: Reviews of
Modern Physics 29 (3 1957), pp. 454-462. DOI: 10.1103/RevModPhys.29.454.

Feynman, R. P. “Space-Time Approach to Non-Relativistic Quantum Mechanics”.
In: Reviews of Modern Physics 20.2 (1948), pp. 367-387. DOI: 10.1103/RevModPhys .
20.367.

Feynman, R. P. “Quantum Theory of Gravitation”. In: Acta Physica Polonica 24
(1963), pp. 697-722.

Freidel, L. “Group Field Theory: An Overview”. In: International Journal of
Theoretical Physics 44.10 (2005), pp. 1769-1783. DOI: 10.1007/s10773-005-8894-
1. arXiv: hep-th/0505016.

Friedmann, A. “Uber die Kriimmung des Raumes”. In: Zeitschrift fir Physik 10.1
(1922), pp. 377-386. DOI: 10.1007/BF01332580.

Gambini, R. and Pullin, J. A First Course in Loop Quantum Gravity. Oxford
University Press, 2011. 1sBN: 9780199590759.

Geiller, M. and Noui, K. “A note on the Holst action, the time gauge, and the
Barbero-Immirzi parameter”. In: General Relativity and Gravitation 45 (9 2013),
pp. 1733-1760. DOI: 10.1007/s10714-013-1552-7. arXiv: 1212.5064 [gr-qc].


https://doi.org/10.1142/9789813220003_0006
https://doi.org/10.1142/9789813220003_0006
https://arxiv.org/abs/1409.1450
https://doi.org/10.1088/0264-9381/30/9/095015
https://arxiv.org/abs/1209.4892
https://doi.org/10.1103/RevModPhys.29.454
https://doi.org/10.1103/RevModPhys.20.367
https://doi.org/10.1103/RevModPhys.20.367
https://doi.org/10.1007/s10773-005-8894-1
https://doi.org/10.1007/s10773-005-8894-1
https://arxiv.org/abs/hep-th/0505016
https://doi.org/10.1007/BF01332580
https://doi.org/10.1007/s10714-013-1552-7
https://arxiv.org/abs/1212.5064

[63]

[64]

[65]

|66]

[67]

[68]

[69]

[70]

[71]

[72]

73]

Bibliography

Gerhardt, F., Oriti, D., and Wilson-Ewing, E. “Separate universe framework in
group field theory condensate cosmology”. In: Physical Review D 98.6 (2018),
p. 066011. pOI: 10.1103/PhysRevD.98.066011. arXiv: 1805.03099 [gr-qc].

Gibbons, G. W. and Hawking, S. W. “Action integrals and partition functions
in quantum gravity”. In: Physical Review D 15.10 (1977), pp. 2752-2756. DOLI:
10.1103/PhysRevD.15.2752.

Gibbons, G. W. and Hawking, S. W. Euclidean Quantum Gravity. World Scientific,
1993. DOI: 10.1142/1301.

Giddings, S. B. “The Black hole information paradox”. In: PASCOS / HOPKINS
1995 (Joint Meeting of the International Symposium on Particles, Strings and
Cosmology and the 19th Johns Hopkins Workshop on Current Problems in Particle
Theory). 1995, pp. 415-428. arXiv: hep-th/9508151.

Gielen, S. “Quantum cosmology of (loop) quantum gravity condensates: an exam-
ple”. In: Class. Quant. Grav. 31 (2014), p. 155009. DOI: 10.1088/0264-9381/31/
15/155009. arXiv: 1404.2944 [gr-qcl.

Gielen, S. “Emergence of a low spin phase in group field theory condensates”. In:
Class. Quant. Grav. 33.22 (2016), p. 224002. pOI: 10.1088/0264-9381/33/22/
224002. arXiv: 1604.06023 [gr-qcl.

Gielen, S. “Group Field Theory and Its Cosmology in a Matter Reference Frame”. In:
Universe 4.10 (2018), p. 103. DOI: 10.3390/universe4100103. arXiv: 1808.10469
[gr-qcl.

Gielen, S. “Inhomogeneous universe from group field theory condensate”. In: JCAP
02 (2019), p. 013. DOI: 10.1088/1475-7516/2019/02/013. arXiv: 1811.10639
[gr-qc].

Gielen, S. “Frozen formalism and canonical quantization in group field theory”. In:
Physical Review D 104.10 (2021), p. 106011. po1: 10.1103/PhysRevD.104.106011.
arXiv: 2105.01100 [hep-th].

Gielen, S., Marchetti, L., Oriti, D., and Polaczek, A. “Effective cosmology from

one-body operators in group field theory”. In: Classical and Quantum Gravity 39.7
(2022), p. 075002. DOI: 10.1088/1361-6382/ac5052. arXiv: 2110.11176 [gr-qcl.

Gielen, S. and Oriti, D. “Cosmological perturbations from full quantum gravity”. In:
Physical Review D 98.10 (2018), p. 106019. por: 10.1103/PhysRevD.98.106019.
arXiv: 1709.01095 [gr-qcl.

171


https://doi.org/10.1103/PhysRevD.98.066011
https://arxiv.org/abs/1805.03099
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1142/1301
https://arxiv.org/abs/hep-th/9508151
https://doi.org/10.1088/0264-9381/31/15/155009
https://doi.org/10.1088/0264-9381/31/15/155009
https://arxiv.org/abs/1404.2944
https://doi.org/10.1088/0264-9381/33/22/224002
https://doi.org/10.1088/0264-9381/33/22/224002
https://arxiv.org/abs/1604.06023
https://doi.org/10.3390/universe4100103
https://arxiv.org/abs/1808.10469
https://arxiv.org/abs/1808.10469
https://doi.org/10.1088/1475-7516/2019/02/013
https://arxiv.org/abs/1811.10639
https://arxiv.org/abs/1811.10639
https://doi.org/10.1103/PhysRevD.104.106011
https://arxiv.org/abs/2105.01100
https://doi.org/10.1088/1361-6382/ac5052
https://arxiv.org/abs/2110.11176
https://doi.org/10.1103/PhysRevD.98.106019
https://arxiv.org/abs/1709.01095

Bibliography

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

172

Gielen, S., Oriti, D., and Sindoni, L. “Cosmology from Group Field Theory For-
malism for Quantum Gravity”. In: Physical Review Letters 111.3 (2013), p. 031301.
DOI: 10.1103/PhysRevLett.111.031301. arXiv: 1303.3576 [gr-qc].

Gielen, S., Oriti, D., and Sindoni, L. “Homogeneous cosmologies as group field
theory condensates”. In: JHEP 2014.06 (2014), p. 013. po1: 10.1007/JHEP06 (2014)
013. arXiv: 1311.1238 [gr-qc].

Gielen, S. and Polaczek, A. “Generalised effective cosmology from group field
theory”. In: Classical and Quantum Gravity 37.16 (2020), p. 165004. DOI: 10.1088/
1361-6382/ab8f67. arXiv: 1912.06143 [gr-qcl.

Gielen, S. and Polaczek, A. “Hamiltonian group field theory with multiple scalar
matter fields”. In: Physical Review D 103.8 (2021), p. 086011. poI: 10.1103/
PhysRevD.103.086011. arXiv: 2009.00615 [gr-qc].

Gielen, S., Polaczek, A., and Wilson-Ewing, E. “Addendum to “Relational Hamil-
tonian for group field theory™. In: Physical Review D 100 (2019), p. 106002. DOI:
10.1103/PhysRevD.100.106002. arXiv: 1908.09850 [gr-qcl.

Gielen, S. and Sindoni, L. “Quantum Cosmology from Group Field Theory Con-
densates: a Review”. In: SIGMA 12 (2016), p. 082. DOI: 10.3842/SIGMA.2016.082.
arXiv: 1602.08104 [gr-qc].

Gilmore, R. “Geometry of Symmetrized States”. In: Annals of Physics 74.2 (1972),
p- 391. DOI: 10.1016/0003-4916(72)90147-9.

Giulini, D. “The Superspace of geometrodynamics”. In: General Relativity and
Gravitation 41.4 (2009), pp. 785-815. DOI: 10.1007/s10714-009-0771-4.

Greiner, W. and Reinhardt, J. Field Quantization. Springer-Verlag Berlin Heidel-
berg, 1996. DOI: 10.1007/978-3-642-61485-9.

Gurau, R. and Ryan, J. P. “Colored Tensor Models - a Review”. In: SIGMA 8
(2012), p. 020. DOI: 10.3842/SIGMA.2012.020. arXiv: 1109.4812 [hep-th].

Hawking, S. W. “Particle creation by black holes”. In: Communications in Mathe-

matical Physics 43 (1975). Ed. by Gibbons, G. W. and Hawking, S. W., pp. 199-220.
DOI: 10.1007/BF02345020.

Hawking, S. W. and Ellis, G. F. R. The large scale structure of space-time. Cam-
bridge University Press, 1973. 1SBN: 978-0521200165.


https://doi.org/10.1103/PhysRevLett.111.031301
https://arxiv.org/abs/1303.3576
https://doi.org/10.1007/JHEP06(2014)013
https://doi.org/10.1007/JHEP06(2014)013
https://arxiv.org/abs/1311.1238
https://doi.org/10.1088/1361-6382/ab8f67
https://doi.org/10.1088/1361-6382/ab8f67
https://arxiv.org/abs/1912.06143
https://doi.org/10.1103/PhysRevD.103.086011
https://doi.org/10.1103/PhysRevD.103.086011
https://arxiv.org/abs/2009.00615
https://doi.org/10.1103/PhysRevD.100.106002
https://arxiv.org/abs/1908.09850
https://doi.org/10.3842/SIGMA.2016.082
https://arxiv.org/abs/1602.08104
https://doi.org/10.1016/0003-4916(72)90147-9
https://doi.org/10.1007/s10714-009-0771-4
https://doi.org/10.1007/978-3-642-61485-9
https://doi.org/10.3842/SIGMA.2012.020
https://arxiv.org/abs/1109.4812
https://doi.org/10.1007/BF02345020

[36]

[87]

[38]

[89]

[90]

[91]

[92]

(93]

94]

195]

[96]

Bibliography

Hawking, S. W. and Hartle, J. B. “Wave function of the Universe”. In: Physical
Review D 28.12 (1983). DOI: 10.1103/PhysRevD.28.2960.

Henneaux, M. and Teitelboim, C. Quantization of Gauge Systems. Princeton
University Press, 1994. 1SBN: 9780691037691.

Hohn, P. A. “Switching Internal Times and a New Perspective on the ‘Wave
Function of the Universe”. In: Universe 5.5 (2019), p. 116. DoI: 10 . 3390/
universeb5050116. eprint: 1811.00611 (gr-qc).

't Hooft, G. and Veltman, M. “One-loop divergencies in the theory of gravitation”.
In: Annales de L’Institut Henri Poincare Section (A) Physique Theorique 20.1
(1974), pp. 69-94.

Isham, C. “Canonical quantum gravity and the problem of time”. In: Nato Science
Series C' 409 (1993). Ed. by Ibort, L. and Rodriguez, M., pp. 157-287. arXiv:

gr-qc/9210011.

Kiefer, C. Quantum Gravity. International Series of Monographs on Physics. Oxford
University Press, 2004.

Krajewski, T. “Group field theories”. In: Proceedings of Science: 3rd Quantum

Gravity and Quantum Geometry School (QGQGS 2011) 140 (2011), p. 005. DOL:
10.22323/1.140.0005. arXiv: 1210.6257 [gr-qcl.

Lemaitre, G. “Un Univers homogéne de masse constante et de rayon croissant
rendant compte de la vitesse radiale des nébuleuses extra-galactiques”. In: Annales

de la Société Scientifique de Bruzelles A47 (1927), pp. 49-56.

Li, Y., Oriti, D., and Zhang, M. “Group field theory for quantum gravity minimally
coupled to a scalar field”. In: Classical and Quantum Gravity 34.19 (2017), p. 195001.
DOI: 10.1088/1361-6382/aa85d2. arXiv: 1701 .08719 [gr-qc]. URL: https:
//doi.org/10.1088/1361-6382/aa85d2.

Lisowski, T. “Expectation values of squeezing Hamiltonians in the SU(1,1) coherent
states”. In: Journal of Physics A 25.23 (1992), p. L1295. por: 10.1088/0305 -
4470/25/23/005.

Livine, E. R. and Martin-Benito, M. “Group theoretical quantization of isotropic
loop cosmology”. In: Physical Review D 85.12 (2012), p. 124052. por: 10.1103/
PhysRevD.85.124052. arXiv: 1204.0539 [gr-qc].

173


https://doi.org/10.1103/PhysRevD.28.2960
https://doi.org/10.3390/universe5050116
https://doi.org/10.3390/universe5050116
1811.00611
https://arxiv.org/abs/gr-qc/9210011
https://doi.org/10.22323/1.140.0005
https://arxiv.org/abs/1210.6257
https://doi.org/10.1088/1361-6382/aa85d2
https://arxiv.org/abs/1701.08719
https://doi.org/10.1088/1361-6382/aa85d2
https://doi.org/10.1088/1361-6382/aa85d2
https://doi.org/10.1088/0305-4470/25/23/005
https://doi.org/10.1088/0305-4470/25/23/005
https://doi.org/10.1103/PhysRevD.85.124052
https://doi.org/10.1103/PhysRevD.85.124052
https://arxiv.org/abs/1204.0539

Bibliography

197]

98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

174

Loll, R. “Quantum gravity from causal dynamical triangulations: a review”. In:
Classical and Quantum Gravity 37.1 (2019), p. 013002. poI: 10.1088 /1361 -
6382/abb57c7. URL: https://doi.org/10.1088/1361-6382/ab57c7.

Maldacena, J. M. “Black holes in string theory”. PhD thesis. Princeton University,
1996. arXiv: hep-th/9607235.

Marchetti, L. and Oriti, D. “Effective relational cosmological dynamics from
Quantum Gravity”. 2021. DOI: 10.1007/JHEP05(2021) 025. arXiv: 2008.02774
[gr-qcl.

Marchetti, L. and Oriti, D. “Quantum fluctuations in the effective relational GFT
cosmology”. In: Frontiers in Astronomy and Space Sciences 8 (Oct. 2021), p. 110.
ISSN: 2296-987X. DOI: https://doi.org/10.3389/fspas.2021.683649. arXiv:
2010.09700 [gr-qcl.

Martin-Dussaud, P. “A primer of group theory for Loop Quantum Gravity and
spin-foams”. In: General Relativity and Gravitation 51.9 (2019), p. 110. DOL:
10.1007/s10714-019-2583-5. arXiv: 1902.08439 [math-ph].

Matschull, H.-J. “Dirac’s canonical quantization program”. In: (June 1996). arXiv:
quant-ph/9606031.

Minkowski, H. “Raum und Zeit”. In: Physikalische Zeitschrift 10 (1909), pp. 104
115.

Noether, E. “Invariante Variationsprobleme”. In: Nachrichten von der Gesellschaft
der Wissenschaften zu Gottingen, Mathematisch-Physikalische Klasse 1918 (1918),
pp- 235-257.

Ooguri, H. “Topological lattice models in four dimensions”. In: Modern Physics
Letters A 07 (1992), p. 2799. DOI: 10.1142/50217732392004171. arXiv: hep-
th/9205090.

Oriti, D. “The microscopic dynamics of quantum space as a group field theory”. In:
Foundations of Space and Time: Reflections on Quantum Gravity. Ed. by Murugan,
J., Weltman, A., and Ellis, G. F. R. Cambridge University Press, 2012. arXiv:
1110.5606 [hep-th].

Oriti, D. “Group field theory as the second quantization of loop quantum gravity”.
In: Class. Quant. Grav. 33.8 (2016), p. 085005. DOI: 10.1088/0264-9381/33/8/
085005. arXiv: 1310.7786 [gr-qc].


https://doi.org/10.1088/1361-6382/ab57c7
https://doi.org/10.1088/1361-6382/ab57c7
https://doi.org/10.1088/1361-6382/ab57c7
https://arxiv.org/abs/hep-th/9607235
https://doi.org/10.1007/JHEP05(2021)025
https://arxiv.org/abs/2008.02774
https://arxiv.org/abs/2008.02774
https://doi.org/https://doi.org/10.3389/fspas.2021.683649
https://arxiv.org/abs/2010.09700
https://doi.org/10.1007/s10714-019-2583-5
https://arxiv.org/abs/1902.08439
https://arxiv.org/abs/quant-ph/9606031
https://doi.org/10.1142/S0217732392004171
https://arxiv.org/abs/hep-th/9205090
https://arxiv.org/abs/hep-th/9205090
https://arxiv.org/abs/1110.5606
https://doi.org/10.1088/0264-9381/33/8/085005
https://doi.org/10.1088/0264-9381/33/8/085005
https://arxiv.org/abs/1310.7786

(108

109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Bibliography

Oriti, D. “Group Field Theory and Loop Quantum Gravity”. In: Loop Quantum
Gravity: The First 30 Years. Ed. by Ashtekar, A. and Pullin, J. World Scientific,
2017. por: 10.1142/9789813220003_0005. arXiv: 1408.7112 [gr-qc].

Oriti, D. “The universe as a quantum gravity condensate”. In: Comptes Rendus
Physique 18 (2017), p. 235. DOI: 10.1016/j.crhy.2017.02.003. arXiv: 1612.
09521 [gr-qc].

Oriti, D., Ryan, J. P., and Thiirigen, J. “Group field theories for all loop quantum
gravity”. In: New Journal of Physics 17.2 (2015), p. 023042. DOI: 10.1088/1367-
2630/17/2/023042. arXiv: 1409.3150 [gr-qc].

Oriti, D., Sindoni, L., and Wilson-Ewing, E. “Emergent Friedmann dynamics
with a quantum bounce from quantum gravity condensates”. In: Class. Quant.
Grav. 33.22 (2016), p. 224001. DOI: 10.1088/0264-9381/33/22/224001. arXiv:
1602.05881 [gr-qcl.

Oriti, D., Sindoni, L., and Wilson-Ewing, E. “Bouncing cosmologies from quantum
gravity condensates’. In: Class. Quant. Grav. 34.4 (2017), 04LTO01. por: 10.1088/
1361-6382/aab49a. arXiv: 1602.08271 [gr-qc].

Payne, L. E. Improperly Posed Problems in Partial Differential Equations. Regional
Conference Series in Applied Mathematics. Philadelphia, Pennsylvania: Society
for Industrial and Applied Mathematics, 1975. DOI: 10.1137/1.9781611970463.

Penrose, R. “Before the big bang: an outrageous new perspective and its impli-
cations for particle physics”. In: Proceedings of EPAC 2006, Edinburgh, Scotland.
2006, pp. 2759-2762.

Perelomov, A. M. “Coherent States for Arbitrary Lie Group”. In: Commun. Math.
Phys. 26 (1972), p. 222. arXiv: math-ph/0203002.

Perelomov, A. Generalized Coherent States and Their Applications. Springer, 1986.
DOI: 10.1007/978-3-642-61629-7.

Perez, A. “The Spin-Foam Approach to Quantum Gravity”. In: Living Reviews in
Relativity 16 (2013), p. 3. DOI: 10.12942/1rr-2013-3. arXiv: 1205.2019 [gr-qcl.

Perez, A. “Black holes in loop quantum gravity”. In: Reports on Progress in Physics
80.12 (2017), p. 126901. DOI: 10.1088/1361-6633/aa7el4. arXiv: 1703.09149
[gr-qcl.

175


https://doi.org/10.1142/9789813220003_0005
https://arxiv.org/abs/1408.7112
https://doi.org/10.1016/j.crhy.2017.02.003
https://arxiv.org/abs/1612.09521
https://arxiv.org/abs/1612.09521
https://doi.org/10.1088/1367-2630/17/2/023042
https://doi.org/10.1088/1367-2630/17/2/023042
https://arxiv.org/abs/1409.3150
https://doi.org/10.1088/0264-9381/33/22/224001
https://arxiv.org/abs/1602.05881
https://doi.org/10.1088/1361-6382/aa549a
https://doi.org/10.1088/1361-6382/aa549a
https://arxiv.org/abs/1602.08271
https://doi.org/10.1137/1.9781611970463
https://arxiv.org/abs/math-ph/0203002
https://doi.org/10.1007/978-3-642-61629-7
https://doi.org/10.12942/lrr-2013-3
https://arxiv.org/abs/1205.2019
https://doi.org/10.1088/1361-6633/aa7e14
https://arxiv.org/abs/1703.09149
https://arxiv.org/abs/1703.09149

Bibliography

[119]

[120]

121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

176

Pithis, A. G. A. and Sakellariadou, M. “Relational evolution of effectively inter-
acting group field theory quantum gravity condensates”. In: Physical Review D
95.6 (2017), p. 064004. DOI: 10.1103/PhysRevD.95.064004. arXiv: 1612.02456
[gr-qcl.

Pithis, A. G. A. and Sakellariadou, M. “Group Field Theory Condensate Cosmology:
An Appetizer”. In: Universe 5 (2019), p. 147. DOI: 10.3390/universe5060147.
arXiv: 1904.00598 [gr-qc].

Planck, M. “Zur Theorie des Gesetzes der Energieverteilung im Normalspectrum?”.
In: Verhandlungen der Deutschen Physikalischen Gesellschaft 2.17 (1900), pp. 237—
245.

Ponzano, G. and Regge, T. “Semiclassical limit of Racah coefficients”. In: Spec-
troscopic and group theoretical methods in physics. Ed. by Bloch, F. Amsterdam:
North-Holland Publ. Co., 1968, pp. 1-58.

Regge, T. “General relativity without coordinates”. In: Il Nuovo Cimento 19.3
(1968), pp. 558-571. DOI: 10.1007/BF02733251.

Reisenberger, M. P. and Rovelli, C. “Spacetime as a Feynman diagram: the
connection formulation”. In: Class. Quant. Grav. 18 (2001), p. 121. poOI: 10.
1088/0264-9381/18/1/308. arXiv: gr-qc/0002095.

Rivasseau, V. “Quantum gravity and renormalization: The tensor track”. In: The
8th International Conference on Progress in Theoretical Physics (ICPTP 2011).
Ed. by Mebarki, N., Mimouni, J., Belaloui, N., and Ait Moussa, K. Vol. 1444. 1.
2012, pp. 18-29. DOL: 10.1063/1.4715396. arXiv: 1112.5104 [hep-th].

Rivasseau, V. “The Tensor Track: an Update”. In: Symmetries and Groups in
Contemporary Physics (Proceedings of the XXIX International Colloquium on
Group-Theoretical Methods in Physics). Vol. 11. Nankai Series in Pure, Applied
Mathematics and Theoretical Physics. Sept. 2013, pp. 63-74. pOI: 10. 1142/
9789814518550_0011. arXiv: 1209.5284 [hep-th].

Robertson, H. P. “Kinematics and world structure”. In: Astrophysical Journal 82
(1935), pp. 284-301.

Rovelli, C. “Notes for a brief history of quantum gravity”. In: Proceedings of the
Ninth Marcel Grossman Meeting on General Relativity. Ed. by Gurzadyan, Vahe
G, Jantzen, Robert T, and Ruffini, Remo. World Scientific, 2000, pp. 742-768. DOTI:
10.1142/9789812777386_0059. arXiv: gr-qc/0006061.


https://doi.org/10.1103/PhysRevD.95.064004
https://arxiv.org/abs/1612.02456
https://arxiv.org/abs/1612.02456
https://doi.org/10.3390/universe5060147
https://arxiv.org/abs/1904.00598
https://doi.org/10.1007/BF02733251
https://doi.org/10.1088/0264-9381/18/1/308
https://doi.org/10.1088/0264-9381/18/1/308
https://arxiv.org/abs/gr-qc/0002095
https://doi.org/10.1063/1.4715396
https://arxiv.org/abs/1112.5104
https://doi.org/10.1142/9789814518550_0011
https://doi.org/10.1142/9789814518550_0011
https://arxiv.org/abs/1209.5284
https://doi.org/10.1142/9789812777386_0059
https://arxiv.org/abs/gr-qc/0006061

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

138

[139)]

Bibliography

Rovelli, C. Quantum Gravity. Cambridge Monographs on Mathematical Physics.
Cambridge University Press, 2004. boI: 10.1017/CB09780511755804.

Rovelli, C. and Vidotto, F. Covariant Loop Quantum Gravity: An Elementary
Introduction to Quantum Gravity and Spinfoam Theory. Cambridge University
Press, 2014. 1sBN: 9781107069626.

Rovelli, C. and Wilson-Ewing, E. “Why are the effective equations of loop quantum
cosmology so accurate?” In: Physical Review D 90 (2 July 2014), p. 023538.
DOI: 10.1103/PhysRevD.90.023538. arXiv: 1310.8654 [gr-qc]. URL: https:
//link.aps.org/doi/10.1103/PhysRevD.90.023538.

Sakellariadou, M. “Lattice refinement in loop quantum cosmology”. In: Journal
of Physics: Conference Series 189 (2009), p. 012035. DOI: 10.1088/1742-6596/
189/1/012035. arXiv: 0810 .5356. URL: https://doi.org/10.1088/1742-
6596/189/1/012035.

Sakellariadou, M. “Gravitational Waves: The Theorist’s Swiss Knife”. In: Uni-
verse 8.2 (2022), p. 132. DOI: 10.3390/universe8020132. arXiv: 2202 . 00735
[astro-ph.CO].

Schrédinger, E. “An undulator theory of the mechanics of atoms and molecules”.

In: Physical Review 28.6 (1926), pp. 1049-1070.

Schwarzschild, K. “Uber das Gravitationsfeld eines Massenpunktes nach der Ein-
steinschen Theorie”. In: Sitzungsberichte der Kéniglich Preussischen Akademie der
Wissenschaften 7 (1916), pp. 189-196.

Surya, S. “The causal set approach to quantum gravity”. In: Living Reviews in
Relativity 22.1 (2019), p. 5. DOI: 10.25088/ComplexSystems.29.2.107. arXiv:
1903.11544 [gr-qcl.

't Hooft, G. “A planar diagram theory for strong interactions”. In: Nuclear Physics
B 72.3 (1974), pp. 461-473. DOL: 10.1016/0550-3213(74)90154-0.

Taveras, V. “Corrections to the Friedmann equations from loop quantum gravity
for a universe with a free scalar field”. In: Physical Review D 78 (2008), p. 064072.
DOI: 10.1103/PhysRevD.78.064072. arXiv: 0807.3325 [gr-qc].

Thiemann, T. Modern Canonical Quantum General Relativity. Cambridge Mono-
graphs on Mathematical Physics. Cambridge University Press, 2007. 1SBN: 978-0-
521-84263-1. DOI: 10.1017/CB09780511755682.

177


https://doi.org/10.1017/CBO9780511755804
https://doi.org/10.1103/PhysRevD.90.023538
https://arxiv.org/abs/1310.8654
https://link.aps.org/doi/10.1103/PhysRevD.90.023538
https://link.aps.org/doi/10.1103/PhysRevD.90.023538
https://doi.org/10.1088/1742-6596/189/1/012035
https://doi.org/10.1088/1742-6596/189/1/012035
https://arxiv.org/abs/0810.5356
https://doi.org/10.1088/1742-6596/189/1/012035
https://doi.org/10.1088/1742-6596/189/1/012035
https://doi.org/10.3390/universe8020132
https://arxiv.org/abs/2202.00735
https://arxiv.org/abs/2202.00735
https://doi.org/10.25088/ComplexSystems.29.2.107
https://arxiv.org/abs/1903.11544
https://doi.org/10.1016/0550-3213(74)90154-0
https://doi.org/10.1103/PhysRevD.78.064072
https://arxiv.org/abs/0807.3325
https://doi.org/10.1017/CBO9780511755682

Bibliography

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

178

Tikhonov, A. N. and Arsenin, V. Y. Solutions of ill-posed problems. Scripta Series
in Mathematics. (Translated from the Russian). Washington, DC: Winston, 1977.

Turaev, V. G. and Viro, O. Y. “State sum invariants of 3-manifolds and quantum
67-symbols”. In: Topology 31.4 (1992), pp. 865-902. 1SSN: 0040-9383. DOI: https:
//doi.org/10.1016/0040-9383(92)90015-A.

Walker, A. G. “On Milne’s theory of world-structure”. In: Proceedings of the London
Mathematical Society 42.1 (1937), pp. 90-127. DOI: 10.1112/plms/s2-42.1.90.

Weinberg, S. “Critical Phenomena for Field Theorists”. In: Understanding the
Fundamental Constituents of Matter. Ed. by Zichichi, A. Vol. 14. The Subnuclear
Series. New York and London: Plenum Press, 1978, pp. 1-52. ISBN: 978-1-4684-
0933-8. DOI: 10.1007/978-1-4684-0931-4_1.

Wilson-Ewing, E. “Relational Hamiltonian for group field theory”. In: Physical
Review D 99.8 (2019), p. 086017. DOI: 10.1103/PhysRevD.99.086017. arXiv:
1810.01259 [gr-qcl.

Wolfram, S. “A Class of Models with the Potential to Represent Fundamen-
tal Physics”. In: Complex Systems 29.2 (2020), pp. 107-536. DOI: 10 . 25088/
ComplexSystems.29.2.107. arXiv: 2004.08210 [cs.DM].

York, J. W. “Role of Conformal Three-Geometry in the Dynamics of Gravita-
tion”. In: Physical Review Letters 28.16 (1972), pp. 1082-1085. DOI: 10.1103/
PhysRevLett.28.1082.

Zeh, H. D. “On the interpretation of measurement in quantum theory”. In: Foun-
dations of Physics 1.1 (1970), pp. 69-76. DOI: 10.1007/BF00708656.

Zinn-Justin, J. Quantum Field Theory and Critical Phenomena. Oxford University
Press, 2002. DOI: 10.1093/acprof:0s0/9780198509233.001.0001.


https://doi.org/https://doi.org/10.1016/0040-9383(92)90015-A
https://doi.org/https://doi.org/10.1016/0040-9383(92)90015-A
https://doi.org/10.1112/plms/s2-42.1.90
https://doi.org/10.1007/978-1-4684-0931-4_1
https://doi.org/10.1103/PhysRevD.99.086017
https://arxiv.org/abs/1810.01259
https://doi.org/10.25088/ComplexSystems.29.2.107
https://doi.org/10.25088/ComplexSystems.29.2.107
https://arxiv.org/abs/2004.08210
https://doi.org/10.1103/PhysRevLett.28.1082
https://doi.org/10.1103/PhysRevLett.28.1082
https://doi.org/10.1007/BF00708656
https://doi.org/10.1093/acprof:oso/9780198509233.001.0001

	Introduction
	Quantum theory
	Relativity
	Quantum gravity
	Outline

	Group field theory
	Definition
	Relation to discrete geometry

	Group field theory cosmology
	Overview
	Action for GFT cosmology
	Approaches to GFT cosmology

	Canonical formulation: Multiple scalar fields
	Hamiltonian
	Quantisation
	Equations of motion
	Symmetries and conserved charges
	Coherent states
	Volume operator
	Effective Friedmann equations
	Simple coherent states
	Comparison with mean-field theory of a complex group field

	Canonical formulation: Single scalar field
	General theory
	Algebraic formulation
	Initial state
	Interactions
	Quantum calculations

	One-body effective approach
	Effective methods for quantum systems
	Finite algebra in GFT
	Effective one-body relational cosmology

	Conclusions
	Flat, homogeneous and isotropic universe with a massless scalar field
	Lagrangian formulation
	Hamiltonian formulation
	Deparametrisation
	Multiple scalar fields

	Representation theory of su(1,1)
	Coherent states

	Mathematica package EffectiveConstraints
	Code listings
	One-body GFT calculation

	Bibliography

