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ABSTRACT

The formulation of General Relativity revolutionised the principles to understand
the mechanics of gravitation. Under this viewpoint, gravity was no longer a force
as postulated by Newton but a manifestation of curvature of the unification of
space and time, spacetime. Despite its success, General Relativity started to be
incompatible with observations as it required the introduction of dark matter and
dark energy. Furthermore, General Relativity is a classical theory and is not renor-
malisable. Modifications to General Relativity have therefore been proposed. In
this work, an alternative proposal, known as Teleparallel gravity, is investigated.
This formulation reintroduces gravity as a force by replacing curvature of space-
time through torsion. Furthermore, the theory can reproduce the field equations
of General Relativity, referred to as Teleparallel Equivalent of General Relativity,
and hence can be deemed as an alternative description of gravitation. Through-
out this work, various teleparallel gravity models are studied under different top-
ics: (7) stability of the Friedmann-Lemaitre-Robertson-Walker geometry through
homogeneous and isotropic perturbations, (iz) reconstruction of the gravitational
Lagrangian, (iii) gravitational waves, and (iv) large scale structure. It is shown
that this formulation is capable of accounting for the accelerating universe with-
out invoking dark energy, while also being stable under homogeneous perturbations,
hosting various expansion histories, agreeing with the observed predictions of grav-
itational waves, while also being able to correctly generate the observed large scale
structure.
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CHAPTER 1

INTRODUCTION

The major technological advancements since the end of the 20*® century paved the
way for more precise measurements about different aspects of the vast universe,
hailing the term “the era of precision cosmology”. Thanks to these advances, more
observational resources are available to probe towards a more fundamental under-
standing of the forces of nature, primarily that of gravity. The critical understanding
of how the fundamental force of gravity works has been investigated throughout the
ages, with major breakthroughs such as those by Galileo Galilei regarding free fall
and Kepler in his laws of motion of planetary bodies [1]. However, there had not

yet been a fully consistent mathematical formulation of gravity.

This was until Isaac Newton in 1686, who, in his famous publication Philosophiae
naturalis principia mathematica, had formulated the first mathematical treatment of
gravity acting as an inverse square law force, now referred to as Newtonian gravity
[2]. Newton’s theory of gravitation proved to be quite a successful theory as it
managed to derive Kepler’s laws of motion, while also leading to the discovery of
Neptune [1,3]. However, the theory was far from perfect. Observations of the
perihelion of Mercury showed that Newton’s gravitational theory was insufficient to
correctly account for its observed precession, questioning its validity. This problem

persisted until Einstein completely revolutionised the notion of gravity [4].
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Albert Einstein reformulated gravity as simply being a manifestation of curvature
of spacetime, a unification of space and time, caused by the mass (or equivalently,
energy) of objects. Therefore, gravity was no longer a force but a realisation of
actual spacetime deformation. The success of Einstein’s theory of gravity, General
Relativity (GR), was prominent even shortly after its publication in 1915 [5], due
to its success of predicting Mercury’s perihelion precession, as well as correctly
predicting the deflection angle of light according to the gravitational field of the Sun.
Furthermore, the theory had long predicted the existence of ripples of spacetime.
These ripples are waves propagating throughout this spacetime medium caused by
gravity, adequately named gravitational waves (GWs) [6,7]. However, due to their
extremely weak strength, it took almost a century since their postulated existence
to be first observed by the Laser Interferometer Gravitational-Wave Observatory

(LIGO) in 2015 [8].

Following seminal works by Friedmann [9] and Lemaitre [10], and later on by Robert-
son [11-13] and Walker [14], a geometry describing the expansion of a homoge-
neous and isotropic universe referred to as the Friedmann-Lemaitre-Robert-Walker
(FLRW) metric, the idea of an expanding non-static universe started being pro-
posed, an idea which Einstein initially refused to accept, since he instead opted for
a static universe [15]. However, the first measurements of Hubble in Ref. [16], and
much later through a compilation of measurements between the Supernova Cos-
mology Project and High-z Supernova Search Team [17], have shown not only the
existence of cosmological expansion but also of its accelerated expansion. The latter
observation proved to be a substantial problem for GR since such an acceleration
can only be generated by some fluid which constitutes negative pressure, a fluid

referred to as dark energy.

This was not the only problem. GR predicts that stars orbiting around the centre of
a galaxy (its galactic centre) have an orbital speed which decreases with distance, in

a similar way to that predicted by Newtonian gravity. However, observations carried
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out by Rubin, Thonnard and Ford [18,19] had shown that this was not the case. In
fact, the velocity turned out to approach a constant value. These velocity-distance
profiles, known as galactic rotation curves, could only be described by requiring the
galaxy mass to be much larger. However, this is not observed, leaving this missing

mass to be termed as dark matter.

Issues with GR do not stop there. GR is a classical theory and hence the the-
ory breaks down for high energies (short distances). This requires quantisation,
a property which is impossible to carry out in GR because the theory is non-

renormalisable [20,21].

Going back to the dark energy problem, this unknown fluid exhibiting negative
pressure has raised important questions regarding its possible source and nature,
which are properties that have not been yet answered. Various proposals have been

considered to describe these two properties, a few of which are discussed below.

One of the first proposals was originally considered by Einstein himself (albeit for a
different purpose), the (in)famous cosmological constant A (a brief historical account
is given in Refs. [22,23]). Einstein considered the cosmological constant only to
maintain a static universe, an idea that was abandoned after Hubble’s discovery [15].
Despite this initial consideration by Einstein, this cosmological constant has instead
taken a pivotal role to not only describe the universe’s accelerated expansion (in
contrast to a static one) but also the observed anisotropies in the Cosmic Microwave

Background (CMB).

In its most basic form, the cosmological constant acts as a source of “repulsive”
gravity, a fluid having a constant negative pressure p and energy density p satisfying
a perfect fluid equation of state p = —p [24]. In absence of other sources, the
cosmological constant causes the universe to expand at an accelerating, exponential

rate.
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Despite its success, the cosmological constant still suffers from several conceptual
problems. The first major problem, known as the fine-tuning problem, is centred
around its very small value. Due to its unknown physical nature, various possible
physical mechanisms have been proposed to account for its smallness but to no avail.

Some of these different proposed mechanisms are summarised below:

1. Vacuum energy: A possible source for A is that it represents vacuum energy.
However, the theoretical prediction of such energy is extraordinarily larger
than the one observed by the cosmological constant, with a difference of about

10'2% orders of magnitude in GeV* units [15,23,25-27].1

2. Anthropic Principle: Anthropic arguments have been proposed as a means
to set bounds on the cosmological constant to justify its observed small value.

This principle mainly falls under three different versions [15,23,25]:

(a) Very Weak: In the weakest version, the existence of humankind is
treated as an experimental data point. Such an argument would explain

why the half-life of protons is much larger than the lifetime of humankind.

(b) Weak: The fundamental constants appear to be as they are within spe-
cific regions in the universe with different sub-universe regions exhibiting
different fundamental constants. This is due to this region of space al-

lowing for the existence of life.

(¢) Strong: The strong anthropic principle treats the fundamental constants
of nature to be what they are observed to be because otherwise, there
would be no existence of life to make such measurements in the first place.

Thus, everything revolves on the basis of the existence of humankind.

From these anthropic principles, especially from the weak version, different
mechanisms have been proposed in order to set bounds on the magnitude

of the cosmological constant. However, they have been mostly unsuccessful

LA more detailed account of vacuum energy through quantum mechanics is provided in Ref. [28].

4
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in that regard. For a more detailed review on these mechanisms, see Refs.

[23,25,27,29,30].

3. Nature of source: The cosmological constant may be described to originate
from two possible sources, either gravitational through modification of the
gravitational interaction, or due to some unknown fluid source (or possibly,
a combination of both) [20,23,24,27,31-34]. This also brings forth a second
fundamental question of whether the behaviour of dark energy is constant
with time, which poses the question whether the same source for dark energy
is responsible for both the late time acceleration and the early inflationary

phase.

A second problem is known as the coincidence problem, which questions why the
observed density magnitudes of matter (including dark matter) and dark energy
are roughly of the same order at present times despite their different evolutionary

mechanisms [20, 27, 34].

Lastly, recent local and cosmological observations have posed serious tension regard-
ing the role of the cosmological constant, commonly referred to as the H, tension,
where Hj represents the present value of the Hubble parameter. Based on the
Planck 2018 CMB data, GR with the presence of a cosmological constant and cold
dark matter (CDM) (referred to as the ACDM model), an observed value of Hy =
(67.4 4+ 0.5) kms~! Mpc~! [35] is obtained, whereas local measurements using Super-
novae Type la (SNe Ia) data and Cepheids have resulted in a continuous deviation
from the CMB value, with the latest value being Hy = (74.03 4 1.42) km s~ Mpc™!,

meaning a deviation of 4.40 [36-40].

In light of these observations and problems, one therefore questions the validity of
dark energy being sourced by a cosmological constant and hence one should instead
consider other possible alternatives. As previously mentioned, the source of dark

energy can either be stemming from some matter field or is an artefact of gravitation.
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Starting with the former, one alternative is to consider dark energy to be sourced
by some scalar field ). Such an approach can be developed in various different and
distinct ways; here, only the model known as quintessence is discussed. For other
considerations such as phantom, tachyonic and k-essence, see Refs. [23,24,26,27,33]

and references therein.

Quintessence defines a dark energy fluid source having energy density p and pressure

p in the form

p= 5@+ V(Q), =350 - V(Q), (1.1

where V' (¢) represents the potential of the scalar field. Through this formulation,
the dark energy fluid becomes dynamical in nature with different values of the scalar
field at different epochs leading to different behaviours throughout the cosmological
history. For quintessence to achieve a cosmological constant-like state, the kinetic
energy must be sufficiently smaller than the potential energy i.e. %QQ < V(Q)
[26, 30, 34].

As a means to tackle the fine-tuning and coincidence problems, a special class of
scalar field potentials known as tracker solutions are considered. The role of such
models is to construct an evolutionary behaviour which, independent of initial condi-
tions, their final resulting state is always a quasi-cosmological constant [26,30,34,41].
In this way, the coincidence problem would be effectively resolved. However, the
model still needs to be fine-tuned in order to obtain such features and the relatively
small value of the cosmological constant. Quintessence also suffers from other fun-
damental questions, including the fundamental role of the scalar field, whether the
field couples to other matter components or with gravity, why must it necessarily

dominate now, and why must the field be necessarily homogeneous [20, 42].

A second proposal revolves around the possible unification of dark energy and dark

matter through a single fluid which behaves as dark matter in high density regimes,
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and as dark energy in low density regimes. This approach could resolve the coin-
cidence problem [20]. Alternatively, one may also consider an interaction between
dark matter and dark energy, a proposal which may resolve the present Hj ten-

sion [43,44].

The next instance, which investigates dark energy as a manifestation of gravitation,
will be the main focus of this work. For instance, introducing more curvature in-
variants in the action may provide a more natural mechanism to explain the given
observations, where certain terms become more dominant during earlier epochs (re-
sponsible for inflation and CMB) while others become more dominant at later times

(responsible for the observed acceleration) [21,31,32].

Overall, for any modification of gravitation to be viable, the theory must agree with

the different observations and limits: [20,27]

1. Recover Newtonian gravity in the weak-field limit;
2. Be able to reproduce galactic dynamics;
3. Correctly predict the formation of large scale structure;

4. Be able to predict the cosmological dynamics (CMB, accelerated expansion,

and so forth).

Most modified theories considered in literature end up being severely constrained
in the weak-field regime, leading to difficulties in obtaining feasible models which
reconcile both local and cosmological observations. Furthermore, extensions beyond
GR usually involve higher order field equations which are more difficult to solve
both analytically as well as numerically. Nonetheless, an enormous amount of work
has been carried out in this field with the aim of reconciling all of the above given

criteria.
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Throughout this work, an alternative viewpoint in describing the mechanics of grav-
ity is explored. Instead of gravity being described through the manifestation of cur-
vature of spacetime (without torsional effects), this notion is now reversed. Space-
time is now twisted (i.e. has non-zero torsion) but does not manifest any curva-
ture effects. After all, there is no fundamental principle which requires spacetime
to be strictly curved without any torsion. This approach is known as teleparallel
gravity, one which had originally been considered by Einstein as means to unify
gravitation and electromagnetism [45,46]. Following other seminal works, notably
by Mgller [47-49], Pellegrini and Plebanski [50], and Cho [51] (a more detailed his-
torical account is given in Ref. [52]), it has been shown that describing the effects of
gravity through torsion is equivalent to GR at the level of equations of motion, and
hence this theory is referred to as the Teleparallel Equivalent of General Relativity
(TEGR). Thus, in essence, most problems encountered in GR are transferred to its

teleparallel equivalent.

Nonetheless, the theories are not exactly equivalent as they differ at the level of
the gravitational action, despite being equivalent at the level of the field equations.
Moreover, gravity is now a gauge theory. Thus, gravity is again being considered
a force, not a geometric effect. This can be explained through the motion of free
falling particles. In GR, the particles move along a geometric trajectory of curved
space (called geodesics) while in teleparallel gravity, the motion of particles moves
according to force equations similar to electromagnetism. This leads to an impor-
tant consequence in the notion of universality (also known as Weak Equivalence
Principle, WEP) which states that inertial effects are locally indistinguishable from
gravity (or in simpler terms, the inertial mass is equivalent to the gravitational
mass). In GR (and other curvature extensions), university is important since if it is
violated, particles will no longer move along a geodesic, leading to a breakdown of
the theory. On the other hand, teleparallel theories do not need to satisfy this re-
quirement. Teleparallel gravity allows for a separation between the effects of inertia

and gravitation, a property which curvature based theories lack [21,52,53].
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The role of universality puts forth further consequences in explaining the energy of
the gravitational field. If universality holds, the energy of gravity cannot be localised
as one cannot distinguish between inertia and gravitation (in other words, there
always exists a point where the effect of gravity is locally absent) [54-56]. Therefore,
GR and other curvature based theories cannot locally define the magnitude of the
energy of the gravitational field. On the other hand, since universality is not a
requirement in teleparallel theory, this energy can be better defined through a gauge

gravitational current [21,52,53].

Therefore, even at the level of the Einstein field equations of GR, teleparallel gravity
appears to provide a better approach in handling certain phenomenological issues
encountered in GR. Nonetheless, extensions of the theory still need be explored to

account for the effects of dark energy and dark matter.

Throughout this work, different extensions of teleparallel gravity shall be explored,
these being f(T') gravity, f(T,B) gravity, f(T,Tg) gravity and f(T,7T) gravity,
where B, Ti; and T represent the boundary term, the Teleparallel Equivalent Gauss-
Bonnet (TEGB) scalar and the trace of the energy-momentum tensor respectively.
These theories, as well as their curvature analogues, have been examined in great de-
tail in literature, both in local and cosmological applications. The work is presented

as follows.

In Chapter 2, a brief introduction about the notion of spacetime, curvature and
torsion is presented, together with the necessary ingredients to construct the math-
ematical formulation of GR and TEGR as well as the teleparallel extensions explored
throughout this work. A short overview about the homogeneous and isotropic FLRW

universe is also presented.

Chapter 3 discusses the notion of stability against homogeneous and isotropic per-
turbations of the FLRW universe in the context of f(7T') gravity. This determines

whether the FLRW cosmology remains a viable background description of the uni-
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verse throughout its expansion history notably during late times. For the two consid-
ered viable f(7T") models, it will be shown that these satisfy the stability requirement

and hence are deemed stable.

Throughout Chapters 4 and 5, the reconstruction procedure is presented and applied
for various cosmological behaviours in f(T,Tg) gravity. This method allows for
the investigation of whether such teleparallel theory of gravity is able to reproduce
specific cosmological histories without invoking any cosmological constant while also
being able to recover vacuum solutions (such as Minkowski space). Throughout
Chapter 4, simple models, namely power law scale factor, de Sitter phase and ACDM
cosmology are investigated, whereas in Chapter 5, the so called bouncing cosmologies
are explored. The latter offer a possible alternative to the Big Bang and inflation
scenario to relieve some of the issues encountered in both formulations. Furthermore,
these also offer a possible description of the future final state of the universe. Overall,
it is observed that under certain conditions, the investigated models can describe

the different cosmological behaviours while recovering the vacuum solutions.

The gravitational wave properties for f(T), f(T,B) and f(T,Tg) gravity in the
weak-field regime are then investigated in Chapter 6. For each model, the propa-
gation speed and polarisation states of the gravitational waves are explored. It is
found that f(T") and f(7,T¢) gravity exhibit similar features to GR (two tensor po-
larisations propagating at the speed of light) while f(T, B) gravity exhibits an extra
massive (propagating at sub-light speeds) scalar mode similar to that encountered

in f(R) gravity.

The formation of large scale structure is then investigated in Chapter 7 under f(7,7)
gravity. A brief description of cosmological perturbation theory is presented together
with the scalar-vector-tensor (SVT) decomposition of the background FLRW metric.
Through the use of scalar perturbations, the growth of structure under sub-horizon
regimes is explored. Despite the fact that the considered models are able to match

with the observed accelerated expansion, these do not match with the observed

10
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structure formation at different sub-horizon scales.

A final summary of the results together with possible future work is presented in
Chapter 8. Throughout this work, the reduced Planck unit system 871G =c=h =1
shall be used.

11
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CURVATURE, TORSION AND THE

FLRW UNIVERSE

2.1 Notion of Spacetime: Curvature, Torsion and

Metricity

The first step in understanding gravity through geometry is to define a mathematical
object representing spacetime which describes the effects of gravitation through
its curvature and torsion. A simple consideration is through what is known as a
manifold, a surface which locally appears flat (i.e. the geometry appears as R” for
some dimension n) [57]. This manifold encompasses all the relevant information
regarding time and space, however it does not define how these are related. This is

achieved through the metric tensor g,,, defined as

ds® = g,,dz"dz", (2.1)

12
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where ds? represents the line element, a measure of distance between any two points,
and dz* are the differentials of the coordinates [58].? The metric tensor, besides
describing the geometry of spacetime, provides a notion of past, present and future
(hence causality), and replaces the role of the gravitational potential [57]. The
term tensor stems from objects defined by the same name, generally represented by
THe--km o which have the property to transform covariantly under a coordinate
transformation, meaning that there is no preferred coordinate system [1, 57, 58].

Another property of the metric tensor is that it is non-degenerate, meaning an

inverse ¢g" can be defined, leading to the property

9" Gup = 0y, (2.2)

where 07 represents the Kronecker delta.

Another important property, which shall prove useful in describing teleparallelism,
is the distinction between global and local spacetime. In the former, global refers to
the spacetime under the influence of gravitation. On the other hand, local spacetime
refers to when the effects of gravity are absent (namely representing the spacetime
of Special Relativity). In the latter, the metric tensor is the Minkowski metric
naw = diag(—1,1,1,1). A link between these two spacetimes is achieved through

tetrads (or veirbeins), denoted by e?,, via the relation [52,57]

G = nabeaueby. (2.3)

Here, the Latin indices correspond to the local spacetime (governed by the Minkowski
metric) while Greek indices correspond to the global spacetime (governed by the
metric tensor). These tetrads obey the simple relations

e’e) =0, e = . (2.4)

2Here, Einstein’s summation convention is used, where repeated indices are summed over. In
this example, ds? = 3 g,,, dz*dz”.

H, v

13
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Furthermore, these can be used to exchange between local and global indices, as

shown in the following examples
e Vi =Vve, e Vo=V, (2.5)

Similar relations hold for the inverse tetrad e,*.

The next step is to generalise the concept of a derivative for tensors. Although
the notion of partial derivatives is well defined, it does not transform as a tensor,
making it susceptible to a change of coordinates. In order to preserve covariance,
a more general differential operator which transforms as a tensor is defined. This
new derivative is called the covariant derivative. Due to the distinction between
the local and global spacetime, two variants of the derivative are defined. For the
local spacetime, the covariant derivative (denoted by D) for a given arbitrary tensor

Attt 4, 1s defined to be [52]

ai...ay o aj...ay a1 cas...ay, ak aj...ap_1c
DUA by..by — aO'A by1...b; tw CO’A b1...b; t..tw CO’A b1...b;

_c ai...ay . . c ay...ak
w blo'A cba...b; t w blUA by...bj_1¢?

(2.6)

where w® are called spin connections whose role is to represent the inertial effects
of the tetrad frame. The spin connection has the further property that it is anti-
symmetric in the first two indices (wepy = —wheyu) and it can be expressed in the
form [52,59]

w, = —NSON, (2.7)

where A,¢ represents the local Lorentz matrix. On the other hand, for the global
spacetime, the covariant derivative (denoted by V) for a given arbitrary tensor

Arte s defined to be [1,57,58]

1...0]

14
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Koo — Mol H1 AAB2---HE Mk gAML fe—1A
VO'A vi..vp 80'A Vi...V] + F)\UA V... + T + F}\UA vi...1p
A M1 A M1
- Fl/laA Aoy T FVZUA V1 VN

(2.8)
where I'¥  are called connection coefficients.

These connection coefficients, while introduced as means to preserve covariance of
the covariant derivative, also describe the geometrical properties of spacetime [57].
In fact, the connection is said to describe the motion of free falling particles while

the metric determines the causal structure [20,21].

To distinguish between the possible different geometries, the Riemann tensor, torsion
tensor and metric compatibility are defined, all of which are dependent on the form
of the connection. Starting off from the Riemann tensor, which is defined to be
[1,57,58,60,61]

R, =0,I%, —0,I0, + 10 T, — I, (2.9)

po

it provides a notion of curvature. This can be interpreted as a measurement of the
orientation difference once a vector is parallel transported® around a closed curve, as
shown in Fig. 2.1a. Therefore, a connection is considered flat (absent of curvature)

when R?, , = 0.

The torsion tensor is defined as
T'DW = F,’ju — FZV (2.10)

and provides a measure of the non-closure of parallelograms, as vectors are parallel
transported [60]. This feature is illustrated in Fig. 2.1b. Thus, a connection is said

to be torsionless if 7, = 0 [57,60].

3Parallel transport is the process by which a vector preserves its (parallel) orientation as it is
being transported along a curve [57,58,61].

15
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Lastly, metricity provides a measure of the length variation of the vector as it is being
parallel transported between two point. In other words, it determines whether the
norm of the vector is preserved along the path [60,61]. This property is illustrated
in Fig. 2.1c. A metric which preserves lengths is said to be metric compatible and

obeys the property V,g,, = 0.

In the context of GR, the connection is assumed to be torsionless and obeys metric
compatibility, meaning spacetime is fully described through curvature. This yields

a unique connection, called the Levi-Civita connection, which is purely expressed in

Vesp VBoe
| \ .
VA\V VA</(3 C
A B A B

(a) Effects of curvature (b) Effects of torsion

A

(c) Effects of non-metricity

Figure 2.1: Representation of the possible different geometrical effects through the
choice of the connection. In (a), the effects of curvature are presented. By taking an
initial vector V4 ; at A which is then parallel transported around the loop ABCDA,
the vector ends up in a different final orientation V4 y caused by the curvature of
spacetime. (b) represents torsion. Take a vector which is parallel transported along
the path AB followed by BC. Now, starting again from A, parallel transport by taking a
parallel path to BC, AD, followed by DE which is parallel to AB. The final point E does
not coincide with C leading to the non-closure of the parallelogram. This difference
accounts to torsion. Finally, (c) represents non-metricity. As the vector is being
parallel transported from A to B, the magnitude of the vector changes. Illustrations
based on Refs. [57,58,60].

16
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terms of the metric tensor [57]

1
Fﬁo‘ = igua (81/9(10' + aagoa/ - aagz/g) . (211)

This intrinsic relationship shows that once a metric is defined, the geometry, curva-

ture and motion of particles is straightforwardly determined.

Teleparallel gravity however demands the connection to be flat and that metric com-
patibility holds, leaving torsion as the remaining non-zero quantity. A connection
with these properties is the Weitzenbock connection given to be
fﬁu =e,0,e", + eapw“bueb,,. (2.12)
Before progressing further, it is also useful to define the contorsion tensor, which
computes the difference between the torsional and curvature parts of the connection
[52]
K" B:Fgﬁ—Fgﬁ. (2.13)

«

It can be shown that this can also be expressed in terms of torsion tensors to be

K, =

%

(TH N T, - T%) . (2.14)

DN | —

2.2 The Gravitational Action

The relationship between curvature (gravity) and mass (energy) is described through
a set of field equations. Through the notion of an action of some Lagrangian density
and the use of the principle of least action, these field equations can be derived, an
approach first devised by Hilbert [62]. The Lagrangian is a scalar, and as gravity
is described through a manifestation of curvature, this scalar must be constructed

from the Riemann tensor as this encodes this property. As for GR, this is given

17
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by the Ricci scalar R = R¥, where R, = R*,,, is the Ricci tensor. To introduce
the contributions from matter, the matter Lagrangian, L£,,, which encodes all the
information regarding the matter fields, is added to the total Lagrangian. In this

way, the complete gravitational and matter action takes the form

1
S = §/d4x\/_—gR+/d4a:\/_—g£m, (2.15)
where g represents the metric determinant. As the metric tensor encodes all the
information regarding gravitation, it represents the dynamical variable of the system
[57]. Taking variations with respect to the fundamental field yields the Einstein field
equations [1,54,57]

1
G = R — §gw,R = 81GO,,, (2.16)
where G, is the Einstein tensor and ©,, = —%% is the stress-energy

tensor. For the purpose of this work, and as means to account for the vast collection
of particles present throughout the universe, a perfect fluid is considered to describe
their corresponding overall macroscopic features. The stress-energy tensor for a

perfect fluid takes the form [54,56,57,63]

Guu = (/) + p) Up Uy + PAuv, (217>

where p represents the energy density, p represents the isotropic pressure (meaning
that the pressure in each spatial direction is equal) and u, represents the rest frame
fluid velocity, which is taken to be w* = (1,0,0,0). This sets the metric tensor
component to be gogg = —1 [56,57]. Thus, the perfect fluid does not exhibit any

shear forces, anisotropies or viscosity effects.

Following the argumentations of GR, a similar thought process is repeated from a
teleparallel approach. In this case, the fundamental gravitational variable is the

tetrad replacing the role of the metric. Next, instead of the Ricci scalar, a new

18



CHAPTER 2: CURVATURE, TORSION AND THE FLRW UNIVERSE

torsional scalar quantity is constructed, namely the torsion scalar [52]

v 1 17 1 17 14
T=8,"T, = [T Ty + 5T Ty — T, T, (2.18)

where S # represents the superpotential

S =

p

(KM 4+ 6hT, —0vTe", ) . (2.19)

N —

This replaces gravity to be expressed through torsion rather than curvature. This

way, the TEGR gravitational action is given to be

1
S = 3 /d4xeT + S, (2.20)
which yields the field equations [52]
-1 jn% 1 m b Vi b I 1 I
e 0, (eS,M") + 76a T-1,5"+w,5S" = §@a . (2.21)

Here, S, = [ d*z /=g L., represents the matter action. Observe that the equiv-
alence between TEGR and GR arises from the relationship between the curvature
based quantities (Riemann tensor) and the torsional ones (torsion tensor), obtained
by combining the definition of the Riemann tensor Eq.(2.9) with that being given by
the contorsion tensor Eq.(2.13). As shown in Ref. [52], this reduces the teleparallel
field equations to those of GR.

This link between curvature and torsion leads to an intrinsic relationship between

the Ricci and torsion scalars,
2
R=-T—-=09,(eT"™) =-T+ B, (2.22)
e

where B is called the boundary term. This contribution is absent between the GR

and TEGR Lagrangians, which is not surprising as this yields a total derivative.
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In other words, at the level of the action, B can be set to vanish at the boundary
leading to the equivalence even at the level of the Lagrangian [52,64]. It is this
contribution which distinguishes between the non-equivalence from the curvature

and teleparallel extensions, f(R) and f(T") gravity respectively.

2.2.1 f(T) Gravity

The first trivial generalisation of the TEGR Lagrangian involves taking a general
function of the torsion scalar, f(T'), yielding the torsional analogue of the GR cur-

vature extension f(R) gravity. By considering the gravitational action

S = %/d‘*xef(T) + S, (2.23)

the f(T') gravity field equations turn out to be [59]
1
Zef 4 fr [e-lay (€S, M) — T, S,"" + wbwsb”“] + frrS, 0T = 50, (224)

These equations can be expressed in a more familiar form by expressing them in

terms of global indices, which results in

1
fTGuV + 59;;1/ (f - TfT) - 2SVaMaafT = @/j,l/' (225)

Evidently, the field equations are distinct from those encountered in f(R) gravity as
f(R) = f(=T+ B) # f(T). In fact, f(R) gravity is a subclass of f(T, B) gravity as
shall be shown shortly. Moreover, the equations are second order in the tetrad field,
in contrast to the fourth order equations obtained in f(R) gravity. This difference

allows for simpler computations of physical systems [21,59, 64].
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An important point is the issue of local Lorentz invariance of this theory, a topic
which has been investigated in numerous works (see Ref. [21] and references therein).
Formally, f(T') gravity was stated to be one which breaks such invariance, sourced
from the fact that the torsion scalar is not locally Lorentz invariant. At the level of
TEGR, this is not an issue as the field equations still obey local Lorentz invariance.
In the case of f(T') gravity however, the equations would no longer be locally Lorentz
invariant [59,64]. This caused the theory to be frame dependent, leading to the
so called good and bad tetrads, with the former yielding the correct equations of

motion, and the others yielding inconsistency issues [65].

This issue arises depending on how the theory is formulated. If the absolute par-
allelism condition is imposed, meaning setting the spin connection to be strictly
zero a priori, this forces a specific vierbein frame choice, leading to the apparent
breakdown of local Lorentz invariance. However, by relaxing this constraint and in-
troducing the spin connection in the field equations as given in Eq.(2.24), this issue

is resolved as the field equations now become local Lorentz invariant [59, 66, 67].

Following the covariant approach in Ref. [59], for a given tetrad, the spin connection
which gives rise to the correct field equations can be obtained as follows. Generally,
the torsion tensor is a function of both the tetrad and the spin connection, and hence
represents a source of gravitation and inertia. However, here torsion is constructed
to act as a source of only gravitation, meaning there exists a special form of the
spin connection where the effects of inertia are eliminated. In other words, in the
absence of gravitation i.e. G — 0, the torsion tensor must vanish. From Egs.(2.10)

and (2.12), the spin connection turns out to be given in the form

w — e, 0 e (2.26)

_ Ta a|
w by viG—o-
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2.2.2 f(T,B) Gravity

As mentioned in the previous section, f(7') gravity is not equivalent to f(R) gravity
due to the boundary term difference between the two quantities. It is then natural
to include a more general gravitational Lagrangian to be dependent on both the
torsion and boundary scalars, namely f(7T, B) gravity, first considered in Ref. [68].

In other words, the theory is constructed from the gravitational action
1 4
8:5 d*xe f(T,B)+ S, (2.27)
which yields the field equations [68]

1
¢ Ofp = " V'Vu [ + e (Bfs = f) + 25,0, (f5 + fr)

+2¢710, (eS,"") fr — 2T* S fr = —O 1, (2.28)

where [0 = V#V, is d’Alembert’s operator. These can also be expressed in a purely

spacetime indexed form to be

1G9~ Vu0.) ot 5 (Bfio + Tfr — [)425,% 0 (fr + f5) = O,

(2.29)
Evidently, one can recover the f(R) field equations in the limit f(7,B) = f(-T +
B) = f(R) by identifying fg — fr and fr — —fg. Naturally, all analyses carried
out in the context of f(R) gravity are therefore recovered. For more general La-
grangians, f(T, B) gravity theory has been investigated in various works, for instance
in reconstruction of different cosmological behaviours [69-71], stability of homoge-
neous and isotropic cosmological solutions [69,70] and gravitational waves [72]. The

latter is explored in further detail in Chapter 6.

It is also remarked that the field equations Eq.(2.28) were derived under the absolute

teleparallelism condition and hence are not expressed in a covariant form as those
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found in f(T') gravity. For this reason, the issue of local Lorentz invariance remarked
in Ref. [68] may be resolved once the spin connection is included. Nonetheless, the
issue of local Lorentz invariance can be circumvented as long as an appropriate
tetrad frame satisfying w?,, = 0 is chosen. As mentioned in Ref. [68], local Lorentz

invariance is recovered in the special case when f(T, B) = f(R), as expected.

2.2.3 f(T,1¢) Gravity

Up to this point, the source of curvature which describes the effects of gravity
(and hence yields the field equations) is described by the Ricci scalar. However,
this is not the only scalar quantity capable of quantifying curvature. In fact, there
exists two other alternatives which stem from the Riemann tensor, the Kretschmann
scalar Ra,gngaﬁ'V‘S and another from the Ricci tensor R, R*”. However, these two
quantities on their own introduce terms which are fourth order in the metric in
the field equations, compared to the second order behaviour found in GR. In other
words, the system requires more degrees of freedom than GR, as it requires more

information regarding the behaviour of the higher order derivatives of the metric [73].

In 1971, Lovelock [74] formulated a particular combination of quadratic curvature
terms, which eliminate this undesired fourth order effect, leaving the field equations
to be second order. This combination is known as the Gauss-Bonnet invariant,
defined to be

G = R? — 4R, R" + R,p,s R*""°. (2.30)

Despite this attractive feature, this term does not contribute to the field equations
in 4-dimensions, as it becomes a total derivative unless higher order dimensions are
considered [73]. For this reason, two possible alternatives to maintain the Gauss-
Bonnet term contributions in the field equations have been considered: (7) either it
is coupled to some scalar field, or (i7) a general function f(G) is considered [73,75].

In either case, the equations are no longer second order and hence the theory still
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contains more degrees of freedom than GR.

Focusing on the latter case, this model has been extensively investigated under both
local and cosmological regimes. In the former, the Newtonian limit is effectively
unchanged, leaving the theory to be compatible with Solar System constraints [31].
From a cosmological viewpoint, these models are capable of describing an accel-
erating cosmology, as well as generate transitions from deceleration to accelera-

tion [31,73,76,77).

Motivated by these features, the construction of a teleparallel equivalent of this
scalar has been investigated. Indeed, this is achieved in Ref. [78]. In a similar notion
that the relation between the Ricci scalar and the torsion scalar differ by a boundary
contribution, the curvature Gauss-Bonnet scalar and its teleparallel equivalent, T,

also differ by a boundary term Bg, i.e.
G =Ts + Be. (2.31)
The formal expression of T is given by [78§]

. o A €v al €v a\ v €
To = | KoK K0 K, = 2K K0 K0 K, + 2K K0 KK,

+2Ka>\5Ku'yp <K7VG,@ + WWGQOKQVJ + WVWKWU . wGO@Kvue)] 5Bp0'<p (232>

aluv”

Here, commas denote partial differentiation with respect to the index, K7, , =
0,K", . Therefore, one can then consider an arbitrary functional dependence on
the torsion and the TEGB scalars, say f(T,7¢), to act as the gravitational source.

Equivalently, this infers a gravitational (and matter) action of the form

S = %/d‘lxef(T, Te) + Su. (2.33)
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which yields the f(T,Tg) field equations [78]

2 (H[ac}b + H[ba}c . H[cb]a) +2 (H[ac]b + H[ba]c . H[cb]a) Cddc

)

+ (QH[ac]d + Hdca) C«de + 4H[db}cc(dc)a + (Tacd + 2wa[cd]) Hcdb

- h‘lb + (f - TfT - TGfTG) ,’7(117 - @aby <234)
where

Habc _ fT (nachdd . Kbca) + fTG |:€Cprthft <2€adkabkadqr + Eqdkaakabdr

1
ab k d cprt _ab d k k k k
+€ k’fK de qr’) _'_ € P tE def P (K fﬁt - §K quth + w thqu “I‘ wquK qt)

1

cprt _ak d, b b b b
+€¥ t€ de fp (K krt §K chqtr +w thqkr + qurK )1

qt
CprT a 1 ]'
4 ePrte kdf [< fTG Kbkp der) t + 5 fTG qpt Kbkq der . 5 fTG qut Kbkr deq
e (W K+ b K ) K 4 fr (w08, K+ oK) K] (2.35)
h = fre® e KR, KT (2.36)

C = e'ey” (Ov€°, — Oue’,) . (2.37)

Similar to its curvature counterpart, this theory of gravity has proven to be successful
in describing an early (inflation) and late time acceleration without invoking dark
energy [79,80]. Moreover, the specific model f(T,T¢) = —T+a\/m, where a
and (3 are constants, has been investigated in further detail using dynamical systems

where a viable cosmology can be realised [81].

2.2.4 f(T,T) Gravity

The next teleparallel extension considers a matter-gravitational coupling through
an arbitrary function comprising of the torsion scalar and the trace of the stress-

energy tensor 7, a model first considered in Ref. [82]. Matter coupling theories
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(see Ref. [83] for a review on the topic) have been extensively studied in literature,
most notably in their curvature analogue, where these exhibit features different from
the behaviours discussed so far. Introducing such coupling generalises the possible
interaction between gravitation and matter, possibly providing further insight about

dark matter and dark energy without introducing new exotic forms of matter.

In the curvature formulation, these theories cause the motion of particles to be non-
geodesic and hence lead to the presence of an extra force [84-87]. Furthermore,
the energy-momentum tensor is no longer covariantly conserved [85-88]. However,
these two issues can be resolved by appropriate choices of the Lagrangian even for

non-trivial choices which do not reduce to GR [85,89-91].

In order to obtain the corresponding field equations, in contrast to the previous
teleparallel models, the form of the matter Lagrangian is required. As discussed in
detail in [84], the form of the matter Lagrangian for a perfect fluid is not unique.
For instance, both £, = p and L,, = —p give rise to the same stress-energy tensor.
However, it has been argued that the most natural choice is £, = p as this preserves
the covariance of the field equations. This choice also appears in Refs. [82,86,88,92]

amongst others. For this reason, this form shall be considered.

Going back to the teleparallel gravity extension of interest, f(7, T ) gravity, the field

equations are

1
Zleapf + fT 67180 (eSapo) - TbVaSpr + wbaquVp]

+ 5,770 fr + % (0, + pe,’) = %@ap, (2.38)

which in spacetime indices take the form of
FrGu+ B (f = Tf2) 425,00 fr + fr O +9) = O (239)
From this expression, the non-conservation of the stress-energy tensor becomes evi-
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dent as, instead, one obtains

v”@,uu . fT

17 (0" + pg"”) O In fr + g™ 0, (p + Z)} (2.40)
—JT

2

unless specific model ansatzes are chosen [93-95]. Similar to the curvature analogue,
f(T,T) gravity has been investigated under different regimes, including as a possible
viable alternative in explaining the early and late time cosmology [82] along with
their stability [93,94,96], to match with the observational constraints given by SNe Ia
data on the expansion rate [95] and their ability to reconstruct various cosmological

histories [97,98].

2.3 The FLRW Geometry

Having all necessary ingredients to generate the equations of motion defined, the fi-
nal step is to construct a geometry (hence a tetrad and a metric) which describes the
basic key features of the universe. Two assumptions are sufficient, it being homo-
geneous and isotropic on sufficiently large scales. This is known as the cosmological
principle, a property which is in agreement with observations [58,99,100]. For small
scales, presence of inhomogeneity and anisotropy is indeed observed (for example
large scale structure and CMB) [56,99,101] and hence the following is not directly

applicable. These features are investigated in Chapter 7.

A cosmological metric describing these two properties is achieved through the FLRW

metric
2

1 —kr?

ds? = —dt?® + a(t)? ( + r?d@* 4 r? sin® 9d¢2) : (2.41)

where a(t) is the scale factor describing the expansion of space, normalised to be
a(ty) = 1 at present times to, and k is the spatial curvature of the geometry which
can be flat (k = 0), open (k = —1) or closed (k = 1). According to Planck 2018

data [35], the universe is observed to be flat, and hence only the case k = 0 shall
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be considered throughout this work. Here, the FLRW metric can be expressed in a

simpler Cartesian form,
ds* = —dt* + a(t)? (dz® + dy* + d2?) . (2.42)

Next, a tetrad which yields this metric is considered. As the tetrad is not unique, the
choice of tetrad must be accompanied by an appropriate spin connection such that
the field equations are consistent. For instance, a tetrad which realises a vanishing
spin connection is the diagonal tetrad e, = Diag(1,a,a,a). For other possible

choices, the appropriate spin connection is then computed as shown in Refs. [59,67].

Equipped with the FLRW metric and the perfect fluid description (which is con-
formal with the cosmological principle assumptions) allows for the generation of
the resulting field equations. Starting with GR, the equations (called Friedmann

equations) are given to be

3H? = p, (2.43)

2H + 3H? = —p, (2.44)

where H = a/a is the Hubble parameter, which describes the expansion rate of
the universe. Here, overdots represent derivatives with respect to time. Using
the Friedmann equations, or through the conservation of the stress-energy tensor

V,0" =0, the continuity equation for the perfect fluid is obtained, [58,100,101]
p+3H (p+p)=0. (2.45)

The perfect fluid can be expressed in terms of various matter constituents present
in the universe (such as baryons, photons and neutrinos) each satisfying their own
continuity equation. A simple parametrisation for the different models is to assume
a special equation of state relation of the form p = wp, where w is called the equation

of state (EoS) parameter whose value determines the nature of the fluid (e.g. dust
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w = 0, radiation w = % and a cosmological constant w = —1). From the continuity

equation, assuming the EoS is a constant reveals the general relation
p ox a3+, (2.46)
In this way, the Friedmann equation takes a more simple form

H? = Hy* ) Q02010 (2.47)

where (); = 3% represent the fluid density parameters for each fluid i. Zero sub-

scripts denote that the parameters are evaluated using present time values, a con-
vention which shall be used throughout this work. Finally, the deceleration param-
eter [56,99,100]

g =——=-1—— (2.48)

determines whether the universe is in a decelerating phase (¢ > 0), transitioning
phase (¢ = 0), or accelerating phase (¢ < 0). This shall prove useful to constrain

models which are capable of explaining the present time observed acceleration ¢y < 0.
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CHAPTER 3

STABILITY OF THE FLRW METRIC IN

TORSIONAL GRAVITY

Study of the background FLRW universe cosmology has been pivotal to the investi-
gation of various phenomena observed in nature, ranging from the earliest of times
to present times. Although there have been major developments in constructing the
evolution of this background cosmology, it could still be insufficient to describe all
observables. While a gravitational model might be able to account for the late time
cosmic acceleration, it might not agree with Solar System tests or CMB spectrum

data.

Cosmological stability can serve as another useful tool to analyse the behaviour of
the gravitational theory under study. However, the term ‘stability’ can take various
meanings, forms and approaches. In this chapter, one particular type of stability
shall be investigated in detail. A brief overview of the various forms of stability is

provided.

The first type of stability arises from the study of dynamical systems, where the
evolution of a set of variables is studied to determine the paths which the system

has undertaken. Encountered in many forms in classical mechanics (for instance,
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the simple pendulum [102]), dynamic systems allow for the investigation of a sys-
tem of differential equations without the requirement for the system to be solved
exactly. Through what are known as critical points, the behaviour of the system is
investigated through a phase-space. Stability here refers to the type of behaviours
these critical points exhibit, which are classified into three categories: attractors,
repellers and saddle points. As the name implies, attractors are points which at-
tract the system towards the critical point, while repellers are points which repel
the system away from the critical point. Saddle points are neither attractors nor
repellers. For certain trajectories, the system approaches the saddle point but for

others, the system moves away from the saddle critical point state.

In the context of cosmology, the dynamical systems approach offers a strong and yet
simple tool in examining the cosmological dynamics of a specific gravitational model
independent of initial conditions (see Ref. [103] for a detailed review on the topic).
As the critical points represent cosmological behaviours while the stability analysis
determines the nature of the critical point, a cosmological history can be examined
without the requirement of any initial conditions. This turns out to be very useful,
especially for theories which invoke higher order terms such as f(R) and f(R,G)
theories as the complexity of the field equations make them difficult to extract any
analytical (or even numerical) cosmological behaviours [90,104-109]. Furthermore,
this approach can be useful in the study of anisotropic metrics as means to inves-
tigate which models lead to an isotropic universe at late times. In other words,
isotropisation of the anisotropy cosmology behaves as a late-time attractor (see, for

instance, Refs. [110-112]).

Based on the observed cosmological history, it is postulated that the universe passes
through a sequence of phases in the order of inflation, radiation and matter domina-
tion epochs onward to an accelerating universe (which is potentially asymptotically
de Sitter). As discussed in Ref. [113], the inflationary epoch is expected to be unsta-

ble, and matter and radiation epochs to be saddle points. As it is unknown what the
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final stage of the universe is going to be, the stability of the acceleration phase is left
open. However, if the universe is indeed approaching a final accelerated stage, then
this should be an attractor [105]. Models can then be constrained by demanding

that these phases are realised.

The second type of stability, which will be investigated in greater detail, deals with
small perturbations of the background cosmology. This can be approached in two
distinct ways. The first is through perturbations of the background cosmology pa-
rameters, primarily the scale factor and matter energy density components, while
the second through a more general perturbation of the metric tensor. In the former,
perturbations are taken to be homogeneous while in the latter they are inhomoge-

neous and anisotropic.

The case of homogeneous perturbations, which will be the main topic of this chapter,
deals with small perturbations which are only time dependent. Their role is to
investigate whether the initial background cosmology retains its behaviour with
time, basically questioning the validity of the background cosmological solution at
various times. If these perturbations do grow large, this means that the initial
assumption of the background cosmology is insufficient to correctly describe the

universe during times where these perturbations become significant.

Inhomogeneous and anisotropic perturbations provide a richer picture of the uni-
verse as will be discussed in further detail in Chapter 7. These include the CMB
spectrum, growth structure and gravitational waves amongst others. In the case of
this type of perturbation, stability determines whether these perturbations grow or
decay with time, and are thus generally different from the homogeneous ones. For
instance, consider an Einstein static universe in GR. Under homogeneous pertur-
bations, the model is never stable, which infers either a gravitational collapse or
an expansion (towards an attractor solution of a de Sitter form). However, inho-
mogeneous perturbations can be stable, provided g—z > \/ig In other words, while

the homogeneous perturbation deviates from the Einstein static behaviour, the in-
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homogeneous perturbations do not grow as they are damped by the background
evolution [114]. A similar behaviour is observed in the f(R) case as illustrated in
Ref. [115]. Inhomogeneous instability has also been investigated in the case of f(T)
gravity [116] and f(T,T) gravity [82] where classes of functions have been shown to

be viable.

Although these two types of perturbations are distinctively different, there are in-
stances in which the stability conditions can indeed coincide. For instance, this is
observed for a de Sitter phase in Refs. [117,118] in the case of f(R) gravity and
Refs. [75,119] in the case of f(G) gravity. Thus, homogeneous stability can prove
as a simple way to examine the stability of the theory without giving a detailed

account of the resulting phenomenology from an inhomogeneous point of view.

3.1 Homogeneous Perturbations

The study of homogeneous perturbations will be presented in the context of f(T)
gravity in a flat FLRW metric background. Although these types of perturbations
have been previously considered in Refs. [120,121] (and in the extension to f(7, B)
gravity in Ref. [69]), only specific cosmological behaviours were investigated, while
here, a broader class of gravitational models are investigated. Furthermore, it will
be shown that the perturbation parameters take a simple analytical form in the
case of f(T) gravity. For this chapter, the functional form of f(7') is assumed
to take f(T) = T + F(T) for some function F(T'). In the absence of the latter
function, TEGR is obtained. With this in mind, the F(T") contribution represents

the deviation from TEGR and hence acts as a gravitational source for dark energy.
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For a spatially flat FLRW metric Eq.(2.42), the torsion scalar takes the simple form
T = —6H? with modified Friedmann equations [21]

F—T —2TFyr =2p, (3.1)

- p+p
H=— . 3.2
2(1+ Fr + 2T Fry) (3:2)

It can be easily observed that Eq.(3.2) is valid provided that the denominator is
non-zero. This yields the simple constraint F'(T') # —T + c1v/—T + o, where ¢; 2

are integration constants.

The ¢; term takes the role of a boundary contribution as this does not give rise to
any cosmological dynamics [122-126]. For this reason, this term will be ignored and
will not be included in the work that follows. On the other hand, ¢, plays a role of
a cosmological constant. Overall, the gravitational action will only consist of this
contribution, meaning that the resulting cosmology would be de Sitter throughout
the whole universe’s history. Given the clear evidence of other epochs, this gravita-
tional action is clearly not suitable to describe the overall expansion history [127].
Thus, this condition will not be satisfied for any physically motivated cosmological

behaviour.

As for the matter component, this obeys the usual continuity equation Eq.(2.45),
sourced by ordinary matter and radiation, with the F(T") contribution taking the
role of dark energy. Furthermore, the fluid components are assumed to be non-

interacting, and hence individually satisfy their associated continuity equations

3

M+ 3Hpy =0 pM = PMoG (3.3)

I

PR+ 4Hpg = 0 PR = PROC (3.4)

I

where the subscripts ‘M’ and ‘R’ represent the matter and radiation components

respectively. As stated previously, the F'(T") contribution acts as a source for dark
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energy as some sort of exotic fluid, which has energy density and pressure [21]

F
PT = TFT — 5, (35)
pr = —pr + 2H(Fr + 2T Fry). (3.6)

Consequently, an associated equation of state can be defined for this exotic fluid

Pr - Fpr 4+ 2T Fpy
= DT gyt .
YT = o F—2TF; (37)

For instance, if a standard cosmological constant-like behaviour is desired, one needs
to set wp = —1, which is satisfied when fr + 27 frr = 0, leading to F(T) = cs,
a cosmological constant. Therefore, the model simply reduces to standard TEGR

with a cosmological constant as expected.

With this reformulation, the modified Friedmann equations Eqs.(3.1) and (3.2) can

be recast in a more familiar form associated to the Friedmann equations obtained

in GR

—T=2(p+ pr). (3.8)

2H = —(p+p+ pr + pr). (3.9)

Trivially, it can easily be realised that this gravitational exotic fluid also obeys the

standard continuity equation
pr +3H(1+ wr)pr =0. (3.10)

As the equation of state parameter is not necessarily constant, a relation for its
density evolution is not recovered in general, unless specific configurations are con-

sidered (see, for instance, Ref. [128]).
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In the case of f(T) gravity, the deceleration parameter Eq.(2.48) takes the form

3 =T -2TFr Qg

1
_ 2 - 3.11
ST 1+ Fr 4+ 2T Frr 214 Pyt 2TFry (3.11)

q=—1

where the Friedmann equations Eqs.(3.1) and (3.2) have been used. Observe that
in the limit when the radiation density is negligible, the deceleration parameter can

be fully expressed in terms of the torsion scalar.

The next step is to derive the evolution equations for homogeneous perturbations
and hence determine the stability of the cosmology for a given F'(T') function. Such
perturbations are obtained by taking the background solutions and perturbing them
about some small parameter. For instance, the perturbation about the scale factor
is [120,129-134]

a(t) = a(t) [1 4 04(¢)], (3.12)

where a(t) now represents the background evolution which obeys Eqs.(3.1) and (3.2),
while 0, (t) represents the homogeneous perturbation. In order for said perturbation
to be small, it is required that |J,| < 1. Hence, the Friedmann equations will be
evaluated by order of 9,. If this perturbation grows with time, then the cosmology

will be considered to be unstable.

Observe that since the torsion scalar is expressed purely in terms of the Hubble
parameter, it is more convenient to consider its perturbation and obtain its evolution
instead. Based on the perturbation regime for the scale factor Eq.(3.12), one can

assume that the Hubble parameter will take a similar form [69,75,117,118,121]

H(t) — H(t)[1+46(t)], (3.13)

with an associated perturbation §(¢) satisfying |§| < 1. Indeed, it is trivial to show

that these parametrisations are directly related. Starting from the definition of the
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Hubble parameter, based on Eq.(3.12) and the fact that |J,| < 1, one finds

oo () [1+8a(t)] + a(t)da(t) .
H(t) = a(t) [1+ 0a(1)] = H{(t) + da(1), (3.14)

which leads to the simple relation b, = HO. Here, H represents the Hubble pa-
rameter describing the background and the first order homogeneous and isotropic

correction evolution.

Lastly, the matter and radiation density perturbations are also defined

pralt) = pui(®) [L+ S (1)) pr(t) = pr(t) [1 + 6r ()] (3.15)

where dy; and dr represent the matter and radiation perturbations respectively,
which satisfy the condition |oyr| < 1. Naturally, the background evolution does
not determine the evolution of the perturbation of the matter components. As such,

these are instead sourced by the background perturbations, meaning that 0 ~ o g.

With these assumptions, from the Friedmann and continuity equations Eqs.(3.1),

(3.3) and (3.4), the perturbation relations are given to be

—T(l + Fr+ 2TFTT)5 = (pM5M + ,OR(sR) , (316)
om +3HS =0, (3.17)
Or +4HJ = 0. (3.18)

From the matter and radiation perturbation relations, it easily results that the latter

perturbations are simply related by

Ont = Z&R. (3.19)

This relationship is expected as in this formulation no matter interaction is assumed.
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Taking Eq.(3.19) in mind, Eq.(3.16) can be expressed as

3
— T6 = 2Hdy;. (3.20)

4 .
—T(l + FT + QTFTT)5 = (pM + —pR> 51\/[ = —2(1 + FT + QTFTT)H(SM,

Here, Eq.(3.2) has been used. Therefore, a direct relation between the Hubble and
matter perturbation has been obtained, which can be used to solve for the evolution.

For instance, from Eq.(3.17), one finds
. H

for some constant k, which implies the Hubble perturbation is simply given to be

H

The constant k£ can be obtained by evaluating the expressions at some time, which
is taken to be the present time to normalise it to observed present values. As the
value of k appears in both the matter and Hubble perturbations, this sets a rela-
tionship between the presents values of these quantities. Starting from the matter

perturbation relation Eq.(3.21), k is given to be

Mo
k= i (3.23)

while from the Hubble perturbation, Eq.(3.22) is

k= —30 Ho (3.24)
H(to)

Together, these equations relate the present values through

Hy?
Srto = —300——, (3.25)
H(to)
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which is expected as seen from Eq.(3.20).

Having obtained the evolution of the perturbation parameters, the next step would
be to determine the stability of the parameters based on the particular F(7') model.
As seen from the resulting expressions, the perturbations are entirely dependent on
the Hubble parameter and hence must decrease with time in order to retain stability.
Modifications of the gravitational Lagrangian through F(T') affects the growth of
this parameter as seen from the background Friedmann equations and hence the
choice of F(T) is crucial to determine which models are stable. The choice of this
F(T) function is tackled under two distinct ways. Furthermore, for the purpose of
this work, the models considered are those that are able to realise the late time

acceleration.

Firstly, following Ref. [135], a set of possible viable F(T") functions have been
considered to be alternative choices to ACDM through analysis of various cos-
mological parameters. In particular, two viable models will be investigated in
detail, the power law model F(T) = a(—T7)" [136] and the exponential model
F(T) = oTy (1 — exp [—p\/TEOD [122], for which technical details are explored in

their relevant sections. Here, a;, p # 0 and n are constants.

Another second viable approach is to consider specific cosmological evolutions a
priori, those which are not determined according to an F(T") model choice. As
will be discussed in the following section, this choice restricts uniquely the F(T')

Lagrangian which does not necessarily correspond to the latter two models.

Before examining said stability, observe that the exotic fluid can also be studied
to see how its perturbation evolves with time. In spirit of the construction of the
homogeneous perturbation for the matter components Eqs.(3.15), the exotic fluid is

parametrised as

with 07(t) representing its perturbation. From the definition of its energy density
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Eq.(3.5), the latter is related to the Hubble perturbation as

2T (Fp + 2T Fry)

(5T— 5_T(1+WT)

OTFp — F Y

§ = (1 + wr)ou, (3.27)

where Eqgs.(3.2), (3.7) and (3.20) have been used to obtain the final expression in
terms of dy;. Furthermore, using Eq.(3.21), the perturbation can be renormalised to

its present value to be
op(t) 14 wp(t) H(t)
5T,0 1+wT70 HO .

(3.28)

Therefore, the choice of F(T') determines wy and the evolution for the Hubble pa-
rameter, which consequently yields the growth history of the perturbation. Observe
that for a cosmological constant, i.e. in the case when wr = —1, the perturba-
tion is zero, which is expected as due to its repulsive nature, the fluid can never

overdense [137-139).

3.2 Specific Choices of Scale Factor

Choosing a scale factor a priori allows an easy determination of the Hubble pa-
rameter, which facilitates the study of stability. However, this approach comes at a
price. The choice of scale factor determines the Hubble parameter, and hence the
torsion scalar’s evolution, uniquely. However, the Friedmann equations in Eqgs.(3.1)
and (3.2) imply that only a specific choice of the F(T) Lagrangian satisfies the
equations, essentially setting a constraint on the model. This approach is the basis
of reconstruction, which will be explored in further detail in Chapter 4. For the
purpose of this section, the resulting F(T') function and resulting stability will be

considered.

The choice of scale factor can be arbitrarily set, even though it should be chosen

with physical motivation. Two models are thus explored, (i) power-law scale factors

t

a(t) oc t" for some constant n, and (ii) de Sitter behaviour a(t) oc et where the
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Hubble parameter becomes a (positive) constant.

The power-law behaviour is a simple yet rich model with various applications in

different aspects of cosmology. When a certain fluid with EoS w starts to dominate
2

the cosmic expansion, the scale factor takes the approximate form a(t) oc ¢30+)

provided w # 1. This implies that for fluids with EoS w < —%, an accelerating
universe is achieved which corresponds to n < 0 or n > 1. Use of such models to

describe the accelerating universe appear in Refs. [140-142] and references therein.

The use of power-law scale factors also appears in the context of inflation (known
as power-law inflation) which has been considered as a simple model that resolves
the so called horizon and flatness problems.* Inflation is realised only for n > 1,
for which the corresponding inflaton potential takes an exponential form [146, 147].
However, the model suffers from issues. The resulting scalar and tensor spectral in-
dices become constant, with values that do not match with observable data [148-150]
(this was ruled out by 2013 Planck data [151] as well as recent Planck data [152]),
unless deviations from a standard inflaton potential are considered (for instance,
k-essence [153]). Furthermore, standard power-law inflation lacks an exit mecha-
nism as it becomes an everlasting accelerated expansion, requiring the need of other
factors to exit the inflationary phase. Such considerations appear in, for instance,

Ref. [153].

Towards the beginning of the universe, a power-law scale factor can also be used to
construct a bounce known as a superbounce, where the scale factor is modified to be
a(t) o< (—t+ tc)c%, where t, represents the crunch time (the time when the universe
collapses) and ¢ > /6 [154,155]. Originally considered in [156], superbounce models

are used to construct a universe which collapses and rebirths through a Big Bang

without a singularity (a scale factor for which the minimal value is non-zero — see

4The horizon problem discusses how photons which could not have been in casual contact still
have the same uniform temperature at the time of decoupling. The flatness problem requires
the universe to be extremely fine tuned at early times to obtain the observed flat universe today
[143-145].
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also [157] for further details).

Lastly, in the special case when n = 1, a linear scale factor is obtained which
represents a coasting cosmology. This special case has appeared in various sources as
it does not suffer from the horizon problem, does not constrain the matter parameter
and hence cures the flatness problem, gives an age estimate (in the absence of a
cosmological constant) which agrees with the estimated age of old clusters, and can
also tackle the cosmological constant problem [158-160]. Furthermore, this simple

model agrees with SNe Ia data [140,161].

On the other hand, de Sitter cosmology has been a recurring feature of multiple
studies appearing in both the early and the late-time universe. Characterised by an
exponential scale factor, this corresponds to a period dominated by a cosmological
constant-like fluid. In the case of inflation, for instance, a de Sitter expansion is com-
mon based on the assumption that inflation is driven by a scalar field, causing the
exponential expansion [143,162,163|. This leads to the observed scalar-dominated
power spectrum supported by Planck 2018 data [152], while also resolving the hori-
zon problem. At late times, a dark energy fluid with an EoS close to that of a
cosmological constant, leads to another accelerating domination period in de Sitter
phase. Indeed, in the context of GR with a cosmological constant, this corresponds
to the final asymptotic state of the universe. Current observational data also seems
to infer a present dark energy component having w ~ —1 [35], leaving the de Sitter

cosmology to be a possible asymptotic future universe state.

3.2.1 Power-law Model

Starting with the power-law scale factor a(t) o< ¢", the Hubble parameter becomes

H = %. The perturbation parameters are thus simply given to be

4
§oct™ o = gaR x t7, (3.29)
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which indicate stability at late times. For this behaviour, the torsion scalar turns

out to be T' = —Gti;. This yields a relation between time and the torsion scalar,

which infers a direct relationship between the torsion scalar and the scale factor.

Indeed, this is achieved through

FE @

Using the Friedmann equation Eq.(3.1), an ordinary second order differential equa-

3n 2n
T\ 2 T
Q — Q —
M,0 (To) + YR (To>

the solution for which is dependent on the choice of n. For n # %, }L, the solution is

3n
Ovolo (T2 QroTo [T\
F(T) = -T ] — ’ — 3.32

which leads for the exotic fluid perturbation to evolve as

tion for F(T') is obtained,

F—T—2TFr = -T, : (3.31)

= (3.33)

Irrespective of value of n, the first term approaches a constant value with increasing
time and hence the perturbation decays with time in the order of t !, leading towards

stability. When n = 1, the F(T) function takes the form

1 [T (T T\*?
F(T)=-T+ §QM,0T0 T In (ﬁ) + 3Qr 010 (ﬂ) , (3.34)

with associated exotic fluid perturbation evolution

or (3.35)
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At late times, 07 ~ % and hence is also stable. Lastly, when n = }L, one finds

T\*® 1 T T
F(T) = =T — 4Qx0T, (ﬁ) + 50Ty / T In (To) : (3.36)

which yields an exotic fluid perturbation evolution in the form

N
o+
=)
o

3o+ 400 (B)F - 8(
Qo + Qryo (tTO) - (

)

=

or

5 (3.37)

=

~+
~+|S

ot

)

k

Similar to the previous scenario, at late times o7 ~ 7,

which is once again stable.
Therefore, this shows that power-law evolution is stable at late times for any choice of
n. As a closing note, the reconstructed F'(T) solution for power-law behaviours also
appear in Refs. [69, 128,154, 164,165]. Furthermore, a power-law behaviour results

from a Noether symmetry consideration with the previously obtained reconstructed

F(T') solutions as shown in Refs. [166-172].

3.2.2 de Sitter Behaviour

For the case of de Sitter cosmology, the Hubble parameter achieves a constant (pos-

itive) value, leading to the behaviour
4
0=0, oM = 553 = constant. (3.38)

An interesting behaviour is observed, as the Hubble perturbation becomes identically
zero (the scale factor perturbation 4, in this case becomes constant). This suggests
that once the universe enters a de Sitter phase, the background cosmology remains
intact without any perturbation corrections. This feature is expected as dynamical
system analysis shows that the de Sitter cosmology, in the case of f(T') gravity,
is a future attractor, meaning that the universe approaches a de Sitter phase and

remains in that phase indefinitely.
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To obtain the resulting function, note that the torsion scalar is a constant which,
contrary to the previous case, does not exhibit a functional relationship between

cosmic time ¢ and 7'. From the Friedmann equations Egs.(3.1) and (3.2), one obtains

F—T —2TFr =2 [pwoe " + proe '], (3.39)

)

- pamoe 2Ht + %PR,OKUH

0
14+ Fr+2TFrp

(3.40)

which is only satisfied under the condition that pyo = pro = 0. This is reasonable
as during those times, the contribution from both matter and radiation is negligible
compared to the dark energy component, as these decay exponentially with time.
Therefore, this leaves us with F' — T — 2T Fp = 0. This can be investigated in two
ways, either as a differential equation or as an algebriac equation for the torsion
scalar (and hence the Hubble parameter). Naturally, standard ACDM is recovered
if F(T) = 2A but other functional forms can also be considered [69,173,174].

As anticipated, for this type of behaviour, the exotic fluid behaviour becomes that
of a cosmological constant wy = —1 (which agrees with the result obtained in [128])
which sets 7 = 0 confirming its stability. However, this behaviour is now achieved

for models which are not necessarily standard ACDM.

3.3 Specific Choices of the F(T) Function

In this section, the power-law and exponential F'(T') functions will be examined in
detail, as they act as a viable alternative to ACDM. Furthermore, since the major
interest is at late times, the effect of radiation is practically negligible (supported
by Planck data, which indicates a value of Qg o ~ 107> [35]). Thus, the radiation

density will not be considered in the background and perturbation equations.
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To make realistic choices of the model parameters of each model, Planck data shall
be used to serve as restrictions to the parameters. Firstly, acceleration is observed
at present times which implies ¢o < 0. Actually, according to recent Planck data,

@ ~ —0.5 [35].

A secondary constraint can be achieved by demanding the exotic fluid EoS be close
to that observed. Although the physical nature of the EoS is unknown, as discussed
in Chapter 1, various forms describing its EoS nature have been considered; whether
it originates from ACDM, has some other constant value or whether it is dynamical
(for instance, linear evolution EoS dark energy parameter models like Chevallier-
Polarski-Linder (CPL) [175,176]). For a constant value, one finds the constraint
wr = —1.03 £ 0.03 suggesting a phantom nature. Restricting the fluid to have a
non-phantom nature, the constraint then becomes wry < —0.95 [35]. Both values

will be used to constrain the respective model.

To obtain numerical simulations of the models, the present value of the matter den-
sity Qo = 0.315 + 0.007 and the Hubble parameter Hy = (67.4 & 0.5) kms~! Mpc™!
[35] shall be used. Furthermore, these will also serve to help constrain the parame-

ters together with the previous conditions.

3.3.1 Power-law Model Stability

Starting with the power-law ansatz model F/(T') = o(—1)", the Friedmann equation

(Eq. 3.1) becomes
(=1)" n T Qo

2n —1 =
a( " ) T() To a(t)?”

(3.41)

where the value of o can be found by evaluating the expression at current times to

give )
Qo —1)(=To) "
o = (o 1_)2n LA (3.42)
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Trivially, this relation does not hold for n = % as this leads to the boundary contri-

bution. Using this value of «, the equation can be recast into a simpler form

T T\"  Owmo
— 4+ Quo—1 = | =—=. 4
T0+( M0 >(T0) O (3.43)
For this model, the exotic fluid EoS Eq.(3.7) takes the form
-1
wy = (nzl) (3.44)
1+ Qo — 1) (%)
At present times, the EoS parameter has a magnitude of
-1
n
Wwro = — |:1 + 1— nQM’O:| . (345)

From this expression, standard behaviours can be extracted. For n = 1, wro = 0,
meaning it behaves as a dust fluid which is expected as this model reduces to a
rescaling of TEGR, which is not of importance. A cosmological constant is otherwise
achieved for n = 0 as the F(T) function reduces to a cosmological constant. A
singularity appears for n* = (1 — Qy) ™', but its physical significance will not be
explored. However, it is observed that for n > n*, wpy < —n* while for n < n*,
wro > —n*. From present values, this means that wry < —1—70 ~ —1.43. Thus,

models which realise the observational constraint are for values of n < n* ~ 1.43.

On the other hand, the deceleration parameter Eq.(2.48) for this model takes the

form of
T n—1
L= (20 =3)(eo — 1) ( 7
q(t) = - o (3.46)
24+ 2n(Qvo—1) | =
+ Tl( M,0 ) (T(])
which when evaluated at present times yields
1—02n—3) (o —1
go = 12— Ihio - 1) (3.47)

2+ 2n(Qyo — 1)
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Acceleration is obtained when

3QM70 -2
or

St — 2 o 4
2o — 2 " O (3.48)

which, using observed values, yields n $ 0.79 or n £ 1.43. As the value of n = 0
yields standard ACDM behaviour, other values will be considered. Following the
EoS discussion, values n g 0.79 have been chosen for consideration. To simplify
the necessary numerical computations to obtain the desired evolutions, the power-
law index values considered are taken to be negative integers, namely n = —1

(wrp ~ —1.18) and n = =2 (wro = —1.25).

The models are first analysed for their background behaviour features to verify that
the above claims are satisfied. Furthermore, this will allow for an insight of what
happens to the cosmological parameters and the EoS of the exotic fluid throughout
time. In what follows, the initial condition a (1075 Gyr) = 10~* was used, as it

describes a time at the matter-radiation equality [35]

Qr,O

. = — ~ 1074 3.49
a q. QM,O ( )

After this time, the universe starts to become matter dominated, satisfying the claim
that the radiation component becomes negligible in the equations. In the plots that
follow, ACDM is represented by the solid curve, n = —1 is dotted and n = —2 is
dashed.

Fig. 3.1 illustrates the expansion history of the power-law model in comparison
with ACDM. The behaviour is practically identical at early times but deviates at
late times due to differences in the exotic fluid behaviour with n = —2 yielding a
greater accelerated expansion. The reason for this becomes apparent through the

EoS behaviour shown in Fig. 3.2.
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a(t)

t/Gyr

Figure 3.1: The evolution of the scale factor a(t) with cosmic time for the model
F(T)=a(-T)" for n =0, —1 and —2. For early and current times, the scale factor
for each model is almost identical. However, during later times, the n = —1 and
n = —2 models start to deviate from the ACDM model yielding a faster accelerated
expansion.
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Figure 3.2: The evolutionary behaviour of the exotic fluid’s EoS parameter wr(t)
with cosmic time for the model F(T') = a(—T)" for n =0, —1 and —2. As expected,
n = 0 leads the ACDM behaviour with wyr = —1 at all times. On the other hand, the
n = —1 and n = —2 models describe a varying EoS parameter, which is phantom in
nature, starting at n — 1 at ¢ = 0 and approaches —1 during late times, meaning it
approaches the behaviour of a cosmological constant.
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The evolutionary behaviour of the exotic fluid shows that its EoS is not constant,
leading to a dynamical energy model. Overall, the general behaviour of the model
depends on the choice of n which starts at a value of wy(0) = n — 1 initially and
approaches wyr — —1 at late times, meaning that it behaves as a cosmological
constant at late times. However, the phantom-divide line (the w = —1 barrier) is
never crossed, and hence does not behave as a quintom (a fluid which behaves both
as a phantom and as a non-phantom fluid throughout the cosmological history). In
fact, the fluid is phantom in nature. As suggested from the scale factor evolution,

n = —2 leads to a faster accelerated expansion as the EoS is smaller than n = —1

and ACDM.

Discussions about the accelerated expansion are further supported by the deceler-
ation parameter illustrated in Fig. 3.3, which clearly indicates that n = —1 and
n = —2 lead to a faster accelerated expansion compared to ACDM. Furthermore,
since in each case the exotic fluid approaches a cosmological constant behaviour, the
deceleration parameter approaches ¢ — —1 at late times. As expected, the absence
of the exotic fluid at early times also confirms the initial value of ¢(0) = 0.5. Each
model transitions from deceleration to acceleration at practically the same time, at

a value of around ¢ ~ 8 Gyr.

Fig. 3.4 illustrates the behaviour of the matter and exotic fluid density parameters
with time. At early times, the matter density approaches a value of 1 while the
exotic fluid approaches zero. The opposite is observed at late times. This reflects
the domination epochs of each fluid, corresponding to the observed behaviour in
Fig. 3.1. One notes that the matter-exotic fluid equality occurs at different times,
with the n = —1 and —2 models at approximately the same time of ¢t ~ 12 Gyr (for
ACDM, this is t &~ 10 Gyr). This shift occurs due to the different dynamical nature
of the exotic fluid.

With the background evolution analysed, the perturbation parameters are now anal-

ysed. Starting with the Hubble perturbation ¢ illustrated in Fig. 3.5, it is evident
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Figure 3.3: The deceleration parameter ¢(t) for the model F(T) = a(=T)" for
n = 0, —1, —2. All models mimic the behaviour of the ACDM model, with each
model transitioning from a decelerated to an accelerated expansion at approximately
the same time (¢ ~ 8 Gyr), however with different acceleration rates with n = —2 being
the fastest accelerated expansion. Due to the nature of the exotic fluid, each model
starts with ¢(0) = 0.5 and ends with ¢ — —1 as the fluid approaches a cosmological
constant behaviour as shown in Fig. 3.2.
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Figure 3.4: Density parameter evolution for matter and the exotic fluid with cosmic
time for the model F(T) = a (=T)" for n = 0, —1, —2. The models exhibit similar
behaviour, however with differences. The most notable difference is how the matter-
exotic fluid equality occurs at different stages, with the power-law model occurring at
a later time. Overall, the early stages of the universe is dominated by matter while
the exotic fluid dominates at late times, conforming with the scale factor behaviour
observed in Fig. 3.1.

51



CHAPTER 3: STABILITY OF THE FLRW METRIC IN TORSIONAL GRAVITY

that the model is stable for all choices of n as the perturbation parameters decays
with time. The fact that the parameter decays to zero means that the late time
universe (which is now asymptotically approaching a de Sitter phase) is asymp-
totically approaching a perfectly homogeneous and isotropic universe. This also
agrees with the attractor behaviour observed from a dynamical system approach

analysis [177-179)].

Figs. 3.6 and 3.7 indicate the behaviour of the matter and exotic fluid perturbations
respectively. For the former, the perturbation decays with time but, in contrary to
the Hubble perturbation, this approaches a non-zero constant value. Such behaviour
is expected as this illustrates structure formation throughout the universe timeline.
The fact that it approaches a constant value shows that structure stops to form at
late times, which is expected as the accelerated expansion does not allow for more
structure to form. The behaviour for the exotic fluid perturbation, on the other

hand, is slightly different. As the ACDM result shows, the perturbation is strictly

6 [
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Figure 3.5: The Hubble perturbation parameter 6(¢) evolution with cosmic time for
the model F(T) = o (—T)" for n = 0, —1 and —2. Here, the ratio d/d is plotted to
examine the behaviour. As the ratio is shown to decay with time, it means that the
model is stable. The n = —1 and n = —2 models mimic the ACDM behaviour, with
the only difference being an earlier decay rate.
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Figure 3.6: Matter perturbation dy;(¢) evolution with cosmic time for the model
F(T) = a(-=T)" for n =0, —1 and —2. The models all exhibit a similar behaviour
in which the parameters decay with time leading to stability, while approaching a
constant value at later times, indicating the structure formation throughout the uni-

verse’s history. The only difference is the limiting value of dni/0no for each model.
For ACDM, the limiting value is 0.837, for n = —1 it is 0.915 and for n = —2 it is
0.942.
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Figure 3.7: The exotic fluid perturbation parameter d(t) evolution with cosmic time
for the model F(T) = a(=T)" for n = 0, —1 and —2. Similarly to the matter pertur-
bation Fig. 3.6, the n = —1 (dotted) and n = —2 (dashed) model perturbations decay
with time, however it approaches a zero value at late times. This is expected as the

fluid approaches a cosmological constant, one which by definition cannot overdense,

and hence has a constant perturbation value of zero (solid). Due to their phantom
nature, however, a non-zero perturbation value is observed at earlier times.
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zero, illustrating the repulsive nature of the cosmological constant. For n = —1
and n = —2, however, its phantom property allows for an initial non-zero value
clustering, which decays as it approaches a cosmological constant behaviour at late

times, as expected. Nonetheless, the solution is stable.

3.3.2 Exponential Model Stability

For the exponential model, a procedure and analysis similar to that carried out for
the power-law F'(T') ansatz shall be explored. The Friedmann equation Eq.(3.1) for
this model takes the form of

% — {1 — <1 +p\/TfO) exp [—p\/TTO } = S(“f)g, (3.50)

where o can once more be obtained by evaluating the expression at current times

1—QM70
a= :
1—(1+p)er

(3.51)

Substituting the value of o back into the Friedmann equation yields
T (Qmo — 1) T T o
— ’ 1—11 — —p4 | — = = 3.52
T T 1—(l+per T )OIV 3 (3:52)

a(t)
For the exponential model, the exotic fluid EoS parameter takes the form of

2,.2 ,—px o -1

p xe (Qmo—1) 5 _
=—|2— 2 ’ pr 3.53
wr { 1—(1+pw)em} { 1—(1+p) et © ’ (8:53)

where x = Tlo, which when evaluated at current times (z = 1) yields

Qnop’e™ -
=—31 : . 3.54
ora == {1+ s s e 354
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To determine which values of p are to be considered to realise the desired cosmology,

the behaviour of wyy with p is analysed. A singularity arises when
2[1—(14+p)e?] + (Quo—1)p’e® =0, (3.55)

which cannot be solved analytically as it is a transcendental equation. Nonetheless,

a numerical value is obtained using observational data, yielding p* &~ —1.18. Then,

it is observed that for p > p*, wr > —1 while p < p*, wr < QMl()—l ~ —1.43. Based
on these considerations, it is more suited to choose values for p > p*. The constraint
can be restricted further to p > 0 since for values between p* < p < 0, the EoS is

non-negative and hence does not compare with observations.
Next, the deceleration parameter is found to be

3a%[1—(1+p)e ]+ (o —1)[1— (1 +px)e?]

=—1+— 3.56
q + 2 2[1— (1+p)e?] + (o — 1)p2e»e 5 (3.56)
which when evaluated at present times is reduced to
3o [1 — (1 P
go=—1+ moll — (14 ple”?] (3.57)

21— (1+p)e P+ (o — 1)p2e?

Similar to the previous instance, determining a general relation between p and Qo
which gives rise to an accelerating behaviour is not analytically possible due to the
presence of the exponential functions. Nonetheless, a numerical bound is obtained,
yielding p < —1.18 or p > 0.68. From the EoS discussion, since p > 0 is favoured,
values of p > 0.68 shall be considered. Two values are taken, being p = 2 (wy =~

—0.80) and p =5 (wr = —0.97).

With the models defined, the background behaviour shall be the first to be analysed,
followed by the model stability. Once again, the initial condition a (107° Gyr) = 107
was used while in the plots, ACDM is represented by the solid curve, p = 2 as dotted
and p = 5 as dashed.
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Fig. 3.8 represents the expansion history with cosmic time for the models compared
with ACDM. As the EoS of the exotic fluid lies in a quintessence state® as shown
in Fig. 3.9, this causes a slower accelerated expansion than ACDM at late times.
For the p = 5 model however, this is practically indistinguishable in this regard.
At early times, the evolutionary behaviours for both p model values are practically

identical.

The EoS of the exotic fluid is explored in further detail. This is illustrated in Fig. 3.9.
It is evident that the p = 5 closely mimics the ACDM behaviour with an almost
constant value wyr ~ —1. On the other hand, the p = 2 model deviates from such
behaviour at present times. Both models exhibit an early and late time cosmological

constant behaviour.

a(n

t/Gyr

Figure 3.8: The evolution of the scale factor a(t) with cosmic time for the model
F(T) = aTy (1 — exp [—p\ / Tlo ) for p = 2 and 5, compared to the ACDM model. The

overall behaviour of the models mimics that of ACDM, albeit at slower rates, most
notably that for p = 2. p = 5 yields a behaviour which is practically indistinguishable
from ACDM.

5Quintessence here is used in the context of having an equation of state w > —1 and not the
scalar field model presented in Chapter 1. See, for instance, Ref. [81] where this definition has
been used.
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Figure 3.9:
F(T) = aTy (1 — exp {—p Tlo

model. Here, the models exhibit a quintessence behaviour, at which they peak at
some maximum value at a certain stage during the evolution. At early and late times,

both models approach a cosmological constant behaviour. Observe that the p = 5
model closely mimics that of ACDM as the value is almost constant (wp ~ —1).

The previous claims are further supported by the evolution of the deceleration pa-

rameter illustrated in Fig. 3.10. Clearly, the p = 2 model exhibits a slower ac-
celerated expansion at late times, while the p = 5 closely mimics the ACDM be-

haviour. Nonetheless, the standard features where the models start at ¢(0) = 0.5
and approach ¢ — —1 at late times are retained. Furthermore, the transition from

deceleration to acceleration all happen at approximately the same time (¢ ~ 8 Gyr).

The density parameters for matter and the exotic fluid are shown in Fig. 3.11. In this
case, the quintessence behaviour of the exotic fluid causes the matter-exotic fluid

equality to occur at an earlier time compared to ACDM (although for the p = 5

model this shift is negligible). The standard behaviour of matter being dominant at

early times and the exotic fluid to dominate at late times is retained.
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q(n

1 /Gyr

Figure 3.10: The evolution of the deceleration parameter ¢(¢) with cosmic time

for the model F(T) = Ty (1 — exp [fp\/TEOD for p = 2 and 5, compared to the
ACDM model. The overall behaviour of the models mimics that of ACDM, albeit at
slower rates, most notably that for p = 2. p = 5 yields a behaviour which is practically
indistinguishable from ACDM. The initial drop results from computational limitations
towards the initial condition.

t /Gyr

Figure 3.11: Density parameter evolution for the matter and exotic fluids with
cosmic time for the model F(T) = o1y <1 — exp [—p\/TfOD forp =2and p =5
compared to the ACDM model is shown. Overall, the models exhibit similar behaviour
with p = 5 closely mimicking ACDM. However, due to the quintessence nature of the
exotic fluid, the matter-exotic fluid equality occurs at an earlier stage. Nonetheless,
the early domination by matter and exotic fluid domination at late times is retained.
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Moving towards the stability behaviour of the model, the Hubble perturbation is
first presented, as shown in Fig. 3.12. Clearly, the perturbations decay with time
and hence the solution is stable. Similar to the power-law model, the Hubble per-
turbation decays to a zero value, indicating the attractor behaviour associated with

de Sitter cosmologies found in f(7") models [178].

Once again, the matter perturbation Fig. 3.13 yields stability as the parameter
decays with time while approaching a constant value indicating structure formation.
From the models considered, p = 2 takes the longest time to approach this constant
value, which is an indicator that structure continued to form for a longer time
compared to p = 5 and ACDM. This is expected as the accelerated expansion is

slower, allowing for more structure to form during the universe’s lifetime.

Contrary to the power-law model, however, lies in the exotic fluid behaviour shown

in Fig. 3.14. The exponential model starts and approaches a value of zero at late

w
T

(1[0

t /Gyr

Figure 3.12: Hubble parameter perturbation evolution for the exponential model
F(T) = oTy (1 — exp [—p@) for p = 2 and 5 compared to ACDM. Each model

mimics the behaviour obtained in ACDM, albeit with slight value differences at early
times and present times. Regardless, the perturbations decay to zero indicating sta-
bility.
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Figure 3.13: Evolution of the matter perturbation with cosmic time for the model
L) for p = 2 and 5 compared to the ACDM model. Sta-

F(T) = o1y (1 — exp {—p T
bility for each model is retained, as the evolution decays with time until it approaches
a constant value. This asympototic limiting value varies from model to model, in

which it is 0.837 for ACDM, 0.686 for p = 2, and 0.817 for p = 5.
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Figure 3.14: Exotic fluid perturbation evolution with cosmic time for the model
F(T) = aTy (1 — exp [—p Tlo for p =2 and p = 5, compared to the ACDM model.
Here, the exponential model deviates from the ACDM behaviour during intermediate
times due to the quintessence nature of the fluid. However, at early and late times,
the perturbation approaches a zero value which is expected since during those times,

the fluid closely mimics a cosmological constant.
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times, as expected by the behaviour of the EoS. However, the quintessence behaviour
during intermediate times indicate a non-zero value in the perturbation parameter,
leading to possible formations of overdense regions. Stability for both models is,

nonetheless, retained.

3.4 Discussion

The FLRW background in an f(7') gravity theory was examined and studied under
homogeneous perturbations to determine whether the cosmological behaviour for
the given Lagrangian is deemed stable. Study of stability determines whether the
solution retains that behaviour throughout its time, and hence serves as means to in-
vestigate whether the description is valid throughout the universe history. For f(T)
gravity, the matter homogeneous perturbation and Hubble perturbation parameters,
which are the main results of this chapter, evolve as given in Eqgs.(3.21) and (3.22).
As both quantities are solely dependent on the Hubble parameter, stability is deter-
mined depending on its evolution. Furthermore, the exotic fluid component which
is associated from the TEGR Lagrangian deviation was also obtained as listed in

Eq.(3.27).

Initially, stability was investigated for specific ansatz choices of scale factor, the
power-law and de Sitter models, which have a diverse number of applications in
cosmology. In both instances, the resulting evolution is stable but with minor dif-
ferences. In the power-law model, each perturbation parameter decays inversely
with time while in the de Sitter case, the Hubble and exotic fluid perturbations are
identically zero, while the matter and radiation perturbations result in a constant.
For the former, this implies that the solution remains stable and ‘attracted’ towards
the solution with time while in the latter, as the Hubble perturbation is identically
zero, means that the solution remains indefinitely at that point. The matter and ra-

diation perturbation differences refer to the growth of such perturbations, in which
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power-law models realise a growth, whereas during the de Sitter phases growth stops

as the perturbation remains constant.

Next, specific f(7T) ansatzes are chosen to examine their resulting cosmological his-
tories and features together with their associated stability analysis. Two viable
ansatz models were chosen, the power-law model F(T) = a(—T)" and the expo-
nential model F(T') = aTj (1 — exp [1 —p\/TEOD. Since both models have a free
parameter n and p respectively, these parameters have been restricted through the
use of Planck data by demanding an exotic fluid EoS close to that observed wy ~ 1

which also yields an accelerated expansion today.

Starting with the power-law model, these restrictions have set the value of n to be
n = —1 and n = —2, which yield a behaviour close to ACDM especially towards
late times as the exotic fluid approaches a cosmological constant behaviour during
these periods. For this model, the exotic fluid is strictly phantom in nature. In
each case, the resulting solution is stable as each parameter decays with increasing
time and also retains the feature that matter perturbations do grow throughout the
universe’s timeline. However, as the exotic fluid is not a cosmological constant, an
initial non-zero value of the density parameter o7 is observed. Overall, the n = —1

model mimics the ACDM behaviour better.

Next, for the exponential model, the parameters p = 2 and p = 5 were chosen to
satisfy the observational constraints. Contrary to the power-law model, the exotic
fluid now behaves as a quintessence fluid, attributing to a slower acceleration as
evident by the comparisons of Figs.3.3 and 3.10. At late times, however, the fluid
approaches a cosmological constant linking a close behaviour to ACDM. Due to this
behaviour, the exotic fluid perturbation is non-zero at early and present times, and
approaches a zero value at late times. Both models exhibit stability against Hubble

and matter perturbations, with the latter persisting at late times.
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All in all, the p = 5 exponential model exhibits the closest behaviour to ACDM in
terms of evolution and nature, making it a viable candidate to study for cosmology.
Nonetheless, it is worth noting that the model still has to obey other observational
criteria as well (for example, Big Bang Nucleosynthesis bounds are satisfied for
this model [180]). Despite the power-law model not being as favourable as the
exponential model (at least for the parameters considered), it can still be a viable
model as discussed in Ref. [181], where it has been shown to be in agreement with
CMB observations. The requirement of stability can therefore help restrict the
possible Lagrangian models in hope of realising a more complete picture for the

description of the universe.
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CHAPTER 4

RECONSTRUCTION IN f(T,Tq)

THEORIES OF GRAVITY

The ongoing research to find a gravitational model which is able to completely
describe the universe is still an open problem. From a phenomenological point of
view, it is questionable whether the basis of the theory, the form and behaviour
of matter, or the gravitational Lagrangian sector are of the correct form to match
with observations. Up to this point, this question is tackled under the viewpoint
of teleparallel gravity with an associated gravitational Lagrangian, coupled with
(perfect) matter components. As seen in the previous chapter, the choice of the

Lagrangian is important to check whether the model is cosmologically stable.

In particular, two distinct approaches were investigated. One approach, which has
been carried out in Section 3.3, assumes a given Lagrangian ansatz which, accord-
ing to its form, determines the resulting cosmology. Although viable models can
be constructed, as seen by the power-law and exponential f(7') models, there is
no method which hints a specific form of this Lagrangian. At best, these models
are constrained from theoretical considerations and observational data, leaving the
possible f(T') Lagrangian form clouded by numerous models with no clear sign of

its true form [77,182].
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This shortcoming is avoided in the second approach. Given a specific evolutionary
ansatz (being power-law cosmology and de Sitter evolution in Section 3.2), these evo-
lutions are only valid in the f(7") theory, provided that the field equations give rise
to the solution. This is only possible through a restriction in the f(7') Lagrangian,

a method known as reconstruction.

Reconstruction serves as a way to conform with observations by constructing a La-
grangian (or dark energy model) which directly yields the desired behaviour provided
by observations. Using SNe la data as an example, a relation between redshift z and
the Hubble parameter can be constructed. From this correspondence, the quantities
which give rise to the considered Lagrangian could then be expressed purely in terms
of either variable, reducing the field equations into a set of differential equations
which, in principle, can then be solved to yield the required Lagrangian [183-187].
Otherwise, as seen in the previous chapter, it can be used to examine the Lagrangian
behaviour during specific periods, determining whether the model under study is ca-
pable of generating the cosmological behaviours [188-192]. This can be investigated
throughout various epochs including early times (for example, inflation through re-
construction of the inflaton potential [193,194]), transition periods [195], domination

periods, or late time acceleration periods (for instance, de Sitter phases).

Solving these differential equations, however, is not always possible. Taking for
instance f(R) gravity, the resulting equations are fourth order, leading to a complex
system of equations which can be difficult to solve analytically. This becomes even
more exhaustive if higher order corrections are included. In the case of f(7T') gravity,
however, this becomes relatively simpler as it is a second order theory [128]. For
cases where analytical expressions are not possible, numerical computations can be
considered, with boundary conditions set either from local solar system tests or from

cosmological sources [182].

In cases where a solution is indeed found, this does not make the model necessarily

viable. Although it will generate the desired behaviour, it must still pass through
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other observational tests, both local and cosmological [196]. Furthermore, the recon-
structed solution can result in complicated expressions which would not be suitable
for use [188] and can also suffer from instabilities. Nonetheless, it may well still be

a step closer towards a more formal expression of the gravitational Lagrangian.

For the work presented in this chapter, the reconstruction technique shall be ap-
plied to the teleparallel Gauss-Bonnet extension, f(T,Tg) gravity in the context of
a spatially flat FLRW metric. Contrary to what is found in f(7') gravity, the intro-
duction of the Gauss-Bonnet term will introduce an increased difficulty to solve the
Friedmann equations, as these become partial differential equations (PDEs) instead
of ordinary differential equations (ODEs). Therefore, particular ansatz choices shall
be considered as means to simplify the problem. Furthermore, in this work, the
metric signature is reversed, leading to the expressions of the torsion scalar and

TEGB term to be
T =6H?, Te = 24H*(H? + H). (4.1)

It is observed that for this particular spacetime, the TEGB term matches identi-
cally with the curvature based Gauss-Bonnet term, G. Therefore, any uncoupled
f(G) Lagrangian is equivalent to an uncoupled f(7¢) Lagrangian leaving a sense of
equivalence between the two theories, and allowing for a comparison between the
reconstructed solutions obtained from either formulation. However, this is not true

for more general spacetimes due to the boundary term contribution [197].

The resulting modified Friedmann equations for the spatially flat FLRW spacetime
in f(T,T¢) gravity are [79]

f - 2TfT - TG’fTG + 24H3fTG = 2p7 (42)
—Hfr — H fr+2H <2H—H2) fro +4H?fr, = —%(p+p). (4.3)

For the reconstruction technique, it is sufficient to consider the first equation Eq.(4.2).
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The work concerning reconstruction shall be applied as follows. Firstly, the model
ansatz and cosmological models considered shall be presented and discussed, to-
gether with a constraint to reduce the number of viable Lagrangians. Afterwards,
the resulting Lagrangian models are reconstructed together with their viability con-

straints.

4.1 f(T,Ty) Ansatz and Cosmological Models

As previously discussed, the introduction of T in the Lagrangian results into a
more complicated system to solve. Ansatz choices for the Lagrangian are therefore
considered to simplify the problem. Motivated by the ansatz models which have
been considered in literature, such as those in f(R, G) gravity in Refs. [198,199] and

those which appear in f(7, T) gravity in Refs. [80,200], the following are considered

(i) f(I,Tg) = g(T) + h(Tc), (iv) f(T,Tg) = =T + Tag(T),
(@) f(T,1e) =Ty(Tc), (v) f(T,Tg) = =T + pT’Tg".

(@it) f(T,1q) = Tag(T),

The first model is a separable additive type, one of the simplest forms that can be
considered for reconstruction which can realise various well known Lagrangians. For
instance, if g(T") = =T, the h(T) contribution takes the role of the deviation from
TEGR (and hence of dark energy). On the other hand, an arbitrary choice of g and
h may lead to a different formulation from TEGR. In the case of reconstruction, a
further remark about this model is observed. From the Friedmann equation Eq.(4.2),

the additive model takes the form of

h+ g —2Tgp — Tohy, + 24H*Tghy 1, = ToQea 207, (4.4)
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Given a specific cosmology a = a(t), the T" and T functions can be expressed in
terms of ¢. Suppose that these relations are invertible, i.e. ¢t = ¢(T") and t = t(T¢).
The left-hand side (LHS) of this equation infers that it could be separated as an
expression solely in 7" and another in T;. However, the right-hand side (RHS) can
now be expressed in either variable, a choice between whether the matter is sourced
by the torsion scalar or the TEGB scalar. Since in the TEGR limit matter is sourced
by the torsion scalar, without loss of generality, this will be assumed to be the case in
the following work. Nonetheless, the choice for the TEGB scalar can be considered
instead.® Now that the equation can be fully separated, each T" and T contribution

becomes equal to a constant, say A, yielding the relations
g — 2T gy — T 0a(T) 20 = —h + Tohy, — 24H(T)*Ta(Te)hryrs = A (4.5)

Evidently, ¢(T) = A = —h(Ty) is a solution. However, this implies that A does
not appear in the overall gravitational f(7',T¢) Lagrangian and hence the source of
this A can be neglected. Thus, the resulting system of ODEs for an additive model

results in

g — 2,-Z—‘gT - TOQw,Oa(T)_3(1+w)a (46)

h — Tghy, 4+ 24H(Te)*Te(Ta)hroz, = 0. (4.7)

Models (i) and (iii) represent rescaling solutions for 7" and Ty respectively. In
the former model, for g(7¢) = a+ h(T;) where « is some constant, yields a TEGR
rescaling with h(T¢) acting as the source of deviation from TEGR. However, for non-
trivial forms of ¢(7%), this could realise non-trivial functions which in turn realise
the observed gravitational behaviour. In the case of model (i), this will naturally
realise a non-trivial behaviour, as TEGR cannot be constructed. However, model

(1v) accounts for this difference by the introduction of a TEGR contribution in the

6This consideration has also been applied in f(R,G) gravity [198,199] and in f(T, B) gravity
[69].
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gravitational Lagrangian, leaving the Tgg(T) contribution to act as the deviation
from TEGR. Nonetheless, the similarity between the last two models yields an in-
teresting result. Taking both ansatz models in the Friedmann equation Eq.(4.2),

the resulting Lagrangians are related through

T
Model (i) f(T,T¢) = —T — ?:l_TG + Solution of Model (i7). (4.8)

Thus, although the models are fundamentally different, obtaining the solution for
model (zii) automatically yields the resulting behaviour of model (iv). Thus, only

the solutions for model (i77) will be listed.

Lastly, a power-law model with a TEGR contribution is considered. In this case,
the ACDM model can be achieved in the event that § = v = 0. Furthermore,
the f(T') power-law model considered in Chapter 3 can also be recovered in the
case when v = 0. More generally, this functional form also appears in the study
of Noether symmetry in the absence of the TEGR contribution with the constraint
that 3 = 1 — v which yields scale factor power-law solutions a(t) oc t27*1 as well as

oscillatory a(t) o tant and hyperbolic forms a(t) o tanht¢ for v = 1 [80,200].

With the ansatz models defined, the cosmological behaviours considered for recon-
struction shall be the following (a) power-law cosmology, (b) expanding de Sitter
phase and (¢) ACDM behaviour. A glimpse about the resulting reconstructed La-
grangian in the case of f(7T') gravity for the first two models has been derived in
Chapter 3. Here, the results for the first two models will now be extended with the
T contribution for the various model ansatz considered. Nonetheless, the previously

obtained results will be recovered in the additive case model when h(7g) — 0.

The interesting application is the reconstruction for ACDM, to determine whether
f(T,Tg) gravity can produce the ACDM cosmology. As shown in Chapter 3, f(T)
gravity yields ACDM if it is precisely ACDM (at least for the case of dust, generali-

sations will be discussed further on). Thus, it proves to be an interesting alternative
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if f(T,Tg) is able to generate alternative models which yield the ACDM cosmology.

Given the diverse number of gravitational Lagrangian which could be constructed,
it is as important to distinguish between those which could be physically viable for
use in other areas. A simple consideration is to recover the vacuum solutions (for
instance, Minkowski and Schwarzchild), meaning that in the absence of matter, both
T and T would be null. Examination of the Friedmann equations implies a simple
Lagrangian constraint, being f(0,0) = 0.7 Therefore, those which do not obey this

constraint will be deemed to be non-viable.

In what follows, for simplicity, the boundary /T term and Gauss-Bonnet contribu-

tions which appear in the reconstructed solutions will not be listed.

4.2 Power-law Reconstruction

The reconstruction of the Lagrangian is first applied to power-law models, i.e. those
of the form a(t) oc t* where o # 0 is some constant. The case for o = 0 corresponds
to a static universe which is not considered here. For this type of cosmology, T and

T take the following forms,

2 o’ 2 1
= 6— Tr=24—(a—1)==(1—=)T? 4.
T=6 e 2t4(a ) 3< a)T, (4.9)

which implies that each component (including the scale factor) can be expressed in
any of the scalars. An interesting behaviour is observed for o = 1 as this sets the
TEGB term to be identically zero. For these cases, any function of Tz would become
constant and hence the reconstruction technique for this type of cosmology shall be

treated separately. This particular value of « is of major interest as it corresponds

"The f(T,T¢g) vacuum constraint considered here appears in constructing a viable Minkowski
model as discussed in Ref. [201]. For f(T) gravity, a similar condition appears in the context
of Schwarzchild solutions being f(7° = 0) = 0 [202] while a detailed account regarding vacuum
solutions for f(R) theories of gravity is given in Ref. [203] where a similar result arises, being
f(R=0)=0.
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to a coasting cosmology discussed in Chapter 3.

4.2.1 The Case a # 1

Starting with a # 1, the results are shown in Table 4.1. The solutions clearly
indicate that the choice of the EoS parameter of the perfect fluid greatly influences
the form of the solution as seen in the additive model and the T rescaling model.
Furthermore, the relationship between «, v and [ in the power-law ansatz model
determines whether the power-law contribution in the Lagrangian is present (i.e.
whether (1 is zero or non-zero). Note that the Gauss-Bonnet solution in the additive

case matches that obtained from other sources [199,204-208].

In these cases, the vacuum condition is satisfied, depending on parameter restrictions
of the given model as illustrated in Table 4.2. Starting with the additive case, an
interesting behaviour is observed if both the ¢g(7") and h(T¢) solutions are required
to exist. For the o(l +w) > 0 and o < 1 case, this sets & < 0 and w < —1 or
0 < a<1and w > —1. This means that for phantom fluids, a < 0, resulting in
an accelerating cosmology, a property which is normally attributed to such fluids.
On the other hand, non-phantom fluids lead to 0 < o < 1, which corresponds to a
decelerating universe. This is interesting as quintessence with EoS —1 < w < —%
is normally associated with an accelerating behaviour but here, it still generates a

decelerating phase.

On the other hand, when 1 — 3a(1l + w) = 0 and « < 1, one finds the following.
For 0 < a < 1, the EoS w > —%. Similar to the previous scenario, it means that a
decelerating universe can still be generated for fluids normally associated with an
accelerating behaviour (—% <w < —%) On the other hand, for a < 0, w < —1.
This is again the expected behaviour, where phantom fluids generate an accelerating

cosmology.
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f(T,Tg) = g(T) + h(Te)

1—3a(l+w)#0 g(T) :%(@)—w
1—3a(1 +w) =0 9(T) = ~ 50Ty /B n (%)
In either case, h(Tg) = als =
(T, 1) =Ty(1c)
Ba(ltw) -2
9(Tg) = cTEt + 3Ty — 3[6a2w2+(13i(2a77111)o%112’i7a2711a+4] (%) * provided the

denominator of the final term is non-zero. No solution has been obtained when the
latter is zero except for the homogeneous solution.

f(T,Tg) =Tag(T)

4—3a(l4+w)#0 9(T) = 5 33%w1()4rw (T%)
4—3a(l4+w)=0 g(T) = 3Qw°1

3a(l+w)

(T, Tg) = =T + puT°T5"

For the p term to contribute, the conditions §+2v =1, 2 = 3(14+w)« and 7y # 3";__11

must be satisfied. If the p term does not contribute to the field equations, then
2=31+w)awith (a+v—-1)28+~v—1)+3(y—1)y=0.

Table 4.1: Summary of the model f(T,T¢) Lagrangians which reproduce a power-
law cosmological solution a(t) o< t¢ with @ # 0 or 1. The solutions are dependent on
the type of fluid considered. In the special case of a power-law ansatz model, it is
also dependent on the relationship of the model parameters. Here, the variable m4 :=

% (3 —aExVa?—22a+ 25) was defined, and c; 2 3 represent integration constants.

In the T'g(T¢) rescaling, all contributions are allowed to coexist while obeying the
vacuum condition when —3 < a < 7 and 3«(1 4+ w) > 1. Here, the observed be-
haviour is the following. For —3 < a < 0, the EoS is always phantom, leading to
the expected accelerating behaviour of phantom fluids. For 0 < a < 1, the EoS will
always obey the constraint w > —%. Thus, depending on the choice of «, fluids with
EoS —% <w< —% can still generate a deceleration. Lastly, for & > 1, another inter-

esting situation arises. Any w > —% satisfies the vacuum constraint, meaning that
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f(T,Tg) = g(T) + h(Tg)

1-3a(l+w)#0 a(l+w) >0
1-3a(l+w)=0 Always
h(Tg) a <1

f(T,Te) =Ty(Te)

my term a<T7
m_ term —3I<a<T
Fluid term 3a(l+w) >1

f(T7 TG) = TGg(T)

4—3a(l+w)#0 4+ 3a(l+w)>0
4—-3a(l+w)=0 Always

f(T,Tg) = =T + uT°T5"

Always

Table 4.2: Summary of the f(7', 1) models which satisfy the vacuum constraint for
the power-law cosmological solution a(t) o t* with az # 0 or 1.

fluids which are not normally associated with an accelerating cosmology (w > —%)

can be used to realise this behaviour.

For the T;g(T') rescaling scenario, this satisfies the vacuum constraint only in the
presence of other matter fluid components. In the first instance, this is only possi-
ble for 4 4+ 3a(1 + w) > 0, which brings the following implications. When « < 0,
depending on the choice of «, it is possible to consider EoSs normally associated
with deceleration while still yielding an accelerating universe. In this case, phantom
fluids trivially satisfy the constraint. For cases when 0 < o < 1, every w > —% satis-
fies the constraint meaning the existence of both phantom and non-phantom fluids
associated with an accelerating cosmology, which yield a decelerating behaviour in
this model. Lastly, in the case when o > 1, every EoS w > —1 satisfies the con-

straint, inferring the possibility of fluids associated with non-accelerating behaviour
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(w > —%) to generate acceleration.

In the second instance when 3a(1 + w) = 4, the following is obtained. When a < 0,

w< —1lwhilefor0 < a<1, w> These are expected behaviours in terms of

Wl

cosmological acceleration/deceleration. For the case when v > 1, —1 < w < %
This leads to another interesting behaviour as for —% <w< %, an accelerating cos-
mology results despite these EoSs resulting into a constant velocity or decelerating

behaviours.

Lastly, the power-law model always satisfies the constraint. Here, for a < 0, w < —1,

when 0 < a < 1, w > —%, and for a > 1, -1 < a < —%. All cases result into

expected behaviours for the resulting ranges of the FEoS.

4.2.2 The Case a=1

Moving towards the coasting cosmology case, the results are presented in Table 4.3,
which clearly exhibits a distinction from the a # 1 case. Here, the first model be-
haves as a ¢(7T') function with a cosmological constant (as h(7s) becomes constant)
while the second model reduces to a TEGR rescaling (provided g(0) # 0). Interest-
ingly, the third model reduces to a vanishing Lagrangian, and hence cannot yield
any cosmological dynamics while the fourth model reduces to TEGR. Lastly, the

power-law model reduces to either TEGR or its corresponding rescaled version.

With these simplifications in mind, the possible reconstructed solutions are the
following. In the additive case, new solutions appear in the forms of n; and 7, while
the solution which describes the matter content remains unchanged. In the Tg(7¢)
rescaling case, solutions only appear for a stiff fluid (w = 1) and for w = —%. For
the Tg(T) rescaling, a solution is obtained provided w = —% with no apparent
constraint on g(7T'). Lastly, in the power-law ansatz model case, a solution exists

only for w = —% with the § parameter taking different restrictions depending on the
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magnitude of .

For the given existence conditions, the models satisfy the vacuum criterion in the

following instances: model (i) for Tggr,|r,—o = 0 and in the presence of fluids

w > —1, (#4) ¢g(0) must be finite, (iv) for Teg(T)|r,7o—0 = 0 and (v) is always

satisfied. Note that here, the additive and T'g(T¢) solutions infer the existence of
1

other fluids, which can generate a constant velocity expansion besides w = —3, a

non-phantom fluid usually associated with such a coasting cosmology.

f(T,Tg) = g(T) + h(Tg)

3
(w+1)
Qu,0To (Tlo) 2

2
g(T) = —my — 222 4 T—3(wtl) for w # —%

9
—%Qw,oToﬂ/%ln (%) , forw=—

Wi

f(T,Te) =Ty(Tc)

g + TGnglTG*)O = OJ
O 0t0?
916 + 20691610 | 1050 = — 3

9+ Tagra|re—0 = —97%70,
91 + 20Te9ro10 | 0 —0 = 0.

S
I
|
W=

f(T,Tg) = Tay(T)

No solution.

[, Tg) = =T+ Tgg(T)

g(T) is unconstrained and w = —3.

F(1.Tg) = —T + uI°T)
w= —% For v > 0, § is unconstrained while for v =0, § = 1.

Table 4.3: Summary of the model f(T,7T) Lagrangians which reproduce a linear
coasting cosmology a(t) o« t. Contrary to the general power law case, models (i)
and (iv) are distinct as the T term does not contribute in this limit. Furthermore,
a fluid with EoS w = —% is mostly required to have any physical solutions which is
expected for such coasting cosmologies. Here, the variables n; := h—Tghr,|71,—0 and

n2 = Tahr, 1, |T5—0 Were defined.
75



CHAPTER 4: RECONSTRUCTION IN f(T,T) THEORIES OF GRAVITY

4.3 de Sitter Reconstruction

During a de Sitter phase, the Hubble parameter approaches a constant value, say
H = Hgg, which results in 7' = 6Has? and T, = 24 Hys* to become constant. In this

case, the Friedmann equation Eq.(4.2) takes the form
f - 2TfT - TGfTG - TOQw,Oe_3(1+w)HdSt- (410)

As the LHS is time-independent, the only source of matter which can satisfy the
equation is one which behaves as a cosmological constant w = —1. In other words,

the resulting equation to solve is
f=2Tfr —Tefr, = ToS 0. (4.11)

This equation can be treated in two ways. The first is as a PDE, which can be

solved analytically to give

f(T,Tg) = ToQao + VT g (%) : (4.12)

where g is some arbitrary function, leading to an infinite class of solutions which
describe the de Sitter cosmology. However, if the vacuum condition must be satisfied,
only a subset of these solutions will result to be viable, as the function g must satisfy

the constraint

T
Ty = —VTg <_G)

\/T T,Te—0 - (413)

1

° satisfies this constraint. How-

For example, the function g = =T, (%)
ever, here, a cosmological constant fluid has been assumed to be present in the
universe. If the gravitational Lagrangian is to replace this source, then the system
must be solved in the absence of this fluid. This alters the vacuum condition to be

\/Tg (%) |7, 7.—0 = 0. For instance, the model g T%Q satisfies this constraint but
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not the previous one, meaning that de Sitter cosmologies can be generated without

the requirement of a cosmological constant source. Observe that the Lagrangians
_T _Ta

foxerHas? and f o e*Has® which appear in Refs. [69,204] also satisfy the PDE but

not the vacuum constraint as both models reduce to a non-zero constant.

A secondary approach is to treat Eq.(4.11) as an algebraic expression for the Hubble
parameter Hgs. Given a function f(T,Tg), the LHS yields an expression in terms of
the Hubble parameter which, in principle, can be solved to yield a value during de
Sitter times. Taking TEGR as a first example, this results in Hqs = Ho/Qa 0 = \/§
with A representing the standard cosmological constant which appears in ACDM. As
previously discussed, the gravitational Lagrangian is constructed to act as a source
for the de Sitter phase without introducing a cosmological constant fluid, meaning

the RHS will be set to zero. This shall be presented through some model examples.

In the case of f(T) gravity, taking the power-law model f(T) = —T + oT”, for
parameters o and 3 # {%, 1}, the Hubble parameter adopts the value of

Hys = [67 (28 — 1)] 77 | (4.14)

The vacuum condition is satisfied provided that § > 0 and since an expanding
universe is observed, this constrains a < 0 for 0 < 8 < % and o > 0 for g > % If the
parameter choices considered in Ref. [178] are chosen, this model yields a de Sitter
attractor with the same resulting Hubble value, as shown in Eq.(4.14). A similar

analysis can be carried out for other f(7") Lagrangian forms.

However, this approach does not always yield a Hubble value. For instance, the

model f(T,Tg) = =T + py/T? + nTg for constants p and 1 yields the constraint

= _\/gn— Vf”;?’ (4.15)

77



CHAPTER 4: RECONSTRUCTION IN f(T,T) THEORIES OF GRAVITY

Despite this, it does impose a constraint when the model generates a de Sitter
behaviour. Furthermore for this model ansatz, the vacuum constraint is trivially
satisfied. Note that the parameter constraints also arise from a dynamical stability

approach as shown in Ref. [81].

4.4 Reconstruction of ACDM Cosmology

In this section, the reconstruction of ACDM cosmology is considered, in the presence
of matter and a cosmological constant-like fluid. Thus, the effects of radiation is

neglected for simplicity. Such a cosmology is realised for

T
= Ovoa™® + (1 — Qo) , (4.16)
0

which generates the analytical scale factor solution

Q 1/3 3,/I—Q
alt) = (1_—“;2240) sinh?? (TM’OH@) . (4.17)

From Eq.(4.16), the scale factor can be analytically expressed in terms of the torsion

scalar
ToS2
3 0°4M,0

a’ = : 4.18
T—T(1— Qo) ( )

On the other hand, the TEGB term is related to the torsion scalar through

T2

Te = (1 —Qmpo) ToT — 3 (4.19)

which can be inverted to yield an expression for 7' = T'(T). The aim here is to
determine whether an f(7,7T) Lagrangian is capable of reproducing the ACDM
expansion history (not the ACDM model Lagrangian) without invoking any dark
fluid or the addition of any cosmological constant, while also satisfying the vac-

uum condition. For the model ansatz considered, the resulting functional forms are
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summarised in Table 4.4.

Overall, the derived functions are fairly complicated due to the introduction of the
hypergeometric functions except for the power-law model, which is able to gener-
ate simple solutions. Despite these apparent complicated results, the solutions do
simplify to simple forms in the special case of dust. For instance, the additive g(T)
function reduces to the standard ACDM result ¢(T) = —T — Q4 (T, as shown in

Refs. [121,128]. In the T rescaling model, the Lagrangian takes the simple form

3T
f(T,Tg) = (2T — Qp0T0) iR (4.20)
However, the T'g(T¢) model case does not yield any analytical solutions that describe
the matter sector. For the power-law model, no solutions are derived for an equation
of state different from ordinary (dust) matter. In this case, the resulting solutions
are the standard ACDM Lagrangian and the non-trivial solution having § = —2 and

v = 1. For a general EoS, the g(T') function derived in the additive case matches

with those found in Refs. [69,128].

However, none of the reconstructed solutions satisfy the vacuum condition in the
presence of matter fluids. For the additive model, g(0) # 0 and ~(0) = 0 while g(0) =
0 in vacuum satisfying the condition. In the second model, the homogeneous solution
satisfies the constraint. The third model T;g(T') always diverges, and in the absence
of fluids, the Lagrangian becomes null, making it impossible to satisfy the constraint.
The extended model with a TEGR contribution —1" + Tg(T) either suffers from
divergences (in the presence of matter fluids), or reduces to a non-zero constant (in
vacuum), and hence cannot host vacuum solutions either. A similar result emerges
in the power-law case and hence, the condition is never satisfied. Therefore, only the
first two models can satisfy the constraint while describing a ACDM cosmology, at
the expense that the universe is an empty state solely dominated by some effective

fluid arising from the TEGB contribution. Given the presence of matter in the
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universe, questions arise regarding the validity of such solutions.

f(T,Tg) = g(T) + h(Ta)

—(14w)
g(m):TOQw()(QiZ(I\;LOl)) [Fl (1 w—i_;a;v )+.T2F1 (1 W+§;§7 )}
h(y) = er(1 — 3y)*? [(40y + 24)y/T =y +5V62F) (3,3 5 75 (v° — 1)]

f(T,Te) =Ty(Te)

Only the homogeneous solution is found, having a power series solution ¢(y) =

> any™ where the coefficients a,, obey the recurrence relation

n=0
(2+7n —6n%)a, + (20n* + 13n — 9) a, 11 — (n+ 2)(24n + 11)a, o
+3(n+3)(4n + 5)ans3 — 2(n + 2)(n + 4)apss =0,
having initial conditions ay = 3(as — as), a; = 0 with a3 acting as the constants of
integration.

f(T,Tg) = Tag(T)

—(1+w)
w # nc 7+ g(T) _ 3,070 ( m,0T0 > [1 1+w N (1 2:2 — w; Q/:}FTO>:|

812 \ T—QaTo
g(T) = —§TOQW 0 (T()QM,())*(HW) {(it“;) InT [-ToQA]" !
_ + N o
TR S ) E na
k;éw 1

(T, Tg) = T + uT°T"
w=20 {57’7} = {070}7 {_271}

w#0 No solutions

Table 4.4: Summary of the reconstructed f(7T,T¢) Lagrangians, which reproduce
an exact ACDM model. In the second model, an analytical solution describing the

. . _ T _ {1 _4Tg
matter content could not be derived. In this table, z = o Y= 1 st Cl
is an integration constant and 92 Fi(a, b; c; x) is Gauss’s hypergeometric function.
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4.5 Discussion

In this chapter, the resourceful tool of reconstruction has been considered in the con-
text of a general gravitational Lagrangian that is dependent on the torsion scalar
and the TEGB contribution to yield desired cosmological histories in terms of an-
alytical functions. Due to the introduction of a higher-order contribution, it is not
always possible to produce a general analytical solution for the Lagrangian, and
hence specific ansatz are chosen. In particular, the power-law, the de Sitter and
ACDM behaviours have been considered for reconstruction. As means to restrict
the possible physical Lagrangian, a further constraint was set, being that the model
is capable of exhibiting vacuum solutions (for instance, Minkowski) for which the

sufficient condition turns out to be f(0,0) = 0.

Starting with power-law solutions, the special case of a coasting cosmology had to
be investigated separately since in these cases, Ty is exactly zero. Overall, as the
summarised results in Table 4.3 show, one finds that models can be constructed to
satisfy the vacuum constraint even for fluids not normally associated with a coasting
cosmology (those being w = —%) For the remaining instances, as shown in Table 4.1,
a reconstructed Lagrangian can also be constructed. In this case, vacuum conditions
depend on the model considered, where in certain instances, further restrictions on
the parameters a and w are required, as summarised in Table 4.2. These restrictions
also pose an interesting behaviour in terms of the resulting cosmological dynamics.
Fluids which are not normally associated with, say, a decelerating universe can still

possibly result in such a cosmology.

De Sitter cosmology has also been investigated. In this case, a fluid can only con-
tribute if it behaves as a cosmological constant. Since the aim of this modified
theory of gravity is to sway away from the introduction of such a constant, de Sitter
solutions have been constructed in its absence. The resulting equation Eq.(4.11)

with Qa9 = 0 can be viewed either as a PDE or as an algebraic equation. In the
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former, the resulting models exhibit de Sitter behaviour naturally, albeit at the ex-
pense of not inferring a de Sitter Hubble value. As for the latter, depending on the
form of the chosen Lagrangian, it infers either a constraint on the parameters which
generate a de Sitter cosmology or infers a specific Hubble parameter value. In both

cases, the vacuum constraint can be satisfied.

Lastly, the f(T,7T¢) Lagrangian was investigated to see whether it is capable of
reproducing an exact ACDM cosmology without invoking a cosmological constant.
As shown in Table 4.4, although the models do not contain an explicit cosmological
constant dependence, none of the solutions satisfy the vacuum constraint except
for the additive and the T'g(T¢) rescaling models in an empty universe. However,
this consideration is unrealistic when based on observational criteria, leaving the
reconstructed f(7T,Tg) models incapable of hosting vacuum solutions. Despite this
issue, the models also suffer from complicated Lagrangian forms arising from the
resulting hypergeometric functions (with the exception of the power-law model).
However, this only appears when expressed for an arbitrary choice of EoS as taking
specific fluid choices (for example, ordinary pressureless matter) can simplify the

Lagrangian significantly, making the models viable for use in other fields.

Therefore, f(T,T¢) gravity has been shown to be able to realise various cosmological
solutions while also being capable of recovering vacuum solutions. Nonetheless, the
reconstructed solutions are by no means necessarily viable models as they are still

required to be tested against observations.
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CHAPTER 5

RECONSTRUCTING f(T,T¢)
LAGRANGIAN FOR BOUNCE

COSMOLOGIES

A physical description of the very early time cosmology is still not well understood.
Although a major leap towards a better understanding has been achieved through
the formulation of inflation, this is by no means necessarily correct. Amongst the var-
ious issues encountered in inflation (see Refs. [145,209-213] and references therein),
one finds two major problems: the singularity problem, and the so-called trans-

Planckian problem.

Starting with the former, this is better understood from the Penrose-Hawking sin-
gularity theorems [214,215]. Roughly speaking, these state that, given the GR field
equations and certain constraints in the stress-energy momentum sector, there exists
a time before inflation where a singularity arises, namely the Big Bang singularity.
This singularity represents a point at which the equations break down, and nothing
can be inferred of what happens past the singularity [209,213,216]. Although, in
general, the singularity theorems do not exactly describe the nature of the singu-

larity, here the Big Bang singularity corresponds to a diverging Ricci scalar R due
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to the vanishing scale factor (and hence divergent H). This breakdown is expected
from a GR viewpoint as it is a classical theory and hence not UV complete, mean-
ing that GR is not applicable at very high energy scales. Thus, the application of
the Einstein field equations throughout such high curvature regimes is no longer

applicable [216].

The second issue refers to the origin of the relevant scales which generate the inho-
mogeneous and anisotropic structures observed today. Given that inflation lasted
long enough to resolve the horizon and flatness issues, the relevant modes which
generate the observed structures must originate from a time in which the physical
scale is smaller than a Planck length, a distance in which GR breaks down due to its
classical nature. Therefore, inflation becomes dependent on the unknown behaviour

of modes originating from such scales [210,213].

Because of these two issues, amongst others, have therefore put into question the
validity of the standard inflationary model. In fact, the observed large scale structure
and CMB spectra were not originally considered from an inflationary viewpoint [217—
220]. Here, inflation formulated a decade later, only provided a physical mechanism
which generates these spectra. Therefore, other alternatives to inflation are to be
considered, as long as they are still capable of reproducing these observations while
also resolving the problems encountered in inflation. This is the role of what are

called bouncing cosmologies.

A bouncing cosmology is one which primarily tackles the two previously mentioned
issues. This is made possible through replacing the Big Bang singularity by some
preceding contracting phase, followed by an expanding (possibly later inflationary)
phase. To avoid the singularity, the scale factor decreases to some non-zero value,
with the resulting universe volume being sufficiently large where the ensuing physics
does not break down. This therefore resolves the singularity problem. Note that
if the bounce occurs at some time t = tg, it is characterised by H(t < tg) < 0,

H(tg) = 0and H(t > tg) > 0 [212,221,222]. Introducing a contraction phase allows
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for all relevant scales to not originate from sub-Planckian scales as the Hubble
horizon ends up being sufficiently large for all modes of interest, hence resolving the

trans-Planckian problem [145,210,213].

Despite this attractive feature of a bouncing cosmology, they are by no means per-
fect. Here, some of these issues are highlighted whereas further details are given in
Refs. [211-213]. If the universe is fairly anisotropic during the contracting phase,
these can still remain fairly dominant as they grow with scale factor as a=. In turn,
this leaves the early universe to be anisotropic instead of homogeneous, which is not
observed. To account for this, the presence of fluids with EoS w > 1 are required
to exist in order to maintain the homogeneity condition. Bouncing cosmologies
may also suffer from instabilities with perturbations growing sufficiently large, thus

affecting the different spectra by not being compatible with observations.

In what follows, different types of bouncing behaviours are discussed, namely (a)
symmetric bounce, (b) oscillatory bounce (cyclic/ekpyrotic), (¢) superbounce, (d)
critical bounce, and (e) future (past) singularities, primarily those of Type I-IV.
The physical interpretation and application for each model shall be explored in

further detail in their corresponding sections.

To this end, the method of reconstruction presented in the previous chapter has
proven to be a powerful tool to help construct gravitational Lagrangians based
on a given cosmological expansion history. It is therefore natural to consider this
approach for the bouncing cosmologies in question, as it will prove useful to be
able to determine whether such models can be constructed in the realm of modified
gravity. In what follows, f(T,Tq) gravity shall be considered. As discussed in the
previous chapter, solving for a general f(T,Tg) Lagrangian proves to be intractable,

and hence specific ansatz are chosen, namely those considered previously, being

(i) f(T,1a) = g(T) + MTg), (iv) f(T,Te) =T+ Tag(T),
(1) f(T,Te) =Ty(Tc), (v) f(T,Tg) = =T + pT’Tg".
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(it1) f(T,1g) = Tag(T),

For simplicity, the boundary /T and Gauss-Bonnet contributions are again not
listed, and models deemed as viable are those which are capable of generating vac-

uum solutions, i.e. satisfy the constraint f(0,0) = 0.

5.1 Symmetric Bounce

Originally considered in Ref. [223], a symmetric bounce model describes an expo-

nential scale factor of the form

- e (aL2). -

*

where t, is some arbitrary time, A > 0 and a > 0 are constants. This model yields

a Hubble parameter of the form
_ 2at

H el

(5.2)

which implies a bounce located at t = 0as H < Ofort <0, H =0att=0and H > 0
for t > 0. As discussed in Ref. [155], this type of bounce cannot fully describe the
universe behaviour near the bounce. Any primordial modes cannot occur before the
bounce point, since the Hubble parameter decreases as it approaches the bouncing
time. On the other hand, if any primordial modes did occur, the Hubble horizon
decreases after the bouncing point, meaning that no modes re-enter the horizon.
Therefore, this model needs to be used in conjunction with other models or transition
periods to give a more complete picture. For instance, an ekpyrotic behaviour was
considered in Ref. [211], while the bounce together with a late-time acceleration

phase was considered in Ref. [224].
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In this case, T and Ty are given by

240t? 8 272
n VI TG:t—2T+T, (53)

T =6H?=

where the scale factor can be solely expressed in terms of the torsion scalar T'

2
a(T) = Aexp (7;1;) = Aexp (a%) : (5.4)

where T, = T(t = t,) = 24a%/t,2. To simplify the reconstruction analysis for the

sake of simplicity, the scale factor is set to unity at some arbitrary time ¢, > 0, i.e.
a(ty) = 1. This yields the relation
t 2

tl = ——"1nA. 5.5
0 o n ( )

Since « is positive, the equation yields real values for the time ty if and only if

0 < A < 1, which will be assumed in the following expressions.

Table 5.1 illustrates the reconstructed solutions for the considered f(7',7T) ansatz.
It is observed that the T'g(T;) model only yields analytical solutions for the homo-
geneous solution, as it could not be derived for the particular solution. From the
Green’s function and Wronskian method [225], the resulting particular solution is

derived from the integral

Q. Tt*QA_?’(l""W) —(4+3w)s
’ 0345604 \/_ (1 + 4s) [92(1)91(5) — 91(y)g2(s)] ds,  (5.6)

gpart-(y) = -

which could not be analytically computed. Of interest is the power-law ansatz
model case, where the choice and presence of fluids greatly influences the existence
of solutions. In the case of vacuum, the power-law modification allows for the
symmetric bounce to occur. If the fluids exist, then they behave as a cosmological
constant, which not only restricts the choice of the power-law indices § and =, but

also the Hubble rate factor o and the value of the cosmological constant 2, o.
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For the reconstructed solutions obtained, the vacuum condition is only satisfied for
the additive and T'g(T) models in the absence of fluids. In the remaining models,
the Lagrangian either diverges or reduces to a non-zero constant, and hence does
not satisfy the viability condition. Since the condition only becomes satisfied in
the absence of fluids, viable symmetric bounce models are only realised due to the

presence of modified gravity.

f(T,Tg) = g(T) + h(Te)

g(x) = Tp, g A3 H) [ﬁ x erf (z) + e_9”2] 7
hy) = e’ [= /Gy +1) +y 2y + 1) F (y)]

f(1,16) =Ty(1c)
Only the homogeneous solutions are found, being;:
g(y) =co [2(8y* + 14y — 3) + = (16y° + 36y> + 3) erf (/9) ey} , and

92(y) = s (16y° 4 36y° +3).
An analytical form of the particular solution is not obtained.

f(I,Tg) = Tag(T)

30,0 A3 Mgt T — 2,
g(z) = T pranl Ei (—2*)
(T, Tg) = =T + pT’Tg"
In vacuum B=-1,v=1 and,u:—%
9 128u

w=—1 8 = —3, v =2 provided that a = 2t7*2, p = —55 and 2y oTp = ==F.

Table 5.1: The f(T,T¢) reconstructed Lagrangian that reproduces the symmetric
bounce model is obtained. The following variables and functions have been defined

and used: z = T(lgi:)tﬁ, Y = i (—1 +4/1+ gﬁig’f), F(z) is the Dawson integral,

which is defined as F(z) = e %

e’ dp, Ei(z) is the exponential integral function

O =

o
Ei(z) = — [ e;T dr, and erf(z) = %foz e~*" ds is the error function. Furthermore,
—z

c1,2,3 are constants of integration.
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5.2 Oscillatory Bouncing Model

The second bouncing model considered is one with an oscillatory behaviour having

the form

a(t) = Asin? (Bti) , (5.7)

where t, is some reference time which, for simplicity, is taken to be positive, and A
and B are real positive dimensionless constants. Such a model represents the be-
haviour of what is commonly referred to as a cyclic universe, originally proposed by
Tolman in Ref. [226] (further details on cyclic universes is available in Ref. [209]).
This proposal introduces the concept where the universe exhibits a sequence of
continuous contractions and expansions, thus leading to a new insight towards the
beginning of the universe [227]. Oscillatory scale factors allow for a simple construc-
tion of said behaviour, as discussed, for instance, in Refs. [227-230]. Furthermore,
there exists a special class of cyclic cosmologies, known as conformally cyclic uni-
verses (see for example Ref. [228]) where whilst the universe has a cyclic behaviour,

the overall expansion is monotonically increasing.

However, the choice of the scale factor may suffer from singularities. As the uni-
verse is continuously expanding and contracting, implying a continuous crunch and
rebirth, these points might correspond to a Big Crunch and a Big Bang respectively.
These two behaviours represent a singularity since, when the scale factor approaches
a zero value, the Hubble parameter diverges. This problem could be circumvented
through various mechanisms such as Loop Quantum Cosmology (LQC) [229], matter

couplings [228], or by demanding the scale factor to not approach a zero value.

The features of the considered scale factor are examined further. It is useful to

determine its associated Hubble parameter, which takes the form of

H = 2tB cot <Bti) : (5.8)

* *
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The scale factor is zero for times tp;, = % with |H (tmin)| — oo and reaches

a maximum size of A at times t.x = % where H (tpnax) = 0. Here, n is an
integer. For times t,,;, < t < tnax, the Hubble parameter is positive and approaching
zero as t — tyax Whilst for ¢, < t < tunm, the Hubble parameter decreases and
becomes singular while approaching negative infinity as ¢ — ;.. Therefore, when
the scale factor approaches its minimal size as t — t,,;,, the universe experiences
a Big Crunch, which then rebirths into a Big Bang, both being a singularity (as
a(tmin) = 0 and |H (tmin)| — o0). This behaviour can be associated with that of
a superbounce. On the other hand, at maximal size, the universe experiences a
bounce called a cosmological turnaround, as the Hubble parameter transitions from
positive to a negative value as t; — tpax — t2 (1 < tmax < t2). This represents

a period where the universe stops expanding post-Big Bang, and starts to contract

towards a Big Crunch [221].

For this cyclic model, the torsion and TEGB scalars take the form of

24 B2 t T 2B?
T = t2 ( B— To=AT [ — — 5.9
t*2 CO ( t*) ) G (12 t*z ) ) ( )
where they are directly related through
1282 Tat, A
T = 1—/14+—=. 5.10
t.2 ( + 4834) (5.10)

In this way, the scale factor can be expressed purely in terms of the torsion scalar

a(T) = A (1 + 2%2) o (5.11)

For simplicity, assume that the Big Bang singularity occurs at a time t¢.;, = 0.
Then, at some time t,;, < tg < tmax, the scale factor is unity, which leads to the

condition
1

i~ sin? (B?) : (5.12)
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This solution yields real values only when A > 1 (the case A = 1 would imply that
to = tmax hence not satisfying the assumption). Therefore, the present time would
lie at t) = % sin~! (%) In this way, the present time parameters €, o, T and T

can be defined and may represent current values.

Table 5.2 illustrates the reconstructed solutions for the various f(7', T¢) ansatz con-
sidered for the oscillatory model. Of note is the T'g(T) rescaling model, where a
lack of closed forms for the homogeneous solution result. Furthermore, only one of
the homogeneous solutions is obtained, and the particular solution could not be de-
rived. On the other hand, the T;¢g(7T) model solution depends on the EoS parameter
value. Similar to the symmetric bounce case, the power-law model yields a solution
in vacuum with the same {f3, v, u} parameter choices. Contrary to the symmetric
bounce model, however, is the absence of solutions for non-vacuum considerations.
This means that an oscillatory behaviour is only generated in the absence of matter

fluids.

The viability condition is thus only satisfied for the additive and the T'g(T¢) models,
only in the absence of matter fluids similar to the symmetric bounce case. This is due
to divergences or non-zero finite limits of the resulting Lagrangian in the remaining
models and cases. Thus, the oscillatory model given in the form of Eq.(5.7) is only

generated in the first two ansatz models, provided that matter fluids are absent.

5.3 Superbounce

As mentioned in Chapter 3, a superbounce model takes a power-law solution of the

2/c? .
, where t. represents the crunch time and ¢ > v/6. However,

form a(t) o< (—t + t.)
a simple transformation of the coordinate system allows for a shifting of the crunch
time to any arbitrary time, which for simplicity is taken to occur at zero. Thus,

the scale factor reduces to the standard simple power-law model a(t) o t* with
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o= c% Therefore, the reconstructed solutions obtained in Table 4.1 will apply, but
with the constraint that 0 < a < % Although this constraint does not affect the
reconstructed solutions themselves, the vacuum condition constraints can be further

simplified.

f(I,Tg) = g(T) + h(Tc)

314w | 1 o 7 3 5
g(w) = Ty g AT ){g$32F1 <§, —3w; 5;@“) — 2?5 F (5, —3w; 5;:15)

1 3 1 1
o = —3w: —: F | —Z —3w:=:
+ 3z 1<2, 300,2,.1')-1-2 1( 5 30.),2,.1')}

h(y) = [(8 = 3y)y/y — by(y — 1) tan™" (/)] 1

f(T,Te) =Ty(Te)

Only one homogeneous solution is obtained, which has a power-series solution of

o
the form g(x) = > a, (g)n, where the coefficients a,, obey the recurrence relation

2(n—1)2an+nan,2_—i— (n—=5)(2n—1)a,—1 = 4n(n+1)a,41, with a_o _y = 0. Particular
solutions describing the matter source are not analytically solvable.

f(T,Tg) =Tag(T)

Forne Z,n > —1:

w# g g(x) = —65“;3 (1+4z)t3 {:v 143w+ 2(3w —1)] o F} (1, 1;1 — 3w; —%)
—(1+2)[1+2Bw+5)] 2F1 (1,21 - 3w; —1) — f:gj;}

n n+3 D sy ah2
w=3 g(ﬂf)zfg (Q)hlx_'—kzjo(k)k—Q
JA2

f(T, Tg) =-T+ ,uTﬂT(ﬂ

In vacuum f=—1,~v=1 andu:—%

Table 5.2: Summary of the reconstructed f(7T,7Tg) Lagrangians which repro-
duce the oscillatory bounce model. Here, the following variables and functions

have been defined and used: =z = —%, Yy = 2<1— 1+§§E‘f), & =

2
2 . . .
—% [Qtéfw} TOQM,OA_:%(H”) and c; is an integration constant.
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In the additive case, the condition simply reduces to w > —1 for 1 — 3a(1 +w) # 0
whilst the second case 1 —3a(1 +w) = 0 always satisfies the vacuum condition. For
the T'g(T¢) rescaling model, the homogeneous solutions always satisfy the constraint,
while the fluid component that satisfies the condition is 3a(14+w) > 1 (in these cases,
w > 0). On the other hand, the TEGB rescaling model requires the same constraint
4+ 3a(l +w) > 0, as the other case remains trivially satisfied. Here, every value
of w > —b satisfies the constraint. Lastly, the power-law model always satisfies the

viability condition.

5.4 Matter Bounce

The bouncing model referred to as a matter bounce originates from LQC theory,
where the scale factor evolves in a form

3 1/3
a(t) = A (épcrtQ + 1) 7 (5.13)

where p, is a critical density, a value which originates from LQC theory, and A > 0
is a dimensionless constant. This scale factor solution stems from the resulting

Friedmann equation constructed from LQC theory

p p
H>==(1--1 5.14
3 ( pcr> Y ( )

where p is some fluid energy density. If this is taken to be pressureless dust, the
above scale factor solution Eq.(5.13) is obtained. In this case, the Hubble parameter

takes the simple form of
2tper

i 5.15
T (5.15)

from which it can easily be observed that a non-singular bounce is generated at a
time ¢ = 0, the time at which the universe reaches its minimal size as H(t < 0) < 0,

H(t=0)=0and H(t > 0) > 0[231,232]. This type of bouncing cosmology has been
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studied as a means to investigate the early stages of the universe. In particular, dust
has been considered due to its ability to generate a scale-invariant power spectrum
arising from the matter contraction and expansion phases whilst not suffering from
any singularities. However, for a perfect dust fluid, the scale-invariant spectrum
is actually a problem, as observations indicate a slight red tilt®. Furthermore, for
dust, the tensor-scalar ratio is much larger than what is observed [234,235]. However,
small deviations from dust [211,232] or introduction of other scalar fields [223] can

address this problem.

For the given matter bounce scale factor Eq.(5.13), the teleparallel scalars are given

to be

2\ AT? T
T=6(-—r To=——+2Tpe [144/1 - —], 5.16
<2+3t2pcr) ’ ¢ g T p ( " pcr) (516)

which allows the scale factor to be expressed in terms of T', as

1/3
2pcr T

T)=A 1—y/1—— 5.17
a(T) = A |2 ( pcr> (5.17)

Assuming that there exists a time ¢y > 0 when a(tg) = 1, yields the relation

2 1

te’ = ——1). 5.18
2= (1) (5.18)

Since p., > 0, this equation holds provided that A < 1, which will be assumed from
here thereon. This allows for the definition of the present quantities of the density
parameters and the teleparallel scalars at this time. Furthermore, note that the Ty

and T relation can be inverted to yield

8For a given power spectrum P(k) o< k™, where n is some real number, the spectrum is said to
be red tilted if n < 0 and blue tilted if n > 0, otherwise it is invariant for n = 0. As observations
indicate a scalar spectral index of ny = 0.9649 + 0.0042, the matter power spectrum P(k) oc k™s~!
is red tilted [152,233].
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cr 1 Ccr Ccr
po 3 VE —\/96TG (9p . 8) 27 pe? <p— + 4) — 256¢,

16 2 32 VE VE
9001‘2 < 16TG2 B 9pcr2TG
= — —T
=" Tg T 2 @
23 = —512T5°% + 1161 p > T + 9\/§\/ —3072pe:2T” + 4523p* T + 1929, 5T,

(5.19)
which will prove to be useful to describe the T'g(T¢) solution.

For the f (T, Tg) ansatz being considered, a matter bounce cosmology can be realised
as shown in Table 5.3. In the additive and T;¢(T") model, the solution takes different
forms depending on the EoS of the fluid. For the additive solution, the dust case
agrees with the f(7") reconstructed solutions obtained in Refs. [234,236,237]. For the
Tg(T¢) model, only the homogeneous solutions are obtained, which are nonetheless
inexpressible in terms of known functions. In this case, the coefficients a,, satisfy

the recurrence relation

4a,_10(147n* — 31700 + 16608) + 2a,_o(14407 — 2783n + 126n?)

— an_g(1317n% — 23757n + 104888) — a,,_7(792n* — 13671n + 55822)
+ a,—6(828n% — 11964n + 42043) + a,_5(864n> — 10905n + 32555)

— 20,4 (15n* — 235n + 763) — a,_3(360n> — 2917n + 5484)

— 3a,-2 (32n* — 148n + 159) + 9(n — 1) [a,—1(4n — 9) + 3a,n] = 0, (5.20)

with a_19 = ... = a_; = 0. Although a general analytical solution was not found,
two solutions are still generated, as shown by the solution of the first few terms
a; — 3&0 15&0 — 769&1 . 1851&0 + 1706&1

a2:—7a3:07a4:—7a5_ 2430 [

6 648

(5.21)

where ag; act as the arbitrary constants. Similar to the previous bouncing models,
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the power-law solution only exists in vacuum for specific parameter choices.

The reconstructed solutions which can be deemed as viable are only the additive
and T'g(Tg) Lagrangians only in the absence of matter fluids, since the remaining
models do not satisfy the vacuum constraint. This leaves these two models to be

the only two ways to generate a matter bounce.

F(T, Te) = g(T) + h(Tg)
w#0 g(x) = 2520 ATy [<1+w>2F1( w; 352) — (%)

w=0 g(z) = Qg‘;fox [1 + 1/ 2% arcsin y/x( IE)]

No analytical solution found for h(T¢).

f(T,Te) =Ty(Te)

Only the homogeneous solutions can be derived, which take a power-series solution

of the form g(x) = > a,(x — 1), with the coefficients a,, satisfying the recurring
n=0

relation given in Eq.(5.20). As the the g function is to be expressed in terms of T,
the x = x(T") variable can be expressed in terms of T through the use of Eq.(5.19).
No analytical results have been found for the particular solution.

f(I,Tg) = Tag(T)

—w 2F1(2 w,—w;3—w; 22)
g(l’) - Ggw |:w 1)z +5 +4< ) (w—2)(z—2)2 :

—L (%) 2P (~w, w1 —wi 52|

w \z—2 ) 2—x

w=20 g(x):—%o [(IEQ)Q—i-%—{—ln,/z_Tx]

f(T.To) = ~T + uT°T"

In vacuum B=-1,v=1 and,u:—%

Table 5.3: Reconstruction of the f(7,7T) Lagrangian for the matter bounce cos-
mological model. For the above solutions, the following variables and functions have

been defined: z =1+ ,/1 — % and &, = *%QW,OQ_(H“’)A_?’(HW).
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5.5 Type I-IV Past (Future) Singularities

The final bouncing model involves taking a power-law Hubble parameter ansatz in

the form of

H = folt —t,)°, (5.22)

where fy > 0, « is a real number and ¢, is some reference time, which as will be
seen, will correspond to the singularity (bouncing) time. For cases when t < i,
this corresponds to a future type singularity, while for ¢, < ¢, it yields a past
singularity. In the former case, the Hubble parameter could instead be expressed as
H = fo(ts —t)*. The parameter « is then chosen to be o # 0, 1 as these correspond
to the de Sitter and superbounce scenarios respectively. Integrating for the scale

factor yields the solution

Jo

a—+1

a(t) = Aexp { (t — ts)a“} , (5.23)

where A > 0 is a dimensionless constant which corresponds to the scale factor at
the bouncing time i.e. A = a(t;). In this case, the torsion and TEGB scalars are

given by

T = 6f°(t —t,)*, Te = AT

T T\ %=
5 + foa (W) ] ) (5.24)

which allows the scale factor to be solely expressed in terms of the torsion scalar to

be a+1
Jo T\ ==
A o

In order to keep the cosmological parameters real, the parameter o can be conve-

niently chosen as?

B 2n + 1

- T 5.26
a=5 7 (5.26)

9A similar consideration appears, for instance, in Refs. [238-240].
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where n, m € Z. In this way, for times ¢ < t,, both the scale factor and Hubble
parameter (and their corresponding derivatives) yield real values. Naturally, for

times t > t,, all quantities are always real and well defined.

Depending on the choice of the parameter «, various types of bouncing cosmologies

can be constructed, which are primarily classified as follows:!°

1. Type I singularity: The first type corresponds to models where at a fi-
nite time, the scale factor a(ts) — oo with p, |p| — o0 as t — ts caus-
ing the so called Big Rip singularity (alternatively, this can be defined as
a(ts), H(ts) — o0). In this model, the universe experiences an accelerated
expansion which causes a dissociation of gravitationally bound structures.
This kind of model is usually associated with a phantom type cosmology,
as such fluids are able to generate such a singularity [247]. However, this type
of singularity can be avoided through the use of fluids having a dynamical
behaviour [248,249]. Furthermore, close to the singularity, quantum effects
might become more dominant and an account for these effects might prevent
this singularity [242,243,250]. An extension of the Big Rip model is the so
called Little Rip, where the scale factor and density are not singular but grow
with time (equivalently, H(t) — oo as t — o0), while still causing a disso-
ciation of structure [251]. In the instance that the density increases up to a
bounded limit (equivalently, H approaches a constant value as t — o), the
singularity is called a Pseudo Rip [252]. This still causes a dissolution of struc-
tures whilst asymptotically approaching a de Sitter behaviour provided that
H — 0 [33,252,253]. Observe that the Little Rip and Pseudo Rip models are

not Type I singularities.

2. Type II singularity: Known also as sudden singularities, these occur when
scale factor and density are finite at ¢ — ¢, but the pressure diverges (or equiva-

lently d(t;) — —o0o) [254]. Here, the universe experiences a strong acceleration

OFor a general overview of the discussed singularities, see Refs. [207,221,241-246).
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as it approaches the singularity which is stable against inhomogeneous pertur-
bations, irrespective of the universe’s spatial geometry [255]. Furthermore,
this type of singularity can prevent a closed universe from re-collapsing [256],
and may conform with cosmological observations [257,258]. Despite the ex-
istence of the singularity however, this may not present a final state of the
universe [257,259]. A special class of Type II singularity is referred to as the
Big Brake singularity where the universe exhibits a deceleration phase (instead
of acceleration) which causes the scale factor evolution to stop at the singu-
larity. This is characterised by a finite scale factor a(ts) < oo with a(ts) = 0
and d(ts) — —oo [260]. These models can arise from tachyon models where
after a quasi-de Sitter phase, the universe enters a decelerating Big Brake
phase [261,262]. As discussed in [263], the Big Brake is not the final fate of

the universe as after this contraction phase, a Big Crunch ensues.

3. Type III singularity: This singularity exhibits a similar behaviour to a Big
Rip singularity while having the scale factor become finite at the singularity
(an alternative definition requires the first and higher derivatives of the scale
factor to diverge at this singularity [245,264]). This type of singularity (also
referred to as Big Freeze singularity, first formulated in Ref. [265]) has been
studied as a model for inflation as it provides a decreasing comoving horizon
close to the singularity [264], and can conform with observations, provided
the existence of a non-zero dark matter contribution [266]. However, quantum

effects for times close to the singularity may prevent its formation [243,266].

4. Type IV singularity: This type of singularity (first introduced in Ref. [243])
yields a finite value for the scale factor, density and pressure at the singularity
but higher order derivatives of the Hubble parameter diverge i.e. H™ (t,) — oo
for some n > 2. Contrary to previous models, the universe continues to
evolve smoothly past the singularity, avoiding the need of quantum corrections

[238,240]. When applied during inflationary epochs, the Type IV singularity
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can end that epoch, leading to a graceful exit mechanism [239]. However, this
model suffers from issues including: (¢) primordial modes which grow after
horizon crossing and (ii) a scalar power spectrum which is not invariant and
may be very red tilted, deviating from observed values (this may be addressed

through quantum considerations) [240,246].

Based on these classifications, the a domain values which generate the described
singularity models are as follows: (i) Type I for a < —1, with a Little Rip for
a > 0. However, a Pseudo Rip is not possible; (i7) Type II for the range of values
0 < a < 1. Furthermore, it is observed that a Big Brake sudden singularity cannot
be constructed; (iii) Type III for —1 < a < 0, and (iv) Type IV for the remaining

values o > 1.

Before reconstructing for the Lagrangian, an instant of time 0 < ¢, < tg at which
a(ty) = 1 is first chosen to exist with the aim of simplifying the calculations. Here,

this means that t, acts as a past singularity. The time occurs when

1 a1
to =t, + {—O‘Jf lnA} . (5.27)
0

A simple constraint to satisfy the assumption that 0 < ¢, < tp is to consider
(+1)In A <0, which imposes the constraints 0 < A < 1 for @« > —1 (mean-
ing Types II-1V) and A > 1 for & < —1 (meaning for Type I), for which this shall

be assumed in what follows.

The resulting reconstructed solutions for arbitrary « are summarised in Table 5.4.
As shown, the h(T¢) function in the additive model and the rescaling T'g(T) model
were not obtained, which arises due to the invertibility issues arising from the torsion
and TEGB scalars relation Eq.(5.24). With the exception of the power-law model,
the solutions are expressed in terms of the confluent hypergeometric function of the
first kind 1 F} (a; b; ), which is always defined provided b < 0 is not an integer. For

the considered form for «, the additive solution is always defined while the rescaled
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f(T,Tg) = g(T) + h(Tg)

atl
- w o . . 3 1+w 2a
9(T) = QuoTp A~ By (_a_—l-ho%&—l’_ Caa (622) )

No analytical solution found for h(7¢).

f(T,Te) =Ty(Te)

No analytical solution obtained.

f(I,Tg) = Tay(T)

a+1
1-3a 30y, ,0Tp A—30+w) da . 1-3a. 3fo(14w) 7\ 2a
a+l1 7N 9(T) = =111 Tatl’ atl’ Oa+1 6f0°
—a04) (14) 1o _
a=} g(x) = Bealod 2 2 1 (—g) + 7]
90, 0ToA™3+9) (14w)3 [ 43 1. _ 2
a=3 gly) = === 02048f0y3( ) [%El(—y)+e Y <1—%+311—6>]
- N <4 No general solution is derived.
NI, Tg) = =T + pT°15"
In vacuum B=-1,7v=1 anduz_%

Table 5.4: The reconstructed f(T,T¢) Lagrangian which is able to describe a Type
I-IV (past) singularity. Due to the lack of invertibility between 7" and T¢;, analytical

1
solutions for h(T¢) and T'g(T¢) could not be obtained. = = Tjélf:;”), = (% 3

and N < 0 being a negative integer have been defined for simplicity. Here, ; Fi(a; b; x)

[o¢]
is the confluent hypergeometric function of the first kind and Ei(z) = — [ % dr is
—z

the exponential integral function.

1—3«
a+1

solution Tg(T') is not defined for specific values of a when = N for some
negative integer N < 0. This yields a specific value of a = % for Type II, a = 3 for
Type IV and the remaining values in Type I. This case results in solutions expressed
in terms of the exponential integral function. Despite a general solution for the Type

I cases is not derived, an analytical solution can be derived for specific values. Lastly,

for the power law case, a simple solution arises only in the absence of matter fluids.
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Based on the obtained solutions, the vacuum condition is satisfied in the following
instances. For the additive case, it appears that this is satisfied only for —1 < a < 0
with w > —1 (Type III with non-phantom fluid). For the Tg(T') rescaling model,
this appears to hold for the same latter constraint'! while for the —T + T g(T') case,
this depends on the existence of fluids. If these exist, then the condition is satisfied
for Type III with non-phantom fluids.Otherwise, in the absence of matter fluids, this
is satisfied for &« < 0 or a« > 1 (Types I, IIT and IV). This constraint also appears
for the power law model. Therefore, overall it is observed that for the model ansatz

considered

1. Type II singularities do not satisfy the vacuum constraint;
2. Type I1I singularities equipped with a non-phantom fluid satisfy the constraint;

3. Type I and IV singularities can only appear in an empty universe.

5.6 Discussion

Bouncing cosmological models prove to be a useful mechanism to tackle the initial
singularity problem, as well as provide an insight towards the possible final fate of
the universe. Various bouncing cosmologies have been discussed throughout this
chapter, each having their own applicability to various scenarios, with some being
more applicable than others in certain regimes. Here, f(T,Tg) gravity has been
investigated in context of whether it is capable of reproducing such cosmological
scenarios through the use of reconstruction. Given the large number of possible
reconstructed Lagrangian solutions, similar to Chapter 4, the models are constrained
by investigating whether the reconstructed solution is capable of hosting vacuum

solutions by obeying the constraint f(0,0) = 0.

1 Although a general solution is not derived for av < —1, the solutions appear to diverge.
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The first bounce model considered is the symmetric bounce, which can be used to
replace the initial Big Bang singularity albeit together with the introduction of other
mechanisms (to avoid issues with primordial perturbation modes). For the model
ansatzes considered, the reconstructed solutions obtained are summarised in Table
5.1 where only the additive and T'g(T) models are capable of satisfying the vacuum

constraint, although only in the absence of matter fluids.

Next, an oscillatory cyclic bouncing model has been investigated, which experiences
a series of expansions and contractions which realise two distinct bounces, one at
minimal size, which corresponds to a Big Crunch/Big Bang singularity, and another
at maximal size, which describes a cosmological turnaround. The resulting recon-
structed solutions are listed in Table 5.2. Similar to the symmetric bounce model,
the vacuum condition is only satisfied for the first two reconstructed models in the

absence of matter.

The superbounce model was then investigated; a model which describes a universe
rebirth without reducing the universe to a zero size. Given the simple nature of
the scale factor to be that of a power-law model with an exponent constrained to
be 0 < C% < %, the same results obtained in Chapter 4 are retained, with the
only difference being that some of the vacuum condition constraints are simplified.

Overall, a superbounce behaviour can be generated whilst obeying said condition.

An important investigated model was the matter bounce scenario, a model origi-
nating from LQC. Similar to the superbounce scenario, the universe experiences a
rebirth, however the Hubble parameter does not diverge at the bounce point making
it free from singularities. However, it can suffer from a large tensor-scalar ratio that
does not conform with observations. From the obtained reconstructed Lagrangians
summarised in Table 5.3, a similar behaviour to the first two bouncing models is
obtained, where the vacuum condition is only satisfied for the additive and T'g(T)

rescaling model in the absence of matter fluids.
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Lastly, the past (future) singularities of Type I-1V as well as the Little Rip singular-
ity have been investigated. These type of singularities have been studied extensively
in various areas of research, ranging from the early universe to the final fate of the
universe. The reconstructed Lagrangians for each ansatz were found and listed in
Table 5.4, for which it is observed that the Type II singularity never satisfied the
vacuum constraint. Type I and IV only appear in an empty universe, and Type III
appears in a universe filled with non-phantom matter, making it the only model ca-
pable of describing the presence of matter contributions while satisfying the vacuum

constraint.

Overall, f(T,T¢) gravity proposes a possible viable alternative to describe various
models of a bouncing cosmology. However, it has been shown that the vacuum
constraint poses to be a significant restriction, as most models are only valid in the
absence of matter fluids. In fact, only the superbounce and Type III singularity are
capable of hosting a non-empty universe. Thus, this serves as a significant constraint

towards constructing a more concise description of the mechanics of gravity.
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CHAPTER 6

(ARAVITATIONAL WAVES IN MODIFIED

TELEPARALLEL THEORIES

Newtonian gravity, despite its first initial success, has been plagued by the concept
of action at a distance. With the introduction of GR, Einstein realised a year after
the publication of his theory in 1916 [6] (and later in 1918 [7]), that gravity, similar
to electromagnetism, propagates as transverse waves at the speed of light while
having two distinct polarisations. These waves, adequately named gravitational

waves, resolved the problem which plagued Newtonian gravity.

Despite this successful resolution, it was straightforwardly concluded that if these
waves did exist, their strength would be too small to detect. This was in fact true
as it took over many years until an indirect measurement and existence of GWs was
imposed. The discovery of the binary system PSR B1913+16 by Hulse and Taylor in
1974 changed history [267]. Since the prediction of GWs, it was theorised that a pair
of massive rotating bodies would emit gravitational radiation causing an energy loss
in the system and hence causing an orbital decay [268]. Observation of the Hulse-
Taylor binary indeed showed the presence of such decay at a rate which matches the

one predicted by GR [269], a statement which holds true until today [270,271].
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Nonetheless, there had been continuous research in hopes of a direct detection of a
GW (see, for instance, Ref. [272] for a detailed account). It took exactly 100 years
from the formulation of GR for the first ever detection of a GW. The detection by
LIGO in 2015 [8] opened the realm of GW astronomy. Further observations joined
by other collaborations such as Virgo, verified the existence on the two polarisation
states, as well as imposed constraints on the propagating speed. Starting with the
former, results show that the GWs exhibit a polarisation behaviour as predicted
by GR disfavouring the existence of other polarisation states [273]. In the case of

propagation speed, observations infer that the waves travel at light speed [274,275].

However, these only represent the first steps toward a full thorough understanding
of the properties of GWs. In fact, a more thorough analysis is necessary to fully
determine whether there exist more GW polarisations. In fact, the LIGO detectors
have been designed to be co-aligned, meaning that they would not be sensitive
to more polarisations besides the predicted modes [276,277]. As the main goal
was to detect any GWs, this alignment permitted to maximise the signal to noise
ratio. Even with the introduction of Virgo, this is insufficient to detect all possible
polarisation states. In fact, as there is a possible number of six distinct polarisations,
in principle, at least six detectors are necessary to uniquely distinguish between the
polarisations. Construction of other detectors such as Kamioka Gravitational Wave

Detector (KAGRA) and LIGO-India will help constrain such polarisations [276].

Existence of GWs have stronger implications and importance in the realm of cos-
mology. Their existence may imply the possible existence of the so called stochastic
GW background, which is a background of gravitational waves sourced by countless
independent systems and processes in a random (stochastic) manner. The source
for this background could be either astrophysical or cosmological [278-280]. From
the former, this could infer further information regarding the astrophysical processes

beyond the CMB whereas cosmological sources could originate from the Big Bang
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or inflation.?

In this chapter, the existence and polarisations of GWs in teleparallel theories of
gravity are investigated. The GWs in TEGR had been well established since 1983 by
Miiller-Hoissen and Nitschin [281] (and more recently by Obukhov and Pereira [282])
confirming their existence, as well as exhibiting the same polarisations as those in
GR, as expected. Later, modifications to TEGR have been investigated. Most
notably, in the first trivial modification of f(7") gravity, it has been shown that the
same polarisations in GR result in a linearised, weak-field, gravity limit [283]. For
a more general cosmological FLRW background, the speed of the waves has been
confirmed to remain at light speed, unaffected by the f(7") Lagrangian, although
the amplitude of the waves is indeed altered [284,285]. Other teleparallel extensions
have also been investigated, notably f(T*"*T,,,, T"""Tp,,, T%,,T,"?) and its sub-case

New General Relativity
ST, TP Ty, T, T,77) = al TP T + ag TP Ty, + 3T, 1,77, (6.1)

with a9 3 being coupling constants, where it has been shown that despite the fact
that these waves travel at light speed, other polarisations besides the tensor ones
might arise for certain configurations [286,287]. Lastly, f(7, B) gravity has been
analysed in [72] where it has been shown that an extra polarisation mode propa-
gating at a speed different than that of light arises with properties similar to those

encountered in f(R) gravity.

In light of the given observational results, the speed of the waves can therefore im-
pose strong constraints on the models, ultimately confirming (or debunking) their
viability with future detectors, hopefully imposing stronger constraints on the polar-

isation states. This chapter shall be organised as follows. An introduction regarding

12Regarding further implications and possible future detections of this background see Refs.
[278-280] and references therein. The details concerning these features will not be explored as
they lie beyond the scope of this work.
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the mathematical tools necessary to extract the existence and behaviour of the GWs
is first presented, followed by the GW analysis in f(7") gravity. This shall be de-
rived under two major fronts, the metric and tetrad approaches. A higher order
perturbation analysis is then explored. Next, the GWs in f(7, B) gravity are then
explored under a Minkowski and a cosmological constant background, wherein the
latter’s effect shall be explored. Finally, the GWs in f(T,T¢) gravity are analysed,

followed by a discussion of the results.

6.1 Linearised Gravity Approach

Linearised gravity offers a relatively simple way to examine the GW features which
arise depending on the gravitational model. Otherwise referred to as the weak-field
approximation, the gravitational strength is assumed to be weak, meaning that the
metric is expressed as Minkowski space at a background level plus a small correction,

hyw. In other words, the metric tensor can be expanded as a series of n corrections

Guw =M + )+ 0D+ + 0 (R, (6.2)

where each perturbation satisfies |h\| < |h£[},‘1’| < ... < |y < 1and hORD ~

R(+3) 13 This weak-field limit is an understandable approximation in the given
context. As the GW carries both energy and momentum, it is difficult to solve the
non-linear equations exactly, and hence this limit proposes a simpler alternative.
Furthermore, the gravitational radiation is expected to be small and the weak-field
limit provides a more direct understanding of the GW behaviour in the absence of

other sources [1].

13 An alternative description is to consider the perturbations to be expressed as hgf,) =e"H, f],ﬁ)

where |¢|] < 1 and H, l(]f,) is some function. Then the n'® order is defined by comparing the coefficients
of €. This trivially gives rise to the order relation property h(Dh()) ~ h(i+7)  See, for instance
Ref. [55] for further details.
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A similar application of the weak-field approximation can be considered for the
tetrad fields, which in this case is crucial as it serves as the basis fundamental

variable of the theory. In a similar notion to the metric, the tetrad is expanded in

terms of a background value 7,80)“ plus some small corrections, namely

P - 7,30)a _'_,y(l)a _'_,y

} ¢ Bor L +0 (MY, (6.3)

Ju J

with 77 < [y < < Y < 1 and A%y ~ A9 As the tetrads
construct the metric through Eq.(2.3), the perturbed quantities are interlinked. As

an illustration, up to second order, the relations are

M = Ny A", (6.4)
hG) = map (7P 4 4Dy OP) (6.5)
h,(fu) — (,ylgo)a,y£2)b n ,Yl(})a,y’g)b n 7£2)a7£0)b) _ (6.6)

To analyse the perturbed field equations, it is also necessary to investigate the
order behaviour of the tetrad determinant. Only the zeroth order of the tetrad
determinant is presented as it suffices for the following analysis. As the tetrad and
metric determinants are related through the relation g = —e?, it is trivial to show

that e = +1.

The next step is to extract the order behaviour of the gravitational components
which gives rise to the gravitational action. As all relevant quantities in telepar-
allelism are constructed from the torsion tensor, this is considered first. For the
work which follows, the first order tetrad expansion suffices for the relevant analy-
sis. Nonetheless, this could easily be generalised for higher order behaviours. From

Eq.(2.10), up to first order, this becomes

Taw/ _ M,YI(IO)a . ay /SO)a + wabuﬁ)éO)b . wabyﬁylSO)b
+ 970 = 0D 4+ Wi A — w0 (6.7)
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As the purely inertial spin connection does not represent any source of gravitation,
w,, represents a zeroth order quantity. As discussed in Chapter 2, the spin connec-
tion can be obtained by demanding the torsion tensor to be zero in the absence of a
gravitational field, namely in the limit G — 0. In this regime, only the zeroth order
contributions remain, as higher order terms are gravitationally sourced, meaning

eau} oo = %(lo)a. Thus, in this purely inertial frame, Eq.(6.7) reveals the condition

T | oy = O = 070" + Wy 7P — w0 /PP =0, (6.8)

v v w

which shows that the torsion tensor is a first order quantity given by

T5,, = 9 = B + P — w0 (69

This derivation is also consistent with the derived expression for the spin connection
Eq.(2.26), namely
(6.10)

a _ 1a _ v a
Wy = Thy — €, 0ue" | 5 -

In the inertial limit, the metric tensor reduces to the Minkowski background metric,
leading to the Levi-Civita connection to be zero. Therefore, only the last term

remains, leaving the spin connection to be expressed as

W, = = B, (6.11)

v

Substituting in the derived condition Eq.(6.8) reveals the consistency of the result.
The form of the spin connection is expected. Recall that the purely inertial spin

connection is defined as Eq.(2.7)
wabu — _AbcauAac’ (612)

with A representing a Lorentz matrix. This is of precisely the same form obtained

in Eq.(6.11), which leads to the direct association of the tetrads to be exactly the
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Lorentz matrices. In fact, the determinant of Lorentz matrices are indeed 41, which
agrees with the result obtained previously, and the expression for 7, is precisely the
Lorentz transformation property of the Minkowski metric. Such tetrads are called

trivial tetrads (or trivial frames) [52].14

As the torsion tensor is first order, since both the contorsion and superpotential
tensors are linearly dependent on the latter, these consequently contribute at least
at first order. Ultimately, the torsion scalar is therefore at least second order in
perturbations. On the other hand, the boundary term is first order. These results
combined show that the Ricci scalar is at least of first order, a result which can also
be obtained from direct computation of perturbations of the metric tensor. Indeed,

the Ricci scalar at first order is given to be
RYW = 9,0, — OpW), (6.13)

where b = pM* ., Tepresents the trace. It is remarked that from here onwards,
indices are raised and lowered with respect to the Minkowski (background) metric.
At this level, the d’Alembert operator reduces to 0 = 9,0*. Expanding in terms of
tetrads yields

RO = 2 070 (0°21) 90 (02%)]. (6.11)

v J

On the other hand, expanding the boundary term at first order yields

BY = =2 (ve17,) " = —2ma, (O T,). (6.15)

a
1%

Expanding using the torsion tensor definition Eq.(6.9) and the spin connection

14The derived expressions for the zeroth order condition Eq. (6.8) and the properties of the
background tetrad can be observed in Ref. [52] Egs.(2.3), (2.5) and (2.12).
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Eq.(6.11) together with the relation

0 « c
1 = nan™ 'y (6.16)
obtained from inverting Eq.(6.4) yields the Ricci scalar result. This affirms the
consistency of the linearisation claims. Note that the Ricci and Riemann tensors

are also of at least first order as both are zero at a background level.

Having the orders of the relevant gravitational-based quantities defined, the next
step would be to extract the perturbed field equations. In order to do this, the
behaviour of the Lagrangian function is first investigated. As both 7" and B are null
at a background level and the weak-field limit is being considered, it is reasonable
to assume that the function is Taylor expandable about those background values,

1.e.

f(T,B) = £(0,0) + fr(0,0)T + f5(0,0)B + %fTT(O, 0)7°

+ %fBB((), 0)B>+ frp(0,0)TB + ... . (6.17)

With this assumption in mind, the Minkowski spacetime is expected to be recovered
in the absence of a gravitational field. In this way, similar to the vacuum constraint
considered in the f(7,T¢) reconstruction (see Chapter 4), a necessary requirement
is f(0,0) = 0 as otherwise it would represent a cosmological constant. As will be
shown, this is also recovered as a constraint from the perturbed equations. Next,
the coefficient of fr(0,0) # 0 as this represents the TEGR contribution (or the
effective Newtonian gravitational constant, see for instance [127,288] — this shall be

investigated in further detail in Chapter 7).

With this consideration in mind, while also having all the relevant quantities defined
in terms of expansion order, the GWs can now be investigated. Before doing so, the
role of the stress-energy tensor is first addressed. The main aim of this chapter is to

investigate the existence of any wave solutions together with their associated physical
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behaviour. To do so, it is sufficient to investigate such properties far away from the
source of such waves. In other words, one can set the stress-energy to zero (i.e. in
vacuum). However, any physical observation will not be able to detect any GWs of
this sort as their wave amplitude would be extremely weak and hence would need to
be detected from stronger astrophysical sources [55]. In such cases, the contribution

of the stress-energy has to be included (see, for instance, Refs. [1,55-57]).

6.2 Gravitational Waves in f(T) gravity

The first investigation is the resulting GWSs, which arise in the simplest telepar-
allel extension of gravity, namely that of f(7) gravity. Originally investigated in
Ref. [283], the resulting GW modes were extracted using the spacetime indexed form
of the equations Eq.(2.25) through a combination of linearisation of the metric tensor
and the tetrads. In what follows, the same procedure shall be followed. However, in
contrast to Ref. [283], the zeroth order contribution of the tetrad will not be strictly
set to be the Kronecker delta (which sets the spin connection to zero), but will be
left arbitrary. This way, the background tetrad is not necessarily constrained, thus

allowing for the investigation even in the presence of non-zero spin connections.

Besides this ‘metric’ investigation, the GWs shall be also analysed from a pure tetrad
perspective, an approach originally considered in an absolute parallelism setting in
Refs. [281,282]. However, only the final perturbed field equations are given, whereas
here the perturbed tetrad field shall be solved explicitly based on the results obtained

from the metric approach.

Lastly, higher order perturbations shall be examined in order to investigate whether
deviations from GR arise. Such higher order corrections to the metric are of great
importance as these reveal crucial information about the GW, for instance about

gravitational radiation.
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6.2.1 Metric Approach

Starting off with the metric approach introduced in Ref. [283], the spacetime indexed
equations Eq.(2.25), which are listed below for the sake of convenience,

1
fTG/,LV + 59,“, (f — TfT) — QSyo‘uﬁafT = 0, (618)

shall be perturbed up to first order. The resulting system of equations order by

order results in

N f(0) =0, (6.19)
fr(0)GY) =0, (6.20)

where the zeroth order equation justifies the absence of a cosmological constant in
the theory while the second shows that the same expression encountered in GR is
recovered provided fr(0) # 0. This is a clear indication that the resulting GW
modes shall be identical to those obtained in GR. Therefore, from here onwards,
the GW solutions shall be extracted following the techniques used in GR (see, for
instance, Refs. [1,55-58]). Rewriting the equations in terms of the first order metric

perturbation hLl,,) results into
00,07, + 050,17, — 0,0,h — Uhyy, — 10,050, + 1,0k = 0. (6.21)

To simplify the expression, the trace-reversed perturbed metric BW defined as'®

- 1
h,w/ = huu - Enuuha (622)

is introduced which simplifies the equations to

9yOuh7, + 050,07, — Ohyy — 1,0,0,h7" = 0. (6.23)

15The term trace-reversed stems from the fact that h = B”M = —h.
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Solving the equations of motion is relatively complicated in the given form. However,
this can be circumvented by choosing another coordinate system which eliminates
some of the terms to reduce it to a simpler equation. This can be addressed through
coordinate (gauge) transformations [1,54,55,289]. For the given weak field, one can

consider the coordinate transformation
o' =t + ¢ (%), (6.24)

where primes shall denote the new coordinate system and &“(x) is an infinitesimal
function of position which is of the order of the perturbation (i.e. & ~ h). In this
way, the trace-reversed perturbed metric in the new coordinate system is given to
be

My = T — 20(60) + 1 0p”- (6.25)

As the equations are derived from components of the Riemann tensor, application
of this change of coordinates shows that the field equations are gauge invariant as

R Rop, leaving the system unchanged. Thus, any solution BW implies that

/ _
apfyp
f_l:“, is also a solution for any arbitrary choice of the function £*. Thus, the latter
can be chosen in a way that the equations for l_l’w are expressed in a simpler form.
One such suitable choice is the Lorenz gauge (?“B;w = 0 which eliminates the gauge

freedom of the metric equations. This can be achieved by demanding
O = 0"y, . (6.26)

This reduces the equations to simply that of a plane wave DBW = 0. So far, this
leaves six dynamical degrees of freedom out of a possible ten from the perturbed
metric. However, there is still some residual gauge freedom left. For the Lorenz
gauge condition, one can introduce another coordinate transformation (* satisfying

0¢* = 0 which leaves the Lorenz condition unchanged. This allows for another
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gauge fixing. For the trace-reversed perturbed metric, the trace transforms as
B = h+20,(". (6.27)

From this, one imposes the transverse-traceless (TT) gauge by demanding the co-

ordinate transformation to also obey
20,(" = —h, (6.28)

which sets b’ = 0 leading to the perturbed metric to be traceless (as h = —h).
Transverse here is realised by ¢* = 0 as this implies that hg, = 0 and 9;h" =0
meaning the metric is purely spatial. As shown in Refs. [1,54,55,57,289], this TT
gauge can always be imposed in the case of vacuum as one can always find a function
(? satisfying those constraints. With these gauge fixing conditions, the number of
degrees of freedom decrease the current six to only two, while the wave equation can

be simply expressed in terms of metric perturbation h,, as
Uhy, = 0. (6.29)
Assuming a plane wave solution, the solution in Fourier space is given to be
hy = A exp(ik,x7), (6.30)

where k7 is some wavevector such that k,k” = 0 and A, are amplitude coefficients.
The wavevector signifies that the wave is null, meaning the wave is propagating
at the speed of light. On the other hand, the transverse-traceless gauge condition
imposes the following constraints on the amplitude coefficients, k* A, = 0, Ay, =0
and A%; = 0. If, without loss of generality, the wave is assumed to be propagating in
the z-direction, the Lorenz gauge implies the condition Az; = 0 which simplifies the

traceless condition to A;; = — Ay, leaving Ay as the other remaining undetermined
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coefficient. Overall, this means that the perturbed metric tensor takes the form of

0 0 0 0 0 0 0 O
0 Ay exp(ik,x?) Appexp(ik,z?) 0 0 h h 0
hW _ 11 P( ) 12 P( ) _ + X ’ (6.31)
0 Apexp(ik,z?) —Ap exp(ik,z?) 0 0 hy —hy O
0 0 0 0 0 0 0 O

where the definitions hy = Ay exp(ik,x?) and hy = Ajpexp(ik,2°) have been
introduced. These are the two propagating degrees of freedom of GR (and equiva-

lently, TEGR) as well as for f(7T) gravity.

The next step would be to investigate the physical behaviour of these waves. One
may first consider the effect of the waves on free particles to see whether the passage
of the wave causes a change in behaviour. Starting from a free particle initially at
rest with an initial four-velocity U* = (1,0,0,0) (which means the particle is slowly

moving), the geodesic equation for the particle

du+
—+ rh,UeU” =0, (6.32)
reduces to % + T, = 0. In the TT gauge, the metric perturbation solution

Eq.(6.31) reveals that I'fj; = 0 meaning that % = 0, or equivalently that the
particle will remain stationary and hence does not feel any effects of the passing
wave [56,57]. Observe that despite the fact that the particles in teleparallel gravity

do not travel along geodesics but instead according to force equations given to be

aur .
— rh,ueU? = K" ,UeU”, (6.33)

the relative motion is equivalent due to the relation Eq.(2.13) K" ; = f’gﬂ — 1,

which relates the two particle motion equations [52].

As free particles do not infer any information regarding the behaviour of the wave,

another alternative would be to investigate the relative motion of freely falling neigh-
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bouring particles. This is achieved by observing the relative motion of their respec-

tive geodesics, namely through the geodesic deviation formula [57]
A =0V, (U°V,8") = R", U UPS? (6.34)

where A" represents the relative acceleration between geodesics and S represents
the separation vector, a measure of the relative distance between geodesics. As
before, despite the fact that particles do not follow geodesics in teleparallel based
theories, the resulting deviation between particles following their respective force
equation turns out to be identical. This was also shown in Ref. [290]. Consequently,
this approach should be in principle applicable to any teleparallel extension con-
sidered in this work. Back on the implications of the geodesic deviation formula,
the Riemann tensor is a first order quantity in the linearisation procedure, meaning
the particles are to be expressed in terms of their behaviour at a Minkowski level.

Assuming once more the particles to be slowly moving [57,277]

S'=—R',;05, (6.35)

where A" = S? with dots representing coordinate time derivatives.!® The remaining
Riemann tensor components R’y;, (which amount to a total of 6 independent com-
ponents and is referred to as the electric part of the Riemann tensor) is the quantity
which contains all the relevant information regarding the polarisations. In the TT

gauge, this Riemann tensor component turns out to be

1 .—
Rigjo = —§a§hij, (6.36)

which in turn yields the following equations of motion for the separation vector

1. 1.
St = ihx S? 4 §h+51, (6.37)

16In the slow moving particle limit, the proper time 7 is identical to the coordinate time ¢.
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1. 1..
52 == ihx Sl - §h+52, (638)

S? =0. (6.39)

To determine the resulting behaviour, each mode is investigated separately.

In the absence of the hy polarisation, the particles will oscillate in a form of a ‘+’
while in the absence of the h, polarisation, this expands in and contracts in the
shape of a ‘x’. Hence, the polarisations are referred to as the plus and cross tensor
polarisations [63]. The term tensor shall be explained further shortly. For an initial
stationary ring configuration, this oscillating behaviour is illustrated in Fig. 6.1. As
these modes are invariant under rotations of 180°, this means the graviton, i.e. the

particle responsible for such a wave, is a massless spin-2 particle.

In more general theories of gravity however, the existence of other possible polari-
sations might arise as will be seen in the case of f(T, B) gravity. There have been

various approaches to try and identify all possible polarisations which can be gen-

Tensor + Tensor X

Figure 6.1: The effect of the tensor + and X polarisations for the GWs in predicted
in f(T) gravity on a ring of slowly moving test particles. Here, the wave is propagating
along the z-direction causing distortions along the x and y directions. The latter occurs
as a function of time. Taking h4 x ~ cos(wt), with w representing the frequency, the
ring distorts as a function of time as: solid (wt = 0,7), dashed (wt = %) and dotted

(wt = 27). Nlustration based off Refs. [63,277,291].
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erated which, as shall be seen, ultimately depend on the values of the electric part

of the Riemann tensor. In what follows, two main approaches are discussed.

The first and by far most commonly used method is the so called Newman-Penrose
(NP) formalism [292] with further developments on the work by Eardley et al. [293].
A brief overview of the NP formalism shall be presented. For further details on the
method, one can refer to Refs. [63,294,295]. As seen in the GW analysis, the waves
are plane waves, which are null and are functions of the retarded time u =t — z and
advanced time v = t + 2z for waves propagating along the z-direction. A null basis

is then constructed with basis vectors!'”

" =(1,0,0,1), n* = =(1,0,0,—1), (6.40)

1 1
m* = —(0,1,14,0), mt = —(0,1, —i,0). (6.41)

V2

In this way, one can construct a null basis tetrad e, = (I*,n*, m* m*) which
constructs the metric through the standard tetrad relations. Assuming that the
waves are almost null, it can be shown that through symmetry properties of the
Riemann tensor together with the Bianchi identities reveal that the only non-zero

components of the Riemann tensor are of the form

Ripng = Ripsgn'n°, (p, q are indices which run over [, m and m) (6.42)

leaving a total of six non-vanishing components of the Riemann tensor. These are

denoted by
U, = 1R Uy = 1R (6.43)
2 = 6 ninl, 3 = 9 ninm .
\114 = _Rnﬁ‘m,ﬁw q)22 = _ann'rﬁa (644)

where U3, are complex and hence adding up to a total of six polarisations. It can

1"The coefficients are not uniquely defined as seen between the works presented in Refs. [63,294,
295]. This is not important as it will not alter the final results.

120



CHAPTER 6: GRAVITATIONAL WAVES IN MODIFIED TELEPARALLEL THEORIES

be shown that W, corresponds to spin-2 behaviour (tensor), W3 to spin-1 (vector)
while Wy and P,y are spin-0 (scalar). Observe that R,,,,, corresponds to, precisely,
components of the electric part of the Riemann tensor, which means that the latter

can be expressed in terms of the NP quantities to be

—RT, — Doy I, —2v/2RV,
Rigjo = Iy RU, — Pyy  —24/23T5 |, (6.45)
—2V2RT,  —2V/230, —60,

where 3t and & represent the real and imaginary parts respectively. Plugging into
the geodesic deviation formula Eq.(6.35) gives rise to the two tensor polarisations
illustrated in Fig. 6.1 and the two vector and two scalar polarisations shown in
Fig. 6.2. Here, the plus tensor mode corresponds to RW, while the cross tensor
mode corresponds to SW,. On the other hand, the real and imaginary part of
W3 correspond to the vector-x and y polarisations respectively while @99 yields the

breathing (b) mode and W, the longitudinal (/) mode.

Despite the success of the NP formalism as a method to identify the various types
of GW polarisations, it does suffer from issues. The approach is only valid for
waves travelling at the speed of light, and hence, for theories which do predict more
polarisation modes but propagate at a different speed cannot be identified using
the NP approach. This is observed, for instance, in f(R) gravity. It is known
that besides the standard tensor polarisations, a scalar polarisation state which
exhibits a mixture of both the breathing and longitudinal modes does exist(see
Refs. [296-298] amongst others) but there had been debate whether this represents
two distinct polarisations or one. Following the NP approach as shown in Refs.
[294,299], as o9 # 0 and ¥y # 0, this would infer that both scalar modes exist
and are independent of one another. However, as discussed in Ref. [300], this is not

true as the state exists only as a mixture of the two. A similar argument is given in

Ref. [301].
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Breathing Longitudinal
T )

Vector x Vector y

Figure 6.2: The effect of scalar (breathing and longitudinal) and vector polarisations
(vector-z and y) for a GW propagating in the z-direction, which may arise in modified
theories of gravity. As the distortions are a function of time due to the GW dependence
h ~ cos(wt), with w representing the frequency, the initial particle ring configuration
distorts with time as: solid (wt = 0,7), dashed (wt=7%) and dotted (wt= 3T).
Mlustration based off Refs. [63,277,291].

The second alternative would then be to take the electric component of the Riemann
tensor and use the result from the NP formalism as a foundation to identify the
components which give rise to all six different polarisations without invoking a null
plane wave condition. This has been considered in Refs. [291, 301] where, for a

wave propagating in the z-direction, the electric part of the Riemann tensor can be
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expressed as
AL+ AL Ay Ay,

T

Riojo = A, AL — A Ay, | (6.46)
Ay, Ay, Ap

e y
where A,  realise the plus and cross tensor polarisations, Ay, , the vector z and y
polarisations, and Ay and Ap the longitudinal and breathing scalar modes respec-
tively. A similar identification was proposed in Ref. [277] but instead of the Riemann
tensor, the decomposition is applied to the perturbed metric h,(},,) where the spatial
part is decomposed in the same fashion. In this way, the non-zero components of
the Riemann tensor infer the type of mode without imposing any constraint on the
wave speed, meaning that this would not impose any constraint on the number of
modes as mixed states can then be constructed. Since in the work which follows
non-null waves are found, the NP formalism shall not be considered to investigate

the resulting polarisation states.

6.2.2 Tetrad Approach

The metric approach gives a clear indication that there are no further GW modes
in f(T') gravity. Motivated by the results obtained, in what follows, the same result

is derived in tetrad formulation.

Starting from the f(7') field equations Eq.(2.24),
—ef+ fr [e—lay (eS,") = T°,8," + wbaysb”“] + frrS, 0, T =0,  (6.47)
expanding order by order yields

PP f(0) =0, (6.48)
Fr(0) (8,8, b g il — g, (6.49)
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As before, the first condition implies that no cosmological constant is present, while
the second expression yields the GW behaviour provided that fr(0) # 0. In a purely

local indexed form, the expression changes to
8051(1)abc + S(l)cbdwaCd + S(l)acdwad + S(l)abcwdcd _ O, (650)

which shall prove useful in discussing the behaviour of f(7T,Tg) gravity later on.
Eq.(6.49) is an extension of the result which appears in Ref. [282] with the spin
dependent term appearing in the expression. The next step would be to solve for
the perturbed tetrad. However, it turns out that this is not possible for an arbitrary
spin connection due to the introduction of the background tetrad, the form of which
is unknown even if relevant gauge constraints are imposed. For this reason, this

shall not be investigated in further detail.

If one instead chooses the proper frame of reference (i.e. w%, = 0), then Eq.(6.49)
simplifies significantly. Note that in this proper frame, a zero spin connection implies
that the Lorentz matrices (or alternatively the background tetrad) are constant [52].
Nonetheless, this still turns out to be insufficient as the resulting equations of motion
are generally difficult to solve. This is where the metric approach result comes into
play. Based on the previous analysis, it is expected that the gauge conditions used
to eliminate the extra degrees of freedom in the metric are still applicable. In other

words, the traceless condition

O ©ar (M

= 20" Nap 7, "V (6.51)
and the Lorenz gauge condition
0= 0" = Oy + may [1D2 0" L0 + AP 0D A WPry0e] (6.52)

can be used to simplify the field equations. In fact, these conditions allow for the
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field equations to be purely expressed in terms of the perturbed tetrad variable as

TP — O =0, (6.53)
where the relation ”yém = _fyc(lo)y%(})a%g())u which arises from the identity property
of tetrads has been used.

For the sake of simplicity, the case when 'nyO)a = 0, 1s considered, one which trivially

satisfies the absolute teleparallelism constraint. With this formulation, the field
equations can be solely expressed in terms of 7,8”“ to give rise to the following

system of equations

AD 0y =0, (6.54)
A= AL O (%.(“0 . gm) —0, (6.55)
Ab(i %)) 0 (1" 44" =0, (6.56)
Al (i =m) : D%(l)i =0, (6.57)

where the indices 7, 7 = {1,2,3}. Next, the transverse gauge condition is introduced
which imposes the constraints ’yél)o =0 and 'y(()l)i = 7(1)0, essentially eliminating the
first two equations. Together with the traceless and Lorenz gauge conditions, the

final set of equations left to solve are

Traceless condition: %(1)z‘ =0, (6.58)
Lorenz gauge condition: 0; <%(1)j + Wj(l)i) =0, (6.59)
AL (i # 5) 0 (2" 440 =0, (6.60)
Al (i=m): Y = 0. (6.61)

Without loss of generality, the GW shall be assumed to propagate in the z-direction.

125



CHAPTER 6: GRAVITATIONAL WAVES IN MODIFIED TELEPARALLEL THEORIES

Solving in Fourier space, the solutions are

AT = A exp(ik,at), (i fixed index), (6.62)

Y+ A = B explikuat), i # . (6.63)

where £, is a wavevector such that k,k* = 0 (which again confirms that the plane
wave is propagating at the speed of light), and A,;" and B;’ are amplitude coefficients
such that A;' = —A,2%, A3 = 0 and B, = B,® = 0, which arise from the traceless
and Lorenz gauge conditions. This leaves A;', B;®, B, and B;? as the undetermined

coefficients, resulting in the perturbed tetrad adopting the final form of

0 (11 (12 (13

Yo Yo Yo
Ao fy(ij; Ay exp(ik,z”) 7 iak (6.64)
W% B explipuat) — W —Artexplik,at) A5
%" -1 —” 0

Note that there are six undetermined tetrad components as they are not constrained
by the equations. However, these are not physical degrees of freedom, as they do

not appear in the perturbed metric Eq.(6.5), which in this case takes the form of

0 0 0

0 2A4,"exp(ik,2*) B’ exp(ik,a*)
0 Biexp(ik,z") —2A4," exp(ik,a")
0 0 0

(6.65)

o o o O

Thus, these correspond to the Lorentz freedom of the tetrad.

Comparing with the solution obtained from the metric approach Eq.(6.31), the +
and x polarizations are clearly obtained after defining h, = 24," exp(ik,z*) and
hy = B,? exp(ik,x*). This confirms the result obtained from the metric approach.

In other words, it is entirely possible to solve the teleparallel form of the field equa-
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tions through tetrads and obtain the GWs by appropriate choice of gauge conditions
while not losing any information about the tetrad. This tetrad approach could be

especially useful in theories where it is not possible apply a metric-like approach.

6.2.3 Higher Order Perturbations

Taking the linearised equations up to first order revealed no deviations from GR
on a Minkowski background. Here, higher order perturbations are investigated to
determine whether deviations from GR appear. Despite the small magnitudes of
these higher order perturbations, these contain important information regarding
the GWs. Following the metric approach Sec. 6.2.1, the second and third order

perturbation equations take the simple form of

G =0, (6.66)
2frr(0)
3) __ Da 2

Clearly, the second order equation coincides with the one which arises from GR.
This equation is important as this accounts for the gravitational radiation of a GW.
To illustrate this, one can separate the GELZ,,) perturbation in two parts, terms which

are linearly proportional to h,(fl,) and those quadratic in h,(}l,) This leads to

G2 [h?] = —G@ [HIROD] = t,,, (6.68)
where ¢, = —G,(EV) (h(l)h(l)) has been defined. This term represents the pseudo

energy-momentum tensor for the GWs. In fact, this term satisfies a local conserva-
tion law 0,t"" = 0. However, this is not an actual stress-energy tensor for various
reasons. ‘Pseudo’ here refers to the fact that it is not an actual tensor as it is not
invariant under gauge transformations [57]. Furthermore, there is no way to define

the local energy-momentum of gravity by virtue of the equivalence principle [54-56].
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However, one can instead define a macroscopic value for the energy of the field in
a specified coordinate system by averaging over a finite volume that is much larger

than the wavelength of the GW. In the TT gauge, this results in the expression
tuw ~ (Ouhpe0,h"7) . (6.69)

This formula has been used as means to quantify the energy loss of a system such
as the Hulse-Taylor binary system, which predicted the orbital decay rate (origi-
nally derived in Ref. [268]) which has remained to be in continuous agreement with
observations [270,271]. As discussed in Ref. [302], this effect implies that the energy-
momentum of a GW is not a first order effect but a non-linear one. This follows
from the fact that there is no linear stress-energy pseudo-tensor (in fact, the least
order term appearing in the pseudo-tensor is of second order [1]). In Ref. [303], an

exact form of hffl,) is derived.

Moving on to the third order perturbation equation, it is evident that a clear de-
viation from GR is present due to a new contribution arising from the frr term
coefficient, unless the latter is zero, in which case the equation gets reduced to
that constructed from GR. However, no physical conclusion could be drawn, as the
system has not been solved (and this would be relatively difficult to do due to non-
linearities in the equations of motion). These higher order contributions represent
corrections to the gravitational radiation obtained at second order. In the case of

GR, these have been analysed up to any order in Ref. [304] and references therein.

6.3 Gravitational Waves in (T, B) gravity

Following the GW analysis carried out in the case of f(T') gravity, the extension
which includes a functional dependence on the boundary term scalar is investigated,

namely f(T, B) gravity. The inclusion of this scalar shall introduce the presence of a
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new mode, which is expected, since f(R) gravity, which exhibits three gravitational
modes, is a sub-class of the theory. Gravitational waves in f(7T, B) gravity have
been investigated in Ref. [72] where the former statement turned out to be correct.
However, in what follows, a minor modification in the coefficients is found, while the
full polarisation of the waves shall be carried out in detail. Furthermore, the GWs
shall be investigated under two distinct regimes; first in a Minkowskian background
and second in the presence of a cosmological constant. The latter regime has not

yet been investigated in literature.

6.3.1 GWs in the Absence of a Cosmological Constant

Metric Approach

Following the approach applied to the f(7') case Sec. 6.2.1, the zeroth and first
order equations for the spacetime indexed form of the f(7', B) gravity field equations

Eq.(2.29) given to be

- fTG,uzx + (g,ul/D - v,uvl/) fB + %g}w (BfB +TfT - f) + 2SVauaa (fT + fB> = 07

(6.70)

are
N f(0,0) =0, (6.71)
—f7(0,0)G) + f55(0,0) (0,0 — 8,0,) RY = 0, (6.72)

where the result R = B® has been used, which shall be useful in simplifying the
forthcoming equations. Once more, the zeroth order equation confirms the absence
of a cosmological constant. As mentioned previously, as f(R) gravity is a sub-case of
f(T, B) gravity, new modes are expected to appear. In fact, the resulting first order

equation Eq.(6.72) is strikingly similar to that found in f(R) gravity, with the only
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discrepancies being the different coefficients [20,296-301, 305-307].'® Motivated by
this, the same procedure shall be followed, a method which has also been used in

deriving the result obtained in Ref. [72].

First, the trace of Eq.(6.72) is considered which yields the relation
fr(0,0)RY + 3f55(0,0)0RM = 0. (6.73)

This is of the same form as the Klein-Gordon equation of a scalar field (in this case
RW) of effective mass m, (O —m?) RY = 0, which allows for an identification of
the effective mass m to be

m2 — fT(Ovo)

= 3fs5(0,0)

In the |m? — oo limit (for instance f(T,B) = f(T) is one example), the equa-

(6.74)

tion reduces to the constraint RY) = 0, the same as found in standard GR. Thus,
Eq. (6.72) reduces to that encountered in f(7') gravity yielding the same GW mode
behaviour. In cases when the mass is finite, this yields a plane-wave solution for the

Ricci scalar, which in Fourier space can be expressed as

RY = Bexp (ip,a"), (6.75)

for some amplitude B and wavevector p* which satisfies the condition p,p* = —m?.

This implies a wave which, as dictated by the wavevector constraint, does not travel
at the speed of light. Instead, it travels at some group velocity v [20,296-298,306,308]
02— m2

p=Yr (6.76)

w

with frequency w. Therefore, there exists a class of f(7T, B) functions which imply

the existence of a new scalar mode.

8Indeed, the f(R) limit is recovered when f(T,B) = f(—T + B) which sets fr — —fr and
fBB — fRR, leading to the same expression encountered in f(R) gravity.
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Next, the perturbed metric tensor is found. Similar to the f(T') case, a new per-
turbed tensor quantity shall be introduced to simplify the equations. In this case,
one convenient choice is

1 1

B(l)n,w — —QUWR( ) (6.77)

(1) — {0 _
i = My 3m

1
2
where once again h(!) represents the trace of BE}V) Note that contrary to the f(7)
case, this tensor is not trace-reversed unless the scalar mode vanishes. Thanks to

this newly defined perturbed tensor, Eq.(6.72) takes a much simpler form
00, h) + 000, — 1, 070" () — ORS) = 0. (6.78)

To simplify the equations further, the transverse-traceless gauge (8“715},,) =0,RM =0
and ﬁ((]i) = 0) is considered. The applicability of whether such gauge freedom is
permitted has been of discussion in the context of f(R) gravity. According to
Ref. [299], one can set either transversality or tracelessness but not both at the same
time. However, it was shown later in Ref. [308] that both conditions can indeed be
set as also remarked in Ref. [300]. Thus, in a similar analogy, such gauge conditions
are then allowed to be imposed, which reduce the field equations to Dﬁ,(},,) = 0, which
reveals a null plane-wave solution

) = A, exp (ik,a") (6.79)

pv

with k” representing the null four-wavevector k,k” = 0 and A,, are the amplitude
coefficients. Due to the gauge fixing, the latter satisfy k*A,, = 0, A, = 0 and
Ap, = 0. Assuming the wave to be propagating in the z-direction sets A;; = —Ago
and A = As; as the undetermined coefficients whereas the remaining unlisted

coefficients are zero. Combining the results obtained from the scalar mode Eq.(6.75),
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the full solution for the perturbed metric hl(tl,,) is found to be

4 1 .
h/(jl,) = A, exp (ik,2”) — %"“”B exp (ip,a”). (6.80)

To finally determine the polarisations of these GWs, one should again resort to
the use of the geodesic deviation formula, where as discussed in in Sec. 6.2.1, it
is sufficient to determine and compare the resulting non-zero components of the

electric part of the Riemann tensor. In Fourier space, this turns out to be

1. 5= 1
Rigjo = §k02hij e [0jp0° — pip;] R
%kOQBll - 6#1)02]%(1) %koQiLlQ 0
= sko P —Lko’hi — g’ RO 0 |, (6:81)
0 0 —RM

where the condition p,p* = —m? has been applied. Comparing with Eq.(6.46) re-
veals hqy; and hjy correspond to the massless + and x polarisations respectively,
while the scalar mode appears in the breathing and longitudinal components and
hence exists as a mixture of both modes. Note that similar to the f(R) case, appli-
cation of the NP formulation would infer that these two scalar modes are distinct
from one another (95 # 0 and ¥y # 0), leaving a total of four polarisations instead
of three. However, as the wave is propagating at a different speed from that of light,
this formulation does not apply and the scalar mode exists only as a mixture of
both scalar polarisations [300,301,307]. Nonetheless, in the absence of this mode
(|lm? — o), only the tensor modes remain, which is in agreement with the NP

formulation as expected since these waves are null.
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Tetrad Solutions for GWs in f(T, B) gravity

So far, f(T, B) gravity revealed the existence of an extra massive scalar GW mode
besides the two massless tensor 4+ and X polarisations, obtained through a metric
approach. In the following, the latter results shall be obtained through a tetrad for-
mulation. Based on the tetrad approach used in f(7T) gravity, although introducing
the spin connection keeps a sense of generality, it does not allow for finding general
solutions. Despite this difficulty, in the proper frame, the system simplifies consid-
erably, especially when the choice of having the background tetrad as the Kronecker
delta is considered. This shall be assumed in the following. The resulting perturbed

field equations arising from Eq.(2.28), which are again listed for simplicity

1
¢ Dfp = " V'V fp + e (Bfs = f) + 25,0, (fp + fr)

+2¢719, (eS,"") fr — 2T*,, S fr =0, (6.82)

yield
§£(0,0) =0, (6.83)
9,8, + —‘;’jcj((g 8)) (OB — 291,B1] = 0. (6.84)

Here, the consistency of an absence of a cosmological constant in the gravitational
Lagrangian is retained from the zeroth order equation Eq.(6.83), while the first order
equation Eq.(6.84) clearly shows the effect of the boundary term on the equations.
This shows a clear deviation from TEGR and f(7T) gravity unless fpg(0,0) = 0. In
the latter, this results in the two massless + and X polarisations, agreeing with the

metric and tetrad approach results.

As shown in the f(T) case (Sec. 6.2.2), solving the first order equation is not,
in general, possible unless the use of gauge conditions obtained from the metric

approach are used. In the avenue that fpp(0,0) # 0, the metric approach showed
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the existence of a massive scalar mode arising from BM!), which led to the transverse-
traceless gauge conditions 8“5&1,,) =0 and AV = 0 with ﬁ,(},,) as defined in Eq.(6.77).

Expressing in terms of tetrads, the traceless condition h(Y) = 0 becomes

2fpp(0,0)BW

ory Db = , 6.85
b7 fT(O, O) ( )
and the Lorenz gauge condition 8‘%5}3 = ( takes the form of
0,0)9,BM
(00 4 gty — J22(0. 00 B 7 6.86
These conditions allow for the field equations to simplify to
0,0)0BW
AP = o, Oy (D8 4 o0y (D8 — gud5 (0, =0 6.87
" na78" + 89500 © 2 (0.0) , (6.87)
which yields the following system of plane-wave equations:
0,0)BM
A 0 ( o _ Jon0.0)BY 6.88
A= Al O (71(1)0 ek ) —0, (6.89)
Al (i 4 j) 0 (1" 447 =0, (6.90)
, , 0,0)
Al (i =m) : O (M - L) = 0. 6.91
= m) (- £ (6.91)
From the transverse gauge constraint, one obtains that 7(()1)0 = %%)gm and
%.(1)0 = 73”". Therefore, only the final two equations remain which, in Fourier space,
yield
, , B
Wi Ci* exp(ik,x") + M 1 fixed index 6.92
’Yz p( § ) 2fT(O, O) 9 Y ( )
A7y ij(l)i = D/ exp(ik,a"), L F 7, (6.93)

for amplitude coefficients C;* and D, and wavevector such that k,k* =0, i.e. they
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are propagating at the speed of light. Assuming that the waves propagate along the
z-direction, the amplitude coefficients satisfy the constraints Cs* = D13 = D,® = 0

and C;' = —C4?2, which leads to the perturbed first order tetrad to take the form of

Ipp (0050 7 75 7%
e _ 7{)2: Cr" exp(ikyat) + 220980 72 . %1)'?
Yo Dy? exp(ik,at) — %1)2 -Cy! exp(ik, ") + fo}SE%),(J)B) fyél)d
7(()1)3 _%1)3 _751)3 fo;gkg?(g(l)
(6.94)

Once more, there are six undetermined components not constrained by the equa-
tions which correspond to the Lorentz symmetry degrees of freedom leaving three
undetermined coefficients, being C;', D;? and B, acting as the GWs. In fact,

computing the perturbed metric tensor reveals

fB5(0,00B1)
— 00 0 0 0
fB5(0,0)BM
h(l) _ 0 h+ —+ B?—T(O,O) h>< 0 (6 95)
I 0 A A f55(0,00BM 0 ’ '
x e T 00
fB5(0,0)BM)
0 0 0 71(0,0)

which is precisely the solution found in Eq.(6.80) after exchanging B = R with
the identification h, = 2C," exp(ik,2*) and hy = D,* exp(ik,x").

6.3.2 Effect of a Cosmological Constant in f(7, B) gravity

On a Minkowski background, the GWs arising from an f(7', B) gravity model have
indicated the presence of three modes with the tensor modes travelling at the speed
of light and the scalar mode travelling at a different speed. Still within the linearised
gravity regime, the effect of a cosmological constant to the background Minkowski
geometry shall now be investigated. The introduction of this constant does not alter
the GW polarisation behaviour but its presence causes an effect in the amplitude

and phase of these waves, which occurs as the background geometry is no longer
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Minkowski spacetime. Due to the change in the background geometry, the linearised
approach must be slightly revised to include the effects of the cosmological constant.
For the purpose of this work, the linearisation procedure presented in Refs. [309-311]
shall be followed.

Denoting A as the cosmological constant, effects of this quantity in both the back-
ground and perturbed level require an order expansion at each level of perturbation
about A. This is necessary in order to introduce A into the background geometry
as it is no longer Minkowski, and also to introduce the effect of the cosmological
constant onto the GWs. As the cosmological constant is constrained observationally

to be a very small quantity, one can follow this linearisation procedure where
guw = hQ) +h() + O (h2)) (6.96)

where ‘ h,(f)

< ‘hf})

< 1 represents the overall metric perturbation, in which each

perturbation is expanded in orders of A to be

h© = n,, + AROY 1+ O (A?), (6.97)
h) = h(SW) + ALY + O (A?). (6.98)

Here, the superscripts define the type of order, (0, A) represents the first A depen-
dence on the background metric, (1, GW) represents the GW contribution indepen-
dent of the cosmological constant while (1, A) represents the latter correction to the

GWs. This notation shall be assumed in what follows.

In a similar fashion, a comparable expansion is considered for the tetrads, namely

e, =el e+ 0 (e, (6.99)

136



CHAPTER 6: GRAVITATIONAL WAVES IN MODIFIED TELEPARALLEL THEORIES

where ‘éff)“ < é&l)a < 1, and

g0a = 400 4 Ay OMe L O(A2), (6.100)
é’(j,l)a _ Vél’GW)a + A,ylgl,A)a + O<A2) (6101)

Overall, the metric perturbations can therefore be expressed in terms of tetrad

perturbations through the relations

(0)a (0)b

M = NabVy Vo s (6.102)
h&oy,A) = b (,yl(LO)a,yﬁo,A)b + ,.Y!(LO,A)a,y’SO)b) 7 (6.103)
hl(}V,GW) = b (%(L())a%(},GW)b + ,YF(Ll,GW)a,yl(/O)b) ’ (6.104)
hELIV)GWA = b (7;(;0)(171(/17A)b + ,YL(LO,A)a,%Sl,GW)b + '7,&17GW)G’V£O’A)I) + 7£1’A)a7£0)b) ' (6.105)

The next step is to revisit and examine the order behaviour of the relevant gravita-
tional quantities. Starting with the definition of the torsion tensor Eq.(2.10) up to
first order in both perturbation and A yields

T, = e 9, ,So)a + w“bﬂﬁ))b - w“bﬂg’)b
+ 5M71(/07A)a — 9, ;(LO’A)a + Wazm 7l(/o,A)b B Wabu %(LO,A)b
+ a#,ylgl,GW)a _ ay/y!(Ll,GW)a i wab#%(ll,GW)b _ wabu,yﬁl,GW)b
+ 3H7,51’A)a —9, /Sl,A)a + wab#,ylgl,A)b _ wabu,yél,A)b. (6.106)

Using the fact that in the G — 0 limit the torsion tensor should be zero (as this
reduces to Minkowski space), the previously obtained condition Eq.(6.8) is once
more obtained. In other words, this shows that at a background level, the torsion
tensor is of A order while it exhibits GW contributions at both zeroth and first order
A contributions. Consequently, the same applies for the boundary term. For the

torsion scalar, it is second order in A at a background level and has a GW correction
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at first A order. Therefore, the torsion scalar is expressed as
T =70 70N L O (T@) (6.107)

with only T4 being relevant to the forthcoming analysis.

With all relevant quantities having their order defined, the final step requires a
method to deal with orders of the gravitational Lagrangian f(7, B). For simplicity,

assume that the function can be expanded about "= B = 0, namely

f(T,B) = £(0,0) + fr(0,0)T + f5(0,0)B + %fTT(O, 0)1°

n %fBB(O, 0)B? + frp(0,0)0TB + ... . (6.108)

Due to the cosmological constant background contribution, f(0,0) represents the
latter, and is hence treated to be at least of first A order. The remaining Tay-
lor coefficients, however, will depend on the functional limit, as they may contain
terms proportional to A. To illustrate this, consider the following examples where
fi(T,B) =T + ATeP and fo(T,B) = T + aTe® + 2A for some constant |a| > |A|.
Then

i = fir(0,0) + firp(0,0)BY =14+ A+ ABOY = A+ 0 (A%), (6.109)
O — £0(0,0) + fars(0,0)BOY = 1 4 a + aBON = o BOY 1+ 0 (A?).
(6.110)

As the examples illustrate, fir contributes at first A order while for does not. On
the other hand, the firp term becomes second order while forp yields a first order
contribution. In order to distinguish between these two cases, Taylor coefficients
denoted by a superscript A, i.e. f(%(o, 0) where n represents the various possible
combination of derivatives, will represent the explicit A dependency of the Taylor

coefficient. On the other hand, those without the superscript shall represent the A
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independent contribution.

The perturbed ordered equations can now be examined in detail. Starting from the
spacetime indexed form of the equations Eq.(2.29), at zeroth order, the Minkowski
background is identically zero while at first A order yields

1
Jr(0,00GEY + S0 £(0,0) = 0. (6.111)

This describes the cosmological constant dependent background metric solution,
which evidently depends on the coefficients f(0,0) and f(0,0). Essentially, this
modifies the de Sitter metric solution, which can be easily derived following [310].

To illustrate this, an effective cosmological constant

(6.112)

is defined. Then, Eq.(6.111) is reduced to a GR-like form GLOV’A) + Any, = 0 which is
the one given in Refs. [309-311]. Indeed, the background value of the Ricci scalar at
first order in A, which is obtained after taking the trace, reveals R4 = 4A, which

is precisely the value in GR in the presence of a cosmological constant.

Moving towards the first order perturbation, expanding in orders of A, the following

equations are derived:

— fr(0,0)GW) 1 f55(0,0) (1,09 - 8,0,) BEEW) =, (6.113)

— frp(0,0)BHWIGEN — [ fr5(0,0)BOY + f2(0,0)] G4 — fr(0,0)G LY

nuv

1 1
+ 5w [Fo5(0,0) BN + f5(0,0)] B — SRS £(0,0)

0,A)o 1,GW
+2(fr5(0,0) + f55(0,0)] S )#(%B( )

+ (709 = 0,0,) (fre(0,0)TMY + f55(0,0)BMY + fppp(0,0)BOY BLEW)

+ fp5(0,0) (AEMNOO + 5, 00N — vONg,) BLOW) = 0, (6.114)

139



CHAPTER 6: GRAVITATIONAL WAVES IN MODIFIED TELEPARALLEL THEORIES

where OO = 9#9,0,. The f(T,B) GW equation Eq.(6.72) is recovered as seen
from Eq.(6.113), confirming the consistency of the result. Eq.(6.114) then describes
the effect of the cosmological constant to the GWs. However, this turns out to
be intractable to solve for the following reasons. Here, the goal is to solve the
unknown components which appear in G,(},)A), TN and BN, However, as T
and BUA) are not expressed solely in terms of metric perturbations, this results into
a complicated system of equations in terms of tetrads. A viable alternative would
be to express the combination of these two quantities in terms of RV, Alas, the

presence of the frp and fpp coefficients make this non-viable, therefore making the

system generally very difficult to solve.
Nonetheless, in the simple f(7T,B) = f(T) limit, the A dependent order solution
Eq.(6.114) reduces massively to

FAOGEEW 4 £ (0)GEY 4+ Lpaaw £(0) = 0. (6.115)

1% nv 9" w

In this limit, Eq.(6.72) reduces to the constraint G,(},,’GW) = 0 (in the same way as
shown in the f(7") analysis (Sec. 6.2.1) and hence leads to the massless + and x

polarisations), leading to a further simplification to
LA) | A7 (LGW) _
GOMN + ARLEW) =0, (6.116)

where the effective cosmological constant definition Eq.(6.112) has been used. This
equation is precisely the one found in GR in Refs. [309-311]'? albeit having a different
cosmological constant, meaning that the same procedure can be followed to obtain

the resulting effect of A onto the GWs.

Without going into the mathematical details, this equation implies that no extra

polarisation modes besides the massless tensor modes exist. However, the latter

9This is apparent after applying the corresponding gauge choices to yield the simplified expres-

sion Dh&l,)A) + 2Ahf},}GW) =0.
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modes are affected, causing a time varying amplitude and phase dependent on the
cosmological constant. Despite this effect, this contribution is very small due to
the small nature of A and hence such an observation would be very difficult to

detect [309-313].

In conclusion, contrary to the background GW solutions which turn out to be identi-
cal to those of GR, a change in the background causes deviations from GR. Including
the cosmological constant causes the choice of the f(7') function to infer an effec-
tive cosmological constant, which could be different from that defined in standard
GR with a cosmological constant. This choice is important as it affects the GW
behaviour. Such behaviour is also observed in an FLRW setting, where it has been
shown that despite the fact that tensor modes travel at the speed of light, their
amplitude is still dependent on the f(7") function [284,285].

6.4 Gravitational Waves in f(T,T;) gravity

The final gravitational model investigated for GWs is the one which includes the
TEGB extension, Ty. To investigate the existence and behaviour of such waves,
first order perturbations in the tetrad are sufficient for the analysis. Recall that the

definition of the TEGB scalar Eq.(2.32) is given to be

_ e A ev a\ ev a\ v o€
To = [Ko K0 K K, = 2K K0 K, K, 4 2K K KV K,

FRRGK (K0, 4w K,y K7, = o K)o, (6.117)

alpv”

As shown previously, since the contorsion tensor is, at least, a first order contribution
in the linearised gravity regime, this implies that the T scalar is of at least third

order. Next, the field equations for f(T,Tg) gravity Eq.(2.34),

2 (H[ac]b + H[ba}c i H[cb]a) +2 (H[ac]b + H[ba]c . H[cb]a) Oddc

)
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+ (ZH[aC]d + Hdca) Cde + 4H[db}cC(dc)a + (Tacd + 2wa[cd]) Hcdb

—h® 4 (f = Tfr = Tafry)n™ =0, (6.118)

are expanded and solved order by order. Similar to the previous considerations,
the f(7T,Tg) Lagrangian can be Taylor expanded about T' = T = 0 since the
background values of each scalar is null. With this in mind, one finds that the field

equations up to first order can be simply reduced to

7™ £(0,0) = 0, (6.119)

C

9 (H(l)[ac}b + HOdle _ H(l)[cb]a)’c 4+ 9 (H(l)[ac}b + HOale _ H(l)[cb]a) C(O)dd

+ (QH(l)[aC]d + H(l)dca) C(O)de + 4H(1)[db}cc((32)a + 2wa[cd]H(1)Cdb — 0’ (6120)

where

g (Dabe _ fT(Oa O) (nacK(l)bdd _ K(l)bca) ) (6121)

The zeroth order equation clearly indicates that no cosmological constant is present
in the theory, maintaining consistency with the linearised gravity approach. From
the definition of the coefficients C°,, Eq.(2.37) and the resulting form of the spin

connection Eq.(6.11), it is straightforward to show that
0)c c
= 2. (6.122)

Combining this result with Eq.(6.121) into the first order field equation Eq.(6.120),

the equations simplify considerably to
fT(Oa 0) [acs(l)abc + S(l)cbdwaCd + S(l)adede + S(l)abcwdcd} _ 07 (6123)

where the definition of the superpotential Eq.(2.19) has been used.

As fr(0,0) # 0 (otherwise one does not recover TEGR as a limit and no GWs

result), the first order equation reduces to the same equation obtained in the context
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of f(T) gravity Eq.(6.50). This is expected since the TEGB term is a higher order
contribution, and thus it has no effect at lower perturbation orders. This leaves the
behaviour of the GWs, at least at a Minkowski background level, identical to that
obtained in f(T') gravity. However, the given result does not completely define the
GW speed of propagation.

In the case of curvature, the introduction of higher order invariants together with
(non)-minimal couplings of a scalar field has been extensively investigated in lit-
erature. As shown in Ref. [314], for a Minkowski background, the speed of the
waves in a general Horndeski theory (which encompasses a large class of gravita-
tional models) indicate the existence of extra non-tensor polarisations which do not
necessarily propagate at the speed of light, whereas the tensor modes propagate
at said speed. However, in a presence of a FLRW background, the waves do not
necessarily propagate at the speed of light. Due to recent GW observations, this
imposes strong constraints on the model, thus reducing it to that of a conformal
coupling Lgay = /—9f(¢)R, where ¢ is some scalar field [315-319]. It would there-
fore be of interest to investigate whether a similar behaviour arises in the teleparallel

approach, as means to constrain the viability of f(7T,T) gravity theory.

6.5 Discussion

This chapter has seen the in-depth investigation of the existence and nature of the
GWs in modified teleparallel theories of gravity, namely f(T), f(T, B) and f(T,T¢)
gravity, using a linearised gravity approach. The results are summarised in Table 6.1.
This linearisation procedure has been performed under two viewpoints. The first
is the metric approach, where the spacetime indexed forms of the field equations
have been used. In this way, the resulting quantity to solve is the perturbed metric.
The second approach deals with the equations expressed purely in terms of tetrads,

where the resulting GWs are generated from solving the tetrad rather than the
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Teleparallel Model Polarisations Speed of Wave
f(T) Tensor +, X
f(T,B) Tensor +, X
Scalar mixed b and [ state <c
f(T,Te) Tensor +, X c

Table 6.1: A summary of the different possible polarisations of the GWs arising in
f(T), f(T,B) and f(T,T¢) gravity derived using a linearised gravity procedure within
a Minkowski background. Only f(T, B) gravity exhibits an extra massive scalar mode,
which only exists if the effective mass defined in Eq.(6.74) satisfies [m?| < oo.

metric. Despite the fact that the metric approach appears to be overall simpler to
solve, especially since it does not invoke any constraint on the spin connection, it
does not reveal any possible properties of the tetrad. Nonetheless, solving with the
tetrad still revealed to retain the same physical results obtained from the metric
formulation albeit only in a preferred frame setting as the equations are not solved

for an arbitrary background tetrad and spin connection.

Starting with f(T") theory, the theory does not predict any further modes besides
those of GR gravitational as shown in Ref. [283]. However, when a cosmological
constant is introduced, although the resulting behaviour is effectively equivalent to
that of GR with a cosmological constant, the choice of the f(7') function affects
the effective cosmological constant A strength defined in Eq.(6.112), thus deviating
from standard behaviour. Nonetheless, as the deviation from GR is expected to be
small, f7(0) ~ 1 meaning A would not differ by much from A, resulting in an effect
which is practically negligible for the GWs. Interestingly, a clear deviation from
GR is observed for higher-order perturbations. While second order perturbations
are identical to GR, meaning that the gravitational energy radiation behaves in
the same way, third order perturbations differ from GR due to the presence of the
frr(0) contribution. It is unknown what effects this will induce unless the relevant

equations are solved.

Next, in the case of f(T', B) gravity, an extra polarisation mode arises, which is scalar
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in nature and exhibits a mix between the longitudinal and breathing polarisation
states. The existence of this mode is entirely dependent on the effective mass term,
meaning one can find sub-cases where this mode does not appear. Furthermore,
the results from f(R) gravity are recovered as expected, since this is a sub-case of
f(T, B) gravity. The effect of a cosmological constant has also been considered for
this model, in which the complicated expression Eq.(6.114) results. This expression
could not be solved in general, but it is expected that the cosmological constant

affects the modes as indicative from the f(T') gravity sub-case.

In the final teleparallel extension which includes the TEGB scalar, f(T,Tg) gravity,
it is observed that the first order perturbation is identical to that obtained in f(7)
gravity, or equivalently, that in GR. In other words, no extra polarisations other
than the tensor polarisations exist. Such behaviour is expected as the Gauss-Bonnet
teleparallel invariant is a higher order quantity and hence should contribute at higher

order corrections.

Overall, f(T, B) is found to be the only model which may exhibit extra polarisations.
With the current observations, it appears that the GWs travel at the speed of light
and exhibit two polarisations, which would put tight constraints on the form of
the f(T, B) Lagrangian. Furthermore, these observations should also be tested in
a more general background, such as an FLRW one, as the GW speed might be
different from that obtained using a linearised approach, as observed in curvature
based theories. This would then impose tighter constrains especially in the f(T',T¢)

model if it exhibits similar behaviour to its curvature counterpart.
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CHAPTER 7

GROWTH OF STRUCTURE IN [ (T,7)

(GRAVITY

Based on the considerations discussed in Chapter 2, the background geometry of the
universe so far has been taken to be described by the spatially flat FLRW cosmology.
This geometry is based on the assumption that the universe obeys the cosmological
principle, meaning that it is homogeneous and isotropic. Supported by observations
from the distribution of structure at large scales, and due to the very isotropic nature

of the CMB temperature, the basis for considering such a cosmology is well founded.

However, small temperature fluctuations in the CMB and formation of overdense
regions are clear indicators of deviations of these two assumptions, meaning that
the FLRW geometry is insufficient to fully describe the universe’s features. Fur-
thermore, from a more basic conceptual perspective, even if the overall universe
appears to obey the cosmological principle, it is not necessarily implied that this is
the case [320]. For instance, the very early and the late future states of the universe
may not be strictly isotropic and homogeneous [321,322]. To further expand the
concept of introducing anisotropy and inhomogeneity in the cosmological metric,

two viewpoints are discussed.
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The first is to consider a completely alternative metric to the FLRW one, such
as the Lemaitre-Tolman-Bondi (isotropic and inhomogeneous) and Bianchi type
(anisotropic and homogeneous) metrics?®. In doing so, this allows a more detailed
investigation of the background geometry dynamics (for instance through dynamical
systems), and of the various possible states the universe may experience, some of

which may not be clearly evident from a strict FLRW geometry.

In order for these non-FLRW metrics to be viable, they must be able to recover
the observed homogeneity and isotropy at specific epochs. This is possible through
isotropisation of the parameters. Taking Bianchi metrics as an example, these can
become isotropised at late times although not all of them exhibit stable behaviour.
Another application arises during inflation, where a pre-inflationary universe could
be anisotropic but becomes isotropised through inflation (or through some other

mechanism). These alternative metrics also affect the CMB spectrum [321,322].

The second consideration, which will be the main focus of this chapter, involves ex-
tending the weak-field approximation used in Chapter 6 by replacing the background
Minkowski metric by the FLRW metric. This approach, more commonly known as
cosmological perturbation theory, was first introduced by Lifshitz in 1946 [323].
Here, the inhomogeneous and anisotropic structure is assumed to be generated by
small perturbations of the FLRW metric. It is these perturbations which yield the
observed CMB anisotropy and large scale structure. Despite being a very successful
technique, the approach does suffer from limitations, as it is not applicable when
the perturbations become more pronounced (for instance, the matter overdensi-
ties at later times become significantly more dominant) while leaving the linearised

regime [324].

Throughout this chapter, the large scale structure formation of CDM overdense

regions shall be explored in the context of f(7,7) gravity. This serves as an ex-

20Gee, for instance, Refs. [321,322] for an extended review on the applications of the mentioned
(and other) metrics.
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tension of the investigations carried out in Refs. [127,325-327] in the case of f(T)
gravity. For this model, it has been shown that structure forms similarly to that
described by GR, except for a redefined Newtonian gravitational constant. Fur-
thermore, in its curvature analogue f(R,7) gravity, it was found that the growth
becomes strongly scale dependent, contrary to what is encountered in GR and f(7T)
gravity [328]. Thus, this chapter shall investigate whether f(T,7) gravity exhibits

the same features.

The chapter is subdivided as follows. A brief introduction on cosmological pertur-
bation theory is first presented, where gauge invariance and the SVT decomposition
are explored. Next, through a focus on the scalar perturbations, the CDM growth
equation for sub-horizon scales is derived and examined under distinct regimes. The
resulting growth behaviour is then explored for two f(7,7) models derived on the
assumption that the stress-energy tensor is covariantly conserved. A final discussion

of the results is then given.

7.1 Cosmological Perturbations

Throughout this section, a brief overview of the necessary key ingredients to perform
cosmological perturbations is presented. Effectively, this approach is an extension of
the weak field approximation used in the context of GWs given in Chapter 6. Here,
the main difference lies in the treatment of the background metric to represent
the background cosmology, namely the FLRW metric, and the perturbed metric
which will contain all the relevant information regarding the inhomogeneous and
anisotropic aspect of the universe. In other words, the metric tensor is expressed
simply as

g = g;w + h;w, (71)
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with g, representing the FLRW metric and h,, the small inhomogeneous and
anisotropic correction to the background spacetime, which satisfies |h,,| < |g,..

In this way, any higher order corrections shall be ignored in what follows.

As the background evolution is relatively straightforward to compute, the focus here
lies in the form of the perturbation. The most general cosmologically perturbed
FLRW metric, firstly introduced by Lifshitz, takes the form of [57,61,100, 144, 324,
329, 330]

ds® = (14 2¢)dt* — 2a(t) Bydx'dt — a*(t)[(1 — 2¢)6;; + 2E;j|dx'da?, (7.2)

where ¢ and 1 are scalar functions (named lapse and spatial curvature respectively),
B; is a vector function also known as the shift vector, and F;; is a symmetric and
traceless tensor function referred to as the shear tensor [331]. Contrary to the scale
factor, these functions (which correspond to 10 unknowns as expected from the
metric) are dependent on both space and time, confirming their inhomogeneous and
anisotropic nature. Furthermore, their magnitudes are small to conform with the

linear perturbation scheme.

However, the metric tensor has not yet been expressed in a convenient form. Par-
ticularly, the vector and tensor functions can be expressed in terms of more basic
components. Thanks to Helmholtz’s theorem [332], this states that any vector field
can be decomposed in terms of a gradient of a scalar field and a divergenceless vector
field uniquely (provided certain conditions are satisfied), meaning that the vector

function B; can be expressed as

with B being the scalar component and S; being the vector component satisfying

9'S; = 0. In a similar analogy, the tensor function E;; can be decomposed in terms
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of scalar, vector and tensor components according to
Eij = 0,0, E + 20, Fy) + xij, (7.4)

with F being the scalar component, F; representing a divergenceless vector field and

Xij being a symmetric traceless divergenceless tensor. Here, the angled brackets are

defined as,

152702) E. (7.5)

Thanks to Helmholtz’s theorem, the metric can now be purely expressed in terms of
SVT components. Observe that the number of degrees of freedom still remains 10,
amounting to four scalars, four vectors and two tensors. The choice to opt for this
form of decomposition is simple; when finding the resulting field equations, each type
of perturbation decouples from one another, i.e. the evolution of each perturbation
is independent from each other. This allows for the investigation of the perturbed

cosmology to be solved in a more straightforward approach.

This decomposition, however, does not apply for all different cosmological space-
times. For instance, in the case of the Lemaitre-Tolman-Bondi metric, an alter-
native decomposition is considered, with this being composed of polar and axial
perturbations, which “replace” the scalar and vector perturbations discussed previ-
ously [333]. In the case of an anisotropic Bianchi Type I spacetime, for instance,
a similar SVT decomposition to that of the FLRW one applies, but requires some

minor alterations in order to obtain the correct perturbed spacetime [334].

The decoupling of the perturbations leads to different physical implications for each

SVT component. Briefly, these infer the following:

1. Scalar modes are capable of describing the evolution of large scale structure
of the universe, which is the main purpose of this chapter. They are also

important to describe the anisotropies in the CMB [144, 331, 335, 336];
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2. Vector perturbations had seen less physical impact compared to the other
two perturbations since, in the general context of GR and standard inflation,
these perturbations decay with the universe’s expansion, leaving no physical
imprint [337]. However, this does not mean they are not important. If such
perturbations are more dominant, these would leave an imprint in the CMB B-
polarisation spectrum [331]. This measurement could be explained if inflation
is sourced by more than one scalar field [338]. Furthermore, in ekpyrotic
and bouncing cosmologies, the presence of a time of collapse before the “Big
Bang” bounce would cause a growth in the vector perturbation, rather than a

decay, which would break the homogeneity assumption in such small volume

regimes [337,339).

3. Tensor perturbations describe the primordial gravitational mode spectrum,
particularly the tensor modes (plus and cross polarisations). As mentioned in
Chapter 6, tensor perturbations describe various properties of the primordial
waves, namely their amplitude, speed and effective mass [277]. Furthermore,
this allows for the computation of the tensor power spectrum, which quantifies

the strength of the stochastic background (see for instance Ref. [340]).

Clearly, the main focus will lie on the evolution of the scalar perturbations, leaving

vector and tensor perturbations to not be explored further.

Before advancing, a small comment regarding higher-order SV'T perturbations is
necessary. The SVT decomposition procedure applies very well at first order due to
its decoupling nature. However, this is not true once higher order perturbations are
introduced. Indeed, the higher-order variables become dependent on cross contribu-
tions from lower order perturbations [341]. Despite this difficulty, these higher-order
corrections have physical implications most notably for inflation. Contributions from
second order perturbations could infer a deviation from the Gaussian nature of the
CMB leading to so called non-Gaussianities. These are beyond the scope of this

work, see for instance Refs. [342-344] for further details on the topic.
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Focusing solely on scalar perturbations simplifies the metric to
ds® = (14 2¢)dt* — 2a(t)Bdx'dt — a®(t)[(1 — 2¢)6;; + 2F ;;]dx'da? . (7.6)

Now, one has to clearly distinguish between the background and perturbed quan-
tities from the aspect of coordinate transformations. Focusing on the background
metric, one can always define some coordinate transformation which makes the
FLRW metric to appear as if it was inhomogeneous and anisotropic. This is the
aspect of covariance of the metric [100,329]. However, it does not truly represent
the inhomogeneous and anisotropic structure of the universe, as it is only a mere
coordinate transformation. To truly distinguish between the background and per-
turbed metrics, the coordinate transformations have to also represent the smallness
of the perturbed metric. Similar to the procedure carried out in gravitational waves,

a gauge transformation of the form?!
at — at + H(x") (7.7)

for some vector £ such that |£#] < 1 is applied to investigate how the scalar func-
tions transform under such infinitesimal coordinate gauge transformations. Clearly,
this keeps the background metric gauge-invariant and hence only the scalar pertur-
bations change under coordinate transformations. Since only scalar perturbations
are considered, &* is decomposed in terms of SVT components while keeping the

scalar perturbations. This leads to the coordinate transformations

t—t+a, (7.8)

ot — 2"+ 0'p, (7.9)

for some scalar functions a(t, z%) and (¢, z"). In this way, the scalar perturbations

2L A more detailed mathematical interpretation of the gauge coordinate transformations is given
in Refs. [57,329,330].
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transform according to [144,331]

¢ — ¢ —a, (7.10)
B — B+a'a—ap, (7.11)
E— E -3, (7.12)
Y — b+ Hav. (7.13)

As there are two coordinate degrees of freedom and four metric scalar perturbations,
it is therefore always possible to eliminate two scalar perturbations by appropriate
fixation of a and . This leads to gauge fixing i.e. a preferred coordinate frame
of reference which shall prove to be useful in solving the field equations. There
are various gauge choices; here, only the conformal Newtonian (or also known as
longitudinal) gauge is addressed. For further details regarding other gauges, see

Refs. [100, 144, 329-331] and references therein.

The conformal Newtonian gauge fixes F = B = 0, reducing the metric to be only
dependent on the gravitational potentials ¢ and 1, which has been a very popular
gauge in the study of large scale structures. Here, the term Newtonian stems from
the fact that in the weak-field limit, these potentials correspond to the standard
Newtonian gravitational potential ¢ = = —GM /r [57,345].

Although one can gauge fix the coordinates, the physical interpretation of these
scalar perturbation quantities is still left unanswered as these will change between
different coordinate systems (i.e. different coordinate gauge transformations). Phys-
ical quantities are independent of coordinates and hence, one should look for per-
turbation variables which are gauge-invariant, i.e. quantities which do not change

under gauge transformations [329].
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Bardeen constructed two simple gauge invariant perturbations, rightfully named

Bardeen potentials, being [346]

bp = ¢ — % [a2 (E . a—lBﬂ : (7.14)

bp =0+ a*H (E . a—lB> . (7.15)

From the given forms, in the conformal Newtonian gauge, the Bardeen potentials
would exactly correspond to the gravitational potentials ¢ and 1 respectively. Hence,
the resulting evolution equation obtained in terms of these variables would remain

unchanged.

Up to this point, the SVT decomposition and the issue of gauge invariance has only
been investigated in the context of the metric. However, the field equations consist
of contributions from the matter sector, namely the stress-energy tensor. Hence,

these properties have to be investigated there as well.

Starting with the SVT decomposition, for which only the scalar perturbations are
presented, the main interest lies in the scalar perturbations of a perfect fluid. Triv-
ially, two natural scalar perturbations arise from the energy density dp and pressure

op respectively. However, other components also arise.

Any perfect fluid within a homogeneous and isotropic background has a temperature
which depends solely on time and not on space. In this way, only density and pres-
sure components arise. However, in an inhomogeneous and anisotropic background,
the temperature now also depends on position, which gives rise to, momenta and
anisotropic stresses, beside perturbations in density and pressure. From a Boltz-
mann viewpoint, once spatial effects are introduced, the distribution function is
perturbed to account for the spatial dependence on temperature. For relativistic
fluids, for instance, this yields monopole, dipole and quadrupole moments which
correspond to energy perturbation, velocity perturbation and anisotropic stress re-

spectively. Non-relativistic fluids (e.g. CDM) on the other hand do not give rise to
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anisotropic stress [61,99, 100, 144].

An alternative simple way to characterise this description, is to include an anisotropic
stress tensor I1*” and to consider velocity perturbations on u*. This tensor satisfies
the properties I1% = I1°, = u#II,, = 0. Furthermore, without loss of generality, this
can be defined to be traceless IIY, = 0 as the anisotropic component can be redefined
in the pressure component. However, this is not a necessary condition, and will thus

not be considered further.

The velocity and the anisotropic stress being vectors and tensors respectively can
therefore be decomposed according to the SVT decomposition. The corresponding
scalar perturbation for the velocity vector is the velocity potential v [329,330] while
the scalar component of the anisotropic stress tensor is denoted by 75. Overall, the

perturbed stress-energy tensor components take the final form??

0T,° = dp, 0Ty" = (p+p) v,

6T,° = —a® (p + p) O, 6T, = —6pd) — 0,07, (7.16)
Hence, the trace of the stress-energy tensor T is

T =p+dp—3(p+dp) — 0. (7.17)

Similar to the Bardeen potentials, the scalar components of the stress-energy are
not gauge invariant, and hence their behaviour changes from one coordinate system
to another. In order to account for this, one should find a gauge invariant quantity
which describes the inhomogeneous overdense regions in space, which is the main

aim of this part of the work. This is given by the gauge-invariant comoving density,

221f the anisotropic stress is chosen to be traceless, then the scalar component would take the
form of I,/ = 9,0;,75 [99,101,329,331].
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which, in conformal Newtonian gauge takes the form of [100,101,144,329]
§pm = 6p + a’pu. (7.18)

As a measure of the fractional evolution of structure, it is also useful to define the

fractional comoving density, namely

0pm
o= —. 7.19
p (7.19)

7.2 Scalar Perturbations in f(7,7) Gravity

Following the discussion and motivation of the previous section, all necessary tools
to investigate the growth of large scale structure have been defined and can now be
applied to f(T,T) gravity. In particular, the model ansatz f(T,7T) = T+ F(T,T) for
some arbitrary function F(T,7T) is considered, which corresponds to TEGR plus a
modification. Before progressing forward, it is important to first list the background
evolution equations in a flat FLRW background. From the field equations Eq.(2.38),

these result in

F+T F

(14 Fr)3H + — =+ L (p+p) = &, (7.20)
. . 1-F

(1+ Fr) H—12H*HFpp + H (p — 3p) Frr = — T(p+ p). (7.21)

2

Together they yield the modified continuity equation (or directly from Eq.(2.40))

(1—Fr)[p+3H (p+p)] = %(p —p) + (p+p) [—IQHHFTT +(p—3p) Frr|.

(7.22)

As discussed in Chapter 2, the introduction of the trace of the stress-energy ten-

sor modifies the continuity equation, which leads to the non-conservation of the
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stress-energy tensor, as is evident by the non-zero value of the RHS. However, it
is possible to impose its conservation as a constraint as this would limit the pos-
sible gravitational Lagrangian form. For the FLRW cosmology, this imposes the

constraint

0=Fr(p—p)+6(p+p) [4HHFTT + (p — g) FTTl . (7.23)

This shall be explored in further detail in Section 7.3. It is also useful to define the

effective dark energy density and pressure components, namely

por = TFr — g — Fr(p+p), (7.24)

poE = —ppE + ATHFrp 4+ 2H (p — 3p) Frr + 2HFr — Fr(p+ p), (7.25)

which together yield the dark energy EoS

| ATHFry + 2H(p = 39) Fry + 2HFy — fr(p +p)

: (7.26)
TFr—5—Fr(p+p)

WDE — -1

With all the relevant background cosmological equations derived, the focus now falls
on deriving the scalar perturbed Friedmann equations in a Newtonian gauge. How-
ever, the scalar perturbed metric cannot be applied directly to derive the perturbed
equations in the context of teleparallel based theories. This is based on the found-
ing principle of the theory, since the fundamental variable is the tetrad and not the
metric. Hence, one must first consider the SVT perturbations of the tetrad which

would then generate the metric.

Similar to the metric tensor, the tetrad consists of a background tetrad e, which
describes the FLRW geometry and a perturbed one 7, which describes the inho-

mogeneous and anisotropic geometry, i.e. it takes the form of

a

e, =+, (7.27)
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with |7¢,| < [e?,]. For simplicity, the background tetrad is taken to be the diagonal
tetrad e®, = Diag(1, a, a, a), thus setting the spin connection to zero. On the other

hand, the most general SVT perturbed tetrad takes the form of [325,327,347]

§Z5 —&-w — UZ
v = By , (7.28)
a(@lﬂ) + V;) a <_¢62] + 8<18]>h + Ez‘jk(‘)kh + 8jci + e,-jkwk + h”>

which consists of six scalars ¢, w, w, ¥, h and h, four vectors U;, V;, ¢; and wy,
and a tensor h;;. The vectors are divergenceless, while the tensor is traceless and

transverse. This amounts to a total of 16 degrees of freedom, as expected from the

tetrad.

The corresponding perturbed metric tensor then takes the general form

14 2¢ a[0i(w + W) + U; + Vi

(7.29)

uv =

One finds some interesting properties. Firstly, the scalar h and vector w* do not
appear in the metric tensor. However, this does not infer anything about their
behaviour and are to be constrained through the field equations. Secondly, when
comparing with the initial metric perturbation Eq.(7.2) in a pure SVT decomposed
form, one finds the correspondence that —2B = w 4+ w, —25; = U; + V;, E = h,
F; = ¢; and x;; = h;;. This shall prove to be a crucial point when considering the
longitudinal gauge. As the focus lies on scalar perturbations, the effects of the vector
and tensor perturbations shall not be developed further. For more details regarding

their application in the aspect of teleparallel theory, see Refs. [116,284,325,327,347].

Considering only the scalar perturbations, the metric tensor reduces to

Guv = . (730)
a@i(w + IT)) —a? [(1 — 21/})51']‘ + 28<i8j>h}

158



CHAPTER 7: GROWTH OF STRUCTURE IN f (T,7) GRAVITY

To reduce the metric to be in the longitudinal gauge, one has to set h = 0 and
w + w = 0. The latter constraint poses two possibilities, either w = w = 0 or
w = —w which value may or may not be zero depending on the equations of motion.
This choice is of great importance in the theory and will be discussed shortly. In

this gauge, the torsion scalar takes the form of
T = —6H?+ 12H (zb + Hgb) — da ' HPw. (7.31)

Clearly, the choice on w (or equivalently w) affects the value of the torsion scalar.
On the other hand, the scalar perturbed field equations obtained from Eq.(2.38)

result in the following

E%: (1+ Fy) [a”a%p — 3H4y) — 3H2¢} + 3H? [FTTaT + FrréT ]

+ % (36p — dp — 827rs) + # {FTT(ST + FTT(ST} = %5p (7.32)
By — (14 Fp) & <¢ n H¢) — o [—12HHFTT +(p— 3p) FTT]

= o+ (1 - Fr) o (7.33)

2
_ _% (p+p) (1 — Fr) O, (7.34)
Tr (E.) : (1+ Fr) [Hg{s +3H?¢ + 3H +2Hp + ) — %a‘282 (¢ — ¢)}
2

— Frp (3H25T + 2HT + HST + 12H2H¢> - % (57 - 50%5)

+FTT[— (3H2+H> 5T — H6T + (p— 3p) (é—TH+H¢>}

+ 12H?H (FrppdT + FropdT) — H (p — 3p) [FroroT + FroroT)

2SS
_! (5p+ o ) (7.35)

2 3

E it jrat(1+ fr)0;0 (& — ¢) + a~'0;0'w [—12HHFTT + (p— 3p) FTT}

7

= (1 — Fy) 0;0'7". (7.36)

159



CHAPTER 7: GROWTH OF STRUCTURE IN f (T,7) GRAVITY

where E”, corresponds to the free indices in the field equations, 6T = 12H (@/} + H gb)
—4a *HO?*w and 6T = dp — 3 (p + dp) — 0*7>. Here, one finds a matching result
between the works in Refs. [82,127], with contributions from w and the anisotropic
stress respectively. Furthermore, the scalar perturbation & does not appear in the

field equations, leaving its effect to be negligible [127,327].

To better understand the role of w, it is useful to investigate the cases between TEGR
and f(T) gravity in the absence of anisotropic stresses. The TEGR perturbed field

equations lead to

E° a0 — 3Hy) — 3H?¢ = %5,0, (7.37)
B0, (b + Ho) = =5 (p+ ), (7.38)

Tr (EY) : Ho + 3H?¢ + 3Hv) + 2Hep + 1) — %a282 (1 — ¢) = %519, (7.39)
B i#5:0;0" (Y — ) =0, (7.40)

where the field equation E’y matches with E°. There are four undetermined degrees
of freedom v, ¢, dp and v (once the fluid is specified, dp can be determined from
dp, see for instance Ref. [99]) and four constraint equations, leading to consistency
since the system is not overdetermined. In the case of f(T') gravity, however, the

equations become

E%: (1+ Fy) [a*a% — 3HY — 3H2¢] + 3H? FrpdT = %5,), (7.41)
. . . 2 .
By — (14 Fp)d (zp + qu) S 12HH Frpdiep = % (p+p) v, (7.42)

2

E%: (1+ Fr)o (¢ + Hqﬁ) — HFpp,0T = —% (p+ p) Ay, (7.43)
Tr (E%) : (1+ Fr) [Hq's +3H2¢+ 3H + 2He + ) — %a282 (- ¢)]
— Frp (3H25T + 2H8T + HOT + 12H2H¢)

: 1
+12H*H FryppdT = 9P (7.44)
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Ei

7

i#j: (1+ Fp)0;0" (¥ — ¢) — 12aH H Frpd;0'w = 0. (7.45)

Thus, the undetermined degrees of freedom are now the former plus w, with five
constraint equations. This would then lead to a consistent system of equations,
provided that no a priori constraint on w is set. For instance, if w = w = 0,
Eq.(7.36) implies that ¢y = ¢. Comparing Eqgs.(7.34) and (7.33) would then yield

the constraint

Frr (12H¢ +12H%6 — 12Hw> —0, (7.46)

which does not appear in GR as Fprp # 0. This means that for the remaining
three undetermined degrees of freedom (¢ = 1, dp and v), one has four constraint
equations, and this leads to an overdetermined system that can lead to inconsisten-
cies [116,127]. If the gauge condition w = —w is only considered instead, without
further imposing that w = 0 a priori (this could still occur from an evolutionary
perspective but it is not imposed), the extra constraint equation would not infer
pathological issues, as an extra degree of freedom is now retained (four degrees of
freedom and four constraint equations). This would then resolve this inconsistency
since the equations are now able to determine all degrees of freedom [127, 325].

Motivated by this, the extra degree of freedom w shall be retained.

Besides the field equations, the existence of scalar perturbations imposes new conser-
vation laws that arise from the perturbed stress-energy tensor. As matter couplings
do not conserve the stress-energy tensor in the traditional sense, these conserva-
tion laws arise in a more general aspect. The first equation is the the perturbed

continuity equation, i.e.

82 S .
(1— Fr) {6,{‘)+3H (5p+5p+ ; ) —3(p+p)¢+(p+p)82v} =
F ) )
7 (5p — 5 — 827TS> + Fpy [—2a—282¢ () —3p) + (p+ p) <3H5T n 5T>

—12HH (3p+8p) + 6H (Ho+ 1) (5= 3p) + (9 + ) T |
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1
+FTT[(p+p) (3H6T+T> +§(35p—5p—827rs) (p—3p)+ (p+p)0T

—12HH (p + p) (Frr70T + Frrr6T) + (p+ p) (p — 3p) (Frrr0T + FroroT).
(7.47)

Due to the velocity components of the fluid, a new second conservation law arises,

yielding the so called Euler equation, which describes the conservation of momentum

of the fluid

(1 — FT) {([) -+ p) [CL28¢1.) -+ 2a2H8¢v + dqﬂ -+ anaiv + 81(5]) + 81‘827TS}

= b [ - 900+ 0o - 49)]. (749

7.2.1 Derivation of the Growth Structure Equation

So far, all the relevant zeroth and first order scalar perturbed equations have been
derived. The next step is to make use of these equations in order to investigate the
evolution of matter overdensities. As discussed in Ref. [144], a simple equation that

can characterise the growth of structure ¢ is expected to be in the form of

d + [Pressure — Gravity] 6 = 0. (7.49)

This follows from the Newtonian treatment of gravitational instability of interstellar
structures, firstly formulated by Jeans in 1902 [348]. The role of gravity is to collapse
the source, and hence it allows for the formation of overdense regions throughout
the universe. On the other hand, the role of pressure is to counteract and therefore
stabilise the possible collapse of the structure. If pressure is sufficiently dominant,

then no overdense regions can form.

Besides these two key components, one also has to factor in the effect of the relative

expansion of the universe. This should act as a dampening effect, since expansion
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is causing the particles to be further apart from one another. This is causing the

effect of gravity to be suppressed. From a Newtonian description, this leads to

[1,61,349, 350]
C

.. . 2
§+2HS = 47Gpd — é/&é, (7.50)

where ¢,? = g—z is the adiabatic sound speed of the fluid and k& is the wavenumber.
Here, the gravitational constant is reintroduced for the sake of clarity. Trivially, one
can identify some key components on the evolution by comparing it to the behaviour
of a damped harmonic oscillator. The Hubble parameter acts as a damping term.
On the other hand, the frequency of the system is sourced by a gravitational term
47Gp and a pressure term ‘35—2]“2 Depending on the length scale k, one of the terms

dominates and thus generates or suppresses the formation of structure. This is

known as the Jean’s criterion for gravitational instability.

Formally formulated in a static universe, for k%c,?> > 47Gp (pressure dominated), the
system starts to oscillate, leading to no growth. On the other hand, for k%c,? < 47Gp

(gravity dominated), gravitational instability occurs and overdense regions form.

In a relativistic treatment, a similar equation does result, but one has to include the
contributions of the different species which constitute the universe, namely baryonic
matter, CDM, photons and neutrinos. Furthermore, one also has to define a sense of
a length scale of interest. Starting with the latter, it is useful to define the comoving
distance 77, which measures the distance travelled by photons from the beginning of
time ¢ = 0 to some time ¢ (or equivalently, from a = 0 if it starts from a Big Bang

to some scale factor a). This is defined through [144]

t a

dt’ da’ 1
= = —_— 7.51
n=c / aty ~ ¢ / @ @ H(d) (751)
0

0

where the speed of light is reintroduced for simplicity. Here, ¢ and o’ are integration

variables. In this way, any two particles could have been in casual contact if their
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distance is within a comoving distance. However, they could not have been in casual
contact if their distance is larger than the comoving distance as these must exceed
the speed of light. Therefore, any relevant structure formation should form within

scales falling inside a comoving distance.

In terms of the wavenumber k, which is roughly related to the inverse wavelength
A of the mode k ~ A7!, the modes of interest must have wavelengths smaller than
the comoving distance to ensure the particles have entered in casual contact leading
to the condition kn > 1 (or as an order approximation k > aH). Such modes are
called sub-horizon modes (corresponding to large scales). Conversely, those which
lie outside this regime are called superhorizon kn < 1, but they are not of interest

here.

Next, one should classify which overdense region is to be investigated. As large
scales are of interest, the main focus lies in the structure of CDM regions. However,
one should also account for the effect of other species. Starting with radiation-
dominated epochs, most particles are relativistic and hence exhibit a large radiation
pressure (and non-zero anisotropic stress). For the scales of interest, this leads
to an oscillatory behaviour as indicated by Eq.(7.50) [350]. The baryonic matter
exhibits a similar behaviour since, during early times, these are tightly coupled to
the photons and hence also oscillate [144,330]. CDM on the other hand experiences
little growth as it is less dominant than the background radiation. Furthermore,
radiation causes a large expansion, thus a larger Hubble friction [61,350]. In fact,

according to Eq.(7.50), § « Ina.

Once the universe enters a matter-dominated phase, the situation changes. First, the
photons and neutrinos have long decoupled during these epochs leading to barely
any contribution to the anisotropic stress [99,100]. In other words, there is no
growth evolution of any radiative sources. Second, the baryons have now been
decoupled from the photons and therefore have become non-relativistic. However,

by the time they do achieve this state, CDM would have already started to dominate
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the evolution of the potential since the period of matter-radiation equality. It is
afterwards that baryons then grow similar to CDM [61,144]. Therefore, the only
major source of growth stems from CDM (and later by baryonic matter) which
according to Eq.(7.50) yields a linear growth ¢ oc a. This is known as the Mészéros

effect, first derived by P. Mészdros in 1974 [351].

Lastly, the universe enters a dark energy-dominated phase. During these epochs, the
effects of CDM, radiation and baryonic matter are practically negligible compared
to dark energy. This leads to barely any growth, which is understandable due to
the fact that during such times, the scale factor is expanding at an exponential rate,
causing the Hubble friction to be significantly dominant. In fact, from Eq.(7.50),

the fractional growth does not grow since 0 becomes constant [144].

With these considerations, in order to investigate the growth formation for CDM
(which sets the pressure components p = dp = 0), epochs will within the matter
domination periods are considered. Furthermore, the absence of anisotropic stress
is assumed. Since models which obey the conservation of the stress-energy tensor
are assumed, they shall be considered throughout the derivation. In general, where
this condition does not necessarily hold, the result as derived in Ref. [352] is ob-
tained. However, the conclusions regarding the resulting growth evolution remain

unchanged.

As per above motivations, the growth equation for large scale structure can now
be derived, for which the method described in Ref. [127] is followed. It is first re-
marked that in this case, the gauge invariant fractional matter perturbation density

Eq.(7.19) becomes

= o _ 3Ha*v. (7.52)

p

From Eqgs.(7.33) and (7.34), the relation
Fry (12H¢ F12H2G — 12H — 4a’2k2§) — —Frr (5p — 3p1) (7.53)
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is obtained where the quantity & := aHw has been defined. To eliminate ¢ from the

equation, Eq.(7.36) can be used to yield

3¢

qb:¢_1+FT

<4HFTT + pFT7-> s (754)
which, when combined with the former equation, results in

pFrr (On + 3Ha?v — 3¢) + Frp [12H¢ +12¢ (H2 - H)}

A Frp = (7.55)

L+ 2 (4HFrp + pFrr)

In the sub-horizon scale approximation, the expression simplifies to

2

AP ~ L { pFrr (0 + 3Ha?v — 3¢) + Frr [12H¢ +12¢) <H2 - Hﬂ } .

k2
(7.56)
As an order approximation, the expression reduces to the more simple form
a’H?
£~ 3 (6m + a®Hv + 9) (7.57)

where the presence of dy + a?Hv holds provided Fry # 0 and Fpy # 0. This
expression can be simplified further through the use of the Euler equation Eq.(7.48),
which for CDM, becomes

(o +2Hv + %) (1—Fy) = ——L6y. (7.58)

As an order approximation, one has a?Hv + ¢ ~ &y where dy only appears for
Fr # 0. From Eq.(7.54), the order expression becomes &y + a?Hv ~ 9 + & which

reduces the sub-horizon limit expression to

&2 H2

k2

£~ € +v) <. (7.59)

Therefore, by definition of ¢ Eq.(7.54), the gravitational potentials are of the same
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order of magnitude ¢ ~ 1.

Observe that throughout this approximation, certain functional constraints have
been considered, namely Fr, Frr, Frr # 0. Irrespective of functional constraints,
however, the result remains unchanged. Starting with the case when Fprp = 0, then
from Eq.(7.53), either Fr = 0 or dp = 3p1). For the former case, by Eq.(7.54), this
means ¢ = 9 identically as required. Note that, in this case, the Lagrangian reduces
to the model F(T,7T) = a+ T + g(T), where o and [ are integration constants
and g is some arbitrary function. The said model shall be considered later on during

the growth analysis.

In the second case, Eq.(7.54) simplifies to

. 3pkrr
o=v- L (7.60)

From Eq.(7.20), in the sub-horizon limit together with the above expression yields

the simple relationship

2pFrr
= 7.61
v 1+ Frp’ (7.61)
which therefore implies that ¢» = —2¢. This condition, however, does not measure up

with experiments. As discussed in Refs. [353,354], Solar system tests, particularly
Shapiro’s time delay effect, tightly constrains the difference in the potentials to
be [355]

v ; PPN 107, (7.62)

while the above constraint sets a fixed value of 3, well beyond the observed con-
straint. An analysis carried out in the context of large scale structure also suggests
that, despite being a weaker constraint, this difference should be relatively small

i.e. [356]

<0.5. (7.63)

Therefore, this case is discarded.
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If Frr # 0 and Fry = 0, Eq.(7.57) leads to the immediate result £ ~ “1}2121& <L 1, as
obtained in Ref. [127], thus leaving the result unchanged, irrespective of the value

of Fr. Therefore, all the different conditions lead to the same result that ¢ ~ .

With this sub-horizon limit approximation, one can then proceed to derive the
evolution equation for the gauge-invariant fractional overdensity dy;. This process
should start by combining Eqgs.(7.32) and (7.34) while introducing the definition of

Oy results into

1 3F 2 k2 1 :
ST PITT s = (14 Fr) Ky + =3 Frr [12H <¢+H¢> —4a_1Hk2w]
2 4 2 a’p 2
3F
+ 3Ha2vaTT} + —4Ta2Hv. (7.64)

Since ¥ ~ ¢ and LETEESS 1, the equation simplifies to

a?H?

k2 3Ha? 3F
4 Y B+ 2T a2 Hy, (7.65)

Ady = (14 Fp) ——
M(+T)a2p+2 4

%Ffr — %FTT,O has been conveniently defined. From

where the quantity A = %

Eq.(7.33), in the sub-horizon limit, the order relation H¢ ~ pa?v is obtained, mean-

ing the expression simplifies further to

k%
Aoy = (1 + Fr) —. 7.66
M = (1+ Fr) 5 (7.66)
Taking the time derivative and using Eq.(7.33) once more yields
: : kv

Differentiating once again with time and using Euler’s equation Eq.(7.58) and the

previous expression for the velocity yields the final result of
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. . AH . .
Ay + [2A v oAl — 2 <4HFTT + pFTTﬂ bar
1— Fr
. : SAH : 1— Fy k2Fy
A+ 24AH - AH Fry)— —— T Ap— 2T 5, =0.
+ |A+ T T( frr+p TT) 01 F) T a2 | M 0
(7.68)

Instead of investigating the evolution of the matter overdensities with time, it is more

convenient to analyse its behaviour with scale factor, thus yielding the expression

SAH
v — |aAH' +2A'aH + 3AH — AH'aHF Frr)| o
Bola) 4 g |oAH + 2400t 4 34H — P2 (0t Fry + pFrr) | il
1 9119 9 9 3A'aH?
+ T2 [a H*A" +3A'aH* + Ala”HH' — B (4H'aH Frr + pFrr)
o K2y
Tt )T e | @ =0 (7.69)

Clearly, the TEGR limit A = 1 and F(T,T) = 0 is recovered as desired. In general,
this equation would yield two solutions for dy; referred to as the growing and decaying
modes, which, as their name implies, describe the growing and decaying solutions
respectively. As the interest lies in the formation of structure, only the growing

solution shall be investigated. This is usually referred to as the growth factor,

which is denoted by D(a) [144].

7.2.2 Interpreting the Growth Structure Equation

When studying the evolutionary behaviour of the growth equation, it is evident that
the equation is identical to that given by a damped harmonic oscillator. Generally,

such an oscillator obeys the differential equation [357-359]

2" (t) 4+ 2¢wor’ (t) + wo’x = 0, (7.70)
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where ( is the damping ratio and wq is the natural frequency of the system. The
former leads to underdamping (0 < ¢ < 1), critical damping (¢ = 1) and under-
damping (¢ > 1) behaviours, while the special case of negative damping ({ < 0)
causes the system to oscillate with an ever increasing amplitude [359]. In the ab-
sence of damping (¢ = 0), for real values of wy, the system oscillates with frequency

wp, while for complex values, the system grows exponentially with time.

The natural frequency and damping ratio take the form of

wo = — | 2E2a +3A'aH? + A*HH' — Sl (4H'aH Fry + pFry)
1 - Fr k2Fr
————Ap— —— 7.71
2(1 + fT) p 4@2 ) ( )
!/ / 3AH !
20wy = aAH" 4+ 2A'aH + 3AH — (4H'aH Frr + pFry)| . (7.72)
aAH 1-— T

when the large scale growth equation Eq.(7.69) is compared to the behaviour of a
damped harmonic oscillator. To investigate their physical implications, particular

Lagrangian limits are considered.

In the sub-case of F/(T) gravity, the model is practically identical to TEGR, except
for a minor modification in the definition of the frequency due to the introduction

of the F7 coeflicient
1 2p

2 — —
Wy = 11 FT 2 H? . (773)

If the Newtonian gravitational constant G is reintroduced throughout the derivation,

one will find that an effective gravitational strength can be defined as

Geff = . (774)

Therefore, the role of Fr determines whether the effect of gravity is stronger or
weaker in the formation of structure. Nonetheless, the value of Fr is not expected

to deviate much from the standard value of the Newtonian gravitational constant,
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thus leaving the value of |Fr| < 1. In this way, the results obtained from the
TEGR description remain unchanged. However, in general, this argument would
not hold true for models in which the magnitude is significantly dominant. For
instance, when Fp < —1, the system experiences an oscillatory growth behaviour.
It is remarked that the above results agree with the large scale equation derived
in Refs. [127,325-327] while the effective constant is also in agreement with Refs.
[181,347]. As various F'(T') models have been extensively studied, only the role of
T shall be explored.

For more general arbitrary choices for the Lagrangian F(T,7T) which does not re-
duce to either GR or F(T') gravity, the evolutionary behaviour changes considerably.
The natural frequency is generally strongly dependent on the wavenumber k, some-
thing which does not appear in the latter cases. This can cause strong constraints
on the theory since it alters the prediction for the matter power spectrum, which
provides a measure of the number of overdense regions with scale (see for instance
Refs. [100, 144] for further details). Such behaviour is also observed in other modified

theories of gravity.

Taking the f(R) theory of gravity as an example, the effective Newtonian constant

takes the form of?3
a1+ 4k2fRR

TuT T3 )

Geff

The large scale evolution then has two distinct behaviours. At earlier times, the
quantlty K f 2> 1 which leads to an effective gravitational constant to be Gg —
= leading to a stronger gravitational affect and hence more growth. At later times,
the situation changes L ’JER < 1 leading to Gog — T ¢ similar to f(T) gravity. During

transient periods, the dependence of k£ becomes more prominent and this affects the

shape of the power spectrum [361-363].

23In general, as discussed in Ref. [360], the form of the effective gravitational constant is different
from the one listed here for more general f(R) models which could lead to deviations, especially
at late times. However, if the model obeys Solar System tests i.e. |fr| < 1, the effective constant
reduces to the one listed here.
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A similar strong k? dependence is also obtained in the curvature analogue of f(T,T)
theory, f(R,T) gravity, as the comoving scale becomes dominant at all scales in the
sub-horizon regime leading to disagreements with observations [328]. Therefore,
for viable models, this effect should be suppressed. This is theoretically possible

provided F7 ~ 0 once the universe enters a matter dominated phase.

The k? dependence leads to the second point, where the frequency is now not nec-
essarily complex. Similar to the Jeans’ instability criterion, this situation suggests
that there exists a threshold comoving scale which causes the growth of structure

to become oscillatory, leading to a halt in structure formation.

Overall, the above discussions infer the foreseeable issues of the F(T,7T) gravity
prediction. This shall be shown explicitly for particular Lagrangian functions obey-
ing the stress-energy conservation criterion where the k-dependence clearly leads to

deviations from observations.

7.3 Constraints on the f(7,7) function

As mentioned in Section 7.2, the requirement for the stress-energy tensor to be
conserved leads to a constraint on the Lagrangian. Since the large scale structure
has been investigated for times well within matter domination epochs with the only
matter source being CDM, the background stress-energy trace is reduced to T = p.

Thus, the continuity equation Eq.(7.22) becomes
Fr + 8HFpy + 2T Fry = 0. (7.76)

Note that the continuity equation can be expressed purely as a PDE in terms of

T and T by replacing H using the modified Friedmann equation Eq.(7.21) which
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results in

2FrT
14 2T Fprp + Fr

Fr + 2T Frr + (T — F + 2T Fp — 21T Fry) = 0. (7.77)

It is remarked that 1+ 27T Fpr+ Fr # 0, otherwise it leads to the solution F(T,7T) =
—T + ay/~T + g(T) for some constant a corresponding to the boundary term
and arbitrary function g(7). Effectively, this reduces the gravitational Lagrangian
to only be sourced by the trace of the stress-energy, thus removing any torsional

gravitational effects that would make the model unrealistic.

Despite the relatively simple form, this does not yield any general analytic solutions,
and hence must be solved for specific ansatz choices. Trivially, any function solely
expressed in terms of torsion satisfies the constraint as expected from f(T') gravity
since the stress-energy tensor is conserved in such models. Therefore, non-trivial
contributions from the trace must be considered if its effect on the growth rate is to

be explored. As shown in Refs. [94,95], two such models can be obtained.?*

7.3.1 Model I: F(T,T) = ¢(T)

In the first model, the modification is assumed to be solely sourced by matter,
namely F(T,7T) = g(T) for some function g. Here, one finds the solution g(7) =
aV/T+f, where o and f3 are integration constants with S representing a cosmological
constant.?® The latter constants can be constrained from the Friedmann equation

by evaluating at present times. Indeed, substituting in Eq.(7.20) yields

| 3 B
= — | H2 (o —1) =21 . :
¢ Hy*hio [ 0" (oo = 1) 6 (7.78)

240ther ansatz models besides the ones explored in Refs. [94,95] have been considered as sum-
marised in Ref. [352], being F(T,7T) = Tg(T) for some unknown function ¢g(7) and F(T,7) =
T™T™ for real constants n and m. However, no new solutions have been obtained.

25In Refs. [94,95], the model is generalised for an arbitrary perfect fluid having a constant EoS w.
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Since [ represents the cosmological constant, it is useful to parametrise this constant
in terms of another constant variable e, which measures the deviation from ACDM
via

B=6Ho* (o —1+e). (7.79)

Indeed, for e = 0, B reduces to the ACDM value and o« = 0 reduces the Lagrangian to
standard TEGR with a cosmological constant as expected. This way, the Friedmann

equation Eq.(7.20) takes the simple form of
Q €
2 _ 2 M

It is remarked that despite being in a curvature based setting, an identical solution
is obtained in f(R,T) theories for an additive model ansatz f(R,T) = g(R)+ h(T)
[89-91,328]. Nonetheless, the cosmological implications are only identical for g(R) =

R, otherwise, the theories are fundamentally distinct.

In order to constrain the parameter €, a similar procedure to that used in Chapter
3 to constrain the f(7") models is employed. This requires the present values of the
EoS of the dark energy fluid and of the deceleration parameter to be wpgy ~ —1

and qg ~ —0.5 respectively.
In the case of the EoS for this model, its present value is found to be

2 —4(Quote—1)
36 — 4(QM70 + € — 1)

(7.81)

WDE,0 =

from Eq.(7.26), from which the following observations are noted. For ¢ < 0 or
€ >4 — 4{\ 0, wpr,o < —1 meaning it behaves as a phantom fluid. The case € = 0
gives a cosmological constant (which is true for all times) as expected. For 0 < e <
2—2Q0\ 0, the fluid behaves as quintessence while for e = 2—2Q) o, the fluid behaves
as dust. Lastly, for 2 — 20y < € < 4 — 4Qy 0, the EoS is positive. As observations

indicate a value close to that of a cosmological constant, any reasonable solution
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should be in a domain close to € = 0 as for € > 4 — 41, the EoS is reasonably

smaller from that observed, unless the value of € is reasonably large.

The deceleration parameter, on the other hand, evolves with scale factor as

3 &3/26 -+ QQM 0
=—-14- : : 7.82
9(@) + 4a3%e — a3 (o +€— 1)+ Qo ( )
In order to obtain an observed acceleration today, the condition
1
€< 5(4 — 6QM,0) (783)
must be satisfied which, using the observed values, requires € < % Given the

constraint on € based on the EoS analysis, this condition is trivially satisfied. Note
that the obtained constraint also falls in line with the results obtained in Ref. [95],
where for {2y;p = 0.3, using SNe Ia data, the parameter is constrained to lie in the

range of —2- < e < —4 (—1.04726 < wpgp < —1.00982).

7.3.2 Model II: F(T,T) = Ty(T)

The second ansatz choice assumes a TEGR rescaling, namely F(T,7) = Tg(T)
which yields the solution

g(T) = —1— (%T + u) h , (7.84)

with p and v being integration constants. It is worth noting that when y = 0, v
serves as a constant TEGR rescaling with the special case v = —1 reducing the
Lagrangian to standard TEGR. Substituting into the Friedmann equation Eq.(7.20)

and evaluating at presents times yields the constraint
2
2 1 o7 2
HU = —3— (ILL +v 3H0 QM,O) . (785)
v
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This infers two implications, the first being that v < 0 (otherwise no real solution is
obtained), while the second being that this is a quadratic expression in the integra-
tion constants. The latter implies that one of the integration constants is a spurious

degree of freedom. Without loss of generality, v is found in terms of u to be

3Ho + 241y/3000 £ /9Ho? + 12Hoj1y/3000
B 6Ho o '

UV =

(7.86)

To guarantee that the values for v are real, a constraint on u is required, being

1

3H,?
9Ho? + 12Hou/3M010 > 0 = > —1 / QMOD' (7.87)

For simplicity, p is redefined to be

n 3H02
=_1 7.88
==/ s (7.88)

for some new constant parameter 1. The above constraint therefore implies n < 1.

In this way, the expression for v Eq.(7.86) takes the much simpler form of

n—2+2y1—n
v= :

T (7.89)

Observe that the constraint 7 < 1 guarantees that the requirement v < 0, is always
satisfied. The only exception occurs when the positive solution is considered with
1n = 0 which is not permitted as ¥ = 0 in this instance. Finally, this simplifies the

Friedmann equation to be

-3/2 _ 1
L. e n(a )

H, —2+2/T—7

(7.90)

Similar to the previous model, the parameter 7 is constrained using present values of

the dark energy EoS and the deceleration parameter. In the case of wpg, its present
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value obtained from Eq.(7.26) is given to be

n Qo — LFVI—1)
(1£vT=1)" + Quon — 4o (1£ /T —7)

w = 7.91
DE,0 5 ( )

Taking (o = 0.3, the following constraints are obtained.

For the positive solution, the fluid exhibits phantom behaviour for n < 0 or 0.58 <
n < 0.84, it behaves as a cosmological constant for n = 0.84, while quintessence
behaviour is attained for 0 < 7 < 0.51 or 0.84 < n < 1. The fluid behaves as
dust for n = 0.51 and becomes positive for 0.51 < n < 0.58. Thus, the model can

compare with physical data within regions close to n = 0 and n = 0.84.

In the second case, for the negative solution, the EoS can never behave as a phantom
fluid. In fact, the EoS behaves as quintessence for 0 < n < 1, dust for n = 0

(as expected since this corresponds to TEGR rescaling) and positive for n < 0.

7

Furthermore, it is observed that wpgo > —17,

which is far from any observed value.

Therefore, the negative solution cannot realise the observational constraint.

Moving on to the deceleration parameter, its present value is given to be

1 3
o= = + 7

2 4(-1xyT=7)

(7.92)

To recover acceleration, for the positive solution, any value of  # 0 causes a present
time acceleration. However, in order to match with the present time value of ¢y ~
0.5, the value is to be constrained in the domain close to n ~ 0.84. Thus, regions

close to n = 0 obtained from the EoS analysis are to be discarded.

8

In the negative case, an acceleration is obtained for g

< n < 1. However, for this
range of values, —i < qo < 0, which is incompatible with the observed constraint.
Thus, as also inferred from the EoS analysis, the negative solution does not agree

with observations.
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Based on the observational constraints obtained in Ref. [95] with Qy o = 0.3, 7
lies within the range of 0.87 < n < 0.92, which describes the present behaviour of
dark energy to be that of quintessence. This constraint is relatively close to the one

obtained through the previous considerations.

7.4 Numerical Results

The next step is to analyse the growth evolution for the two Lagrangian solutions
obtained. In either case, the growth cannot be solved analytically and is thus solved
numerically. As times well within matter domination epochs are considered, the
initial scale factor for the numerical computation is taken to be a; = 0.1, which is

reasonable, given the matter-radiation equality occurs at a scale factor aeq ~ 1074

To set the initial conditions for D(a), Eq.(7.69) is investigated during matter domi-

—3/2 Furthermore, based on observational

nation epochs. During such times, H < a
constraints, this yields A ~ 0.5 and the effect of the derivatives becomes negligi-
ble.26 This reduces the equation to its GR limit, leading to the growth factor to
grow linearly with scale factor i.e. D(a) = a. In this way, the initial conditions are

set to be D(a;) = 0.1 and D'(a;) = 1.

7.4.1 Model I: F(T,7T) =aVT + 3

For the first model, the parameters o and f are related via Eq.(7.78) leading the
background evolution to depend solely on the dimensionless parameter e defined
in Eq.(7.80). Based on observations, the parameter should lie in a range close to
e = 0. Naturally, the choice € = 0 is not considered as this would otherwise reduce

to ACDM. Therefore, the behaviour of the model shall be tested for two distinct

26In principle, even if f is small, there will be a threshold scale where the k?-term becomes
dominant. However, this feature is not explored when determining the initial conditions.
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values, € = £0.3 x 1073.

The choice of this parameter is two-fold. Firstly, this satisfies the observational
requirement. Secondly, the model is identical to the curvature equivalent f(R,7T) =
R+ o/ T + B, and hence, the results are expected to match with those obtained
in Ref. [328]. Since it does not lead to any new results, this model shall be used as
an example to illustrate its non-viability with observations. To better present the
behaviour at different scales, the evolutions of the natural frequency wy and damping

factor ¢ are presented.

Beginning with the positive case ¢ = 0.3 x 1073 where the evolution is shown in
Fig. 7.1, structure forms at a slower rate than ACDM for all scales. The smallest
scales (k = 50H,) have a growth evolution similar to ACDM, while for larger scales,
this becomes increasingly periodic (kK = 500H,). Such behaviours can be traced

to the values of the frequency and the damping ratio presented in Figs.7.2 and 7.3

respectively.
0.8 - ‘ ‘ ‘ T e
I ACDM i
-
[ === - k= 50H, ’
0.6 - B
[ ommm=m==- k= 100 H,
| @  =————— k=200H,  gfe T
0.4 - B
S | e /= 500 H,
Q
021 _
0.0 - 4
1 1 1

0.2 0.5 1

a(t)

Figure 7.1: Growth factor evolution for the F(T,7T) = a/T + 8 model with the
parameters defined by Eqs.(7.78) and (7.79) for the case when ¢ = 0.3 x 1073. For
sufficiently small scales, the system behaves as ACDM. However, when larger scales
are considered, the system starts to deviate from the latter, becoming increasingly
periodic, while behaving as an underdamped oscillator close to present times.
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Starting with the former, the frequency is effectively complex for k& = 50H, at all
times except for when it is close to present times, which yields the growth observed.
Once larger scales are considered, most notably for k£ = 500H,, the frequency tran-
sitions from complex to real values towards present times. This means that initially,
structures are formed but then decay in an oscillating fashion at later times. This
matches the behaviour observed in the damping ratio. It is worth noting that in such
cases, the damping ratio transitions from overdamping to underdamping (except for

small scales), confirming the observed decaying oscillatory behaviour at late times.

For the negative e case (¢ = —0.3 x 1073), the behaviour changes completely as
observed in Fig. 7.4. Growth structure forms at a faster rate than ACDM for each
sub-horizon scale mode with faster rates achieved for larger modes, while the smallest
ones yield an evolution close to ACDM. This agrees with the observed behaviour for

the frequency in Fig. 7.5 as it is always complex.

7 k= 50 H,
s %o J — - k=100 H,
s S 40 k= 200 H,

100 p—— k= 500 H,

=150

0.2 0.5 1
a(t)

Figure 7.2: The square of the natural frequency evolution with scale factor for the
model F(T,T) = a\/T +0 for € = 0.3 x 1073. For sufficiently small scales (k = 50Hj),
the frequency is effectively complex, leading to the growing mode similar to ACDM.
For larger scales, wy? transitions from negative to positive, implying a change from
growth formation to oscillatory decay.
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Figure 7.3: Damping ratio evolution with scale factor for the model F(T,7T) =
/T 4 f3 for € = 0.3 x 1073, For small sub-horizon scales (k = 50Hp), the damping
ratio only occurs at late times, meaning its effect is mostly absent during matter
domination epoch. However, for larger scales, this becomes more dominant at earlier
times. Indeed, the damping ratio transitions from an overdamped state towards an
underdamped state. Nonetheless, the overdamped and the critical damping states are
very short, leaving little to no effect in the growth evolution (Fig. 7.1). The observed
oscillations are caused by the damping ratio ending up in an underdamped state.
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Figure 7.4: Growth factor evolution for the F(T,T) = a/T + 8 model with the
parameters defined by Eqs.(7.78) and (7.79) for the case when € = —0.3 x 1073, In
this case, the growth evolution is larger than ACDM for all scales. For sufficiently

small sub-horizon scales, this is relatively close to the latter, but departs for larger
scales.
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Figure 7.5: The square of the natural frequency evolution with scale factor for the
model F(T,T) = aVT + B for e = —0.3 x 1073, Trrespective of scale, the frequency
is always complex, and this leads to the observed growing behaviour. As the scale
increases, wy? becomes smaller, causing a faster growth expansion as seen in Fig. 7.4.

-1
7.4.2 Model II: F(T,T)=-T [1 + (\Lﬁ + 1/) ]

In the case of the second model, through the relation of the constants p and v given
in Eq.(7.86) and the introduction of the parameter 7 in Eq.(7.88), the latter serves
as the sole degree of freedom in the system, as is evident in the solution for the
Hubble parameter Eq.(7.90). From observational constraints, it was concluded that
only the positive solution is viable with n ~ 0.84. However, irrespective of choice
of n close to that value, it is observed that the resulting growth structure evolution

remains identical.

As an example, 7 is chosen to be 0.9. The resulting growth structure evolution is
shown in Fig. 7.6 which clearly does not describe any realistic behaviour. Barely
any structure forms (small growth values), and the CDM growth is always in an un-
derdamped state with practically no structure left at present times. The behaviour
is further supported from the values of the frequency and damping ratio in Figs.7.7

and 7.8 respectively.
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Figure 7.6: Growth evolution for the model F(T,7) = —T [1 + (%, + u) } where

the constants obey the relations Eqgs.(7.86) and (7.88) with n = 0.9 for the positive

Hubble solution Eq.(7.90). The resulting growth evolution is that of an ever under-
damped oscillator, which is far from ACDM predictions.
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Figure 7.7: Natural frequency evolution with scale factor for the model F(T,7) =
-1
_T [1 n (# + V) } for the positive Hubble solution Eq.(7.90) with 7 = 0.9. As

the frequency takes positive values, the resulting growth evolution becomes oscillatory.
Furthermore, the magnitude of the frequency increases with scale.
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Figure 7.8: Damping ratio evolution with scale factor for the model F(T,7T) =
—1
T |1+ <%ﬁ + y) } for the positive Hubble solution Eq.(7.90) with n = 0.9. Here,

since ((a) < 1 for all the considered scales, the system behaves as an underdamped
oscillator.

Starting with the frequency, this is always positive, causing the oscillatory behaviour.
The frequency increases with scale, leading to the observed increased number of
periods. From the damping ratio, it is observed that for all it scales lies in the
underdamped state, hence causing the decay. Thus, the model is deemed to be

incompatible with observations.

7.5 Discussion

Throughout this chapter, the role of scalar perturbations in the formation of large
scale structure has been investigated for the class of teleparallel theories which in-
clude couplings to the trace of the stress energy tensor 7. Since the main aim was
to investigate the formation of structure of CDM, sub-horizon scales were chosen.
After examining the basic key features of the expected growth evolution for CDM
and other primary ingredients present during various cosmological epochs, the large

scale structure for CDM was then derived. This was carried out during times well
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within the matter epoch, and in the absence of anisotropic stress and other fluids
as their contributions are small. This leads to the final growth equation Eq.(7.69)

which is the main result of this chapter.

To investigate its evolutionary properties, the equation is compared to a damped
harmonic oscillator. The GR and f(T') gravity limits lead to a frequency which is
scale-independent, a result previously obtained in literature. Furthermore, within
reasonable bounds for viable f(T") gravity models, the model is effectively ACDM.
In more general f(7,7) theories however, the frequency is observed to have a strong
k% dependence proportional to f. This is similar to what is obtained in f(R,T)

gravity, therefore questioning the viability of the gravitational model.

The role of the k% dependence is then investigated for model Lagrangians which
satisfy the standard conservation of the stress-energy tensor. As derived in Refs.
(94, 95], two models have been investigated, F(T,T) = av/T + 8 and F(T,T) =
-7 {1+ (\/er+y>1:|.

The first model corresponds to its f(R,7) equivalent considered in Ref. [328] and
hence the results are expected to be recovered. To match the results, € is chosen
to take the values € = +0.3 x 1073, which lie within observational constraints. For
the positive € case, the model exhibits less growth than ACDM for all relevant sub-
horizon scales, which is further strongly suppressed at larger scales as it approaches
an underdamped oscillating state. In the negative case, structure forms at a faster

rate than ACDM with larger scales yielding a faster growth.

For the second model, only the positive solution for the Hubble parameter Eq.(7.90)
(and, consequently, for v Eq.(7.89)) permits an agreement with observations for the
background cosmological behaviour. This is achieved for values of n which lie within
domains close to n = 0.84 (if the SNe Ia data analysis carried out in Ref. [95] is
included, 0.87 < n < 0.92). However, for all reasonable choices of 1 close to the given

constraint, the resulting evolution is not physical. Taking n = 0.9 as an illustrative
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example, the system evolves as an underdamped oscillator for all sub-horizon scales
with values so small that barely any structure forms. This leads the model to be in

disagreement with observations.

Overall, it is expected that most f(7',7) models do not realise a correct growth
structure formation at large scales due to the strong k? dependence in the theory.
This effect can only be suppressed if it is possible to define a coupling where the
contribution from the stress-energy trace 7 is absent after matter-radiation equality.
In other words, Fr ~ 0 during these epochs, which yields a strong constraint on the

Lagrangian.
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CHAPTER 8

CONCLUSION

Throughout this work, an alternative description to gravity, constructed from torsion
rather than curvature of spacetime, has been investigated. This has been achieved by
an appropriate choice of the connection, as this determines the type of geometry. For
curvature based theories of gravity, the connection is given by the Levi-Civita con-
nection Eq.(2.11) while for teleparallel gravity, this is obtained by the Weitzenbock
connection Eq.(2.12). In its basic form described as TEGR, obtained by replacing
the Ricci scalar R with the torsion scalar 7' in the gravitational action (Eq. 2.20),
the theory has been shown to be equivalent at the level of equations (although
fundamentally different), and hence, most of the results predicted by GR are re-
tained, along with some of the observational problems. In a similar way as carried
out in curvature based theories, extensions to this torsional and teleparallel avenue
have been constructed and studied, in order to try and explain some fundamental

questions about the universe.

In particular, the extensions studied in this work are f(T") gravity, the teleparallel
extension of the Gauss-Bonnet term f(T', 1) gravity, effects of the boundary term
B through f(7T, B) gravity (which includes f(R) theories as a sub-case), as well as
non-trivial couplings between the trace of the matter stress-energy tensor 7 with

torsion in f(T,7) gravity. These different models have been investigated under

187



CHAPTER &: CONCLUSION

different fields, for which the results are summarised in the following sections.

8.1 Homogeneous Cosmological Stability

The stability of the FLRW metric under homogeneous and isotropic perturbations
in the context of f(7) gravity theory have been investigated first. Through these
types of perturbations, one can determine whether the background cosmology is valid
throughout the cosmic evolution, which is achieved by requiring the perturbations
to remain small throughout the evolutionary history. Here, the work serves as a
generalisation of previous investigations where an analytical solution for the matter
and Hubble perturbations (Egs.(3.21) and (3.22)) has now been obtained. These
results show that one can investigate the stability of any f(7') gravity model solely
through the evolution of the Hubble parameter.

To investigate the stability behaviour, two viable f(7') models have been considered:
the power-law and exponential models. By constraining them using observational
data, the models have been shown to be stable as they both appear to remain in a
de Sitter phase at late times (hence being an attractor). Overall, the exponential

model has been shown to be the closest to mimic the ACDM evolution.

Homogeneous perturbations have also been studied for the other gravitational mod-
els, for instance f(T,T¢) [364], f(T, B) [69] and f(T,T) gravity [94,96]. In each case,
however, a general analytical solution for the homogeneous perturbation variables is

not recovered. This could prove to be interesting grounds for future investigations.

Although not investigated in this work, dynamical systems have proven to be a very
useful tool to determine the overall behaviour of a model without having to resort to
solving the system analytically. Thanks to this approach, one can easily discriminate
between viable models according to the phase trajectory of the cosmology. In the

case of f(T) gravity, this has been thoroughly investigated with the work in Ref. [177]
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describing the general behaviour for any given f(7') function. For the remaining
models, work has been done with the aim of determining their dynamics, but has
been mostly applied for very specific models, as shown in the case of f(T,T¢) gravity
[81] and f(T,T) gravity [94,365]. Thus, it still remains to be seen what the overall
picture of these theories holds in terms of general evolution viewed from the eyes of

dynamical systems.

8.2 Cosmological Reconstruction

The method of cosmological reconstruction has been applied in f(7,T¢) gravity to
construct Lagrangians capable of describing various cosmological histories. Recon-
struction therefore serves as a powerful tool to hint towards a more concrete form of
the gravitational Lagrangian without resorting to testing different model ansatz. In
the case of f(T,T¢) gravity, the resulting PDEs are too complex to solve and hence
different ansatz choices are considered. The Lagrangian is further constrained to be

able to recover the vacuum solutions which require f(0,0) = 0.

For power-law and de Sitter cosmologies, various models have been constructed and
shown to be able to satisfy the vacuum constraint. However, in the case of a ACDM
cosmology, although a Lagrangian can be reconstructed, none of the ansatz models
considered are able to satisfy the vacuum constraint. The reconstructed solutions

are summarised in Tables 4.1, 4.3 and 4.4.

Bouncing cosmologies have also been investigated, since they serve as an impor-
tant alternative to the singularity problem encountered in a Big Bang, and as an
alternative to inflation. Future singularities can also arise through bouncing cos-
mologies used to discuss the possible future state of the universe (e.g. Big Rip) or
a mechanism for a graceful exit inflation (Type IV singularity). Overall, although

different f(7T,Ty) Lagrangians can be reconstructed for all the bouncing models
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considered, only the superbounce and Type III singularity are able to satisfy the
vacuum constraint within a non-empty universe. Thus, if this condition is enforced,
the type of bouncing cosmology is restricted. For the bouncing models considered,

the reconstructed solutions are given in Tables 5.1-5.4.

From these results, it would be an interesting viewpoint to investigate the role
of f(T,Tg) gravity in further detail, given its capability to describe cosmological
solutions which are also able to recover vacuum solutions. This analysis can also
be extended to f(7T,B) gravity and f(7,7) gravity primarily in the context of
bouncing cosmologies. Reconstructed solutions for power law, de Sitter and ACDM
expansion histories have been carried out in the literature; see Refs. [69,71,366] in
the context of f(T', B) gravity and Refs. [94,97,98] for f(T,7T) gravity. For all the
models considered, the analysis can also be extended to reconstruct the Lagrangian

based on the SNe Ia data in a similar context as carried out in f(R) gravity [182].

8.3 Gravitational Waves

The existence of GWs has been investigated in a weak-field linearised gravity ap-
proach, which yields linearised teleparallel field equations used to determine the
basic properties of the waves predicted by said theories. In particular, the number
and type of the polarisation states together with their speed has been investigated.
With present and future data regarding these two properties of GWs, these will
therefore serve as constraints for the theory. Furthermore, the analysis has been
carried out under two formalisms, the so called metric and tetrad approaches, to

illustrate that both approaches lead to the same consistent result.

Starting with the simplest case of f(T') gravity, the well known result that the same
polarisation states and speed as GR is recovered. However, when a cosmological

constant background is introduced, the result changes slightly. Despite it exhibiting
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the same behaviour as encountered in GR with a cosmological constant, a new effec-
tive cosmological constant given in Eq.(6.112) is obtained. This causes an amplitude
and phase shift difference, which agrees with the tensor perturbation analysis shown
in Refs. [284,327]. For higher-order perturbations, the gravitational radiation rela-
tion is the same as that found in GR but at third order, a contribution from fr1(0)
arises deviating from GR. This was not explored further due to the complexity of

the equations.

Next, in the case of f(7T', B) gravity, the result is effectively identical to that encoun-
tered in f(R) gravity, it being a massive scalar mode with the speed of propagation
being smaller than that of light for fgp(0) # 0 together with the massless two
tensor modes. The model has also been investigated in a cosmological constant
background setting, but could not be solved in general. Nonetheless, it is expected
that the cosmological constant affects the amplitude and phase of the waves. Fi-
nally, for f(T,Tg) gravity theory, the standard massless tensor polarisations arise,

which was expected as T represents a higher order term.

This work provided the basic GW features of the models. However, a more detailed
account about the aspect of cosmological perturbation theory is still required. One
would be able to calculate the primordial GW tensor spectrum and then compute
the scalar-tensor ratio which is well constrained from Planck data [152]. For in-
stance, in f(7T') gravity, models which yield a matter bounce cosmology suffer from
the same issues of matter bounces themselves, namely having a scalar-tensor ratio
incompatible with observations [234,367]. On the other hand, this scalar-tensor ratio
could match with observations provided certain constraints on the f(7') Lagrangian

are satisfied [285,368]. This analysis could be extended to the other theories as well.

Another important point is that, although the tensor modes have been shown to
propagate at the speed of light on a Minkowski background, this is not necessarily
true on an FLRW background. As discussed in Chapter 6, f(R,G) theories have

been shown to yield a different wave speed, and hence are strongly constrained from
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observations. Thus, it would be interesting to see whether this is also true in its

teleparallel analogue and in f(T, B) gravity for the tensor mode propagation.

Lastly, the GW polarisations of f(T,7T) gravity could also be investigated. However,
it is expected that this will reduce to the same result as f(7") gravity since in the
weak-field regime, the system is analysed far away from the source leading to 7 — 0.
This is similar to what occurs in f(R, T") gravity [369]. However, if this stress-energy
trace is sourced by a scalar field ¢ for instance (with stress-energy trace 7¢), this

could realise new modes, as shown in f(R, T?) gravity [369).

8.4 Large Scale Structure

Growth of large scale structure in the context of f(7,7) theory was investigated
through the use of scalar linear cosmological perturbations in an FLRW background.
By using the correct form of the tetrad scalar perturbation Eq.(7.28) and focusing
on sub-horizon scales, it was found that the growth factor is strongly dependent on
scale due to the k?-dependence found in Eq.(7.69). A similar feature is found in the
curvature analogue of the theory, and this sets the theory to be strongly constrained

against observations.

For the two F(T,7T) models considered which satisfy the stress-energy conservation
constraint, the growth of the first model F(T,7T) = aV'T + B has been shown to
match that of the curvature derived result as expected, since the Lagrangians are
equivalent, which shows consistency. For the parameters considered, the effect of

scale has been shown to be dominant for sufficiently large sub-horizon scales.

—1
On the other hand, the second model F(T,7) = =T {1 + (%r + 1/> } does not
realise any physical growth even though a satisfactory background evolution is ob-
tained, making the model non-viable. With these results, it has been argued that a

viable model is achieved provided F7 ~ 0 past matter-radiation equality, meaning
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the dependence on the trace should be negligible at late times.

Here, only sub-horizon scales have been investigated. However, super-horizon modes
are as important especially in computing the CMB anisotropy spectrum for low
multipoles. In the case of f(7T') gravity for instance, the super-horizon scale does
not yield a constant potential as found in GR, but is scale dependent leading to
a different behaviour in the low multipole regime [325,326]. Nonetheless, one can
find f(7T") models where this deviation is sufficiently small [181]. The anisotropy
spectrum analysis can then naturally be extended to the other teleparallel models,
namely f(T, B), f(T,Tg) and f(T,T) gravity to be tested against observations. For
instance, f(R) [370-372] (amongst other works) and f(R, G) [373] gravity have been
shown to be able to match with CMB data, and hence it would be interesting to

check whether their torsional analogues are also capable of doing so.

8.5 Final Remarks

Through the investigation of these extended teleparallel theories in various topics on
cosmology, teleparallel theory has been shown to be a viable alternative to explain
the mechanics of gravitation. Nonetheless, these models will always need to be
continuously subjected to present and future observations in order to be able to deem
whether teleparallel gravity can correctly account for all gravitational phenomena.
Following the discussions in Chapter 1, a viable teleparallel theory of gravity must

then be able to, amongst others:

1. Recover the Newtonian weak-field limit and pass all local Solar system tests.
As shown in Refs. [374-376], despite these tests imposing strong constraints
on the parameters of the theory, teleparallel gravity is still able to satisfy all

local tests;

2. Explain the galactic mechanics. This can be achieved by either describing dark
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matter as a manifestation of gravity, or using teleparallel theory in conjunction
with the predicted behaviour and properties of dark matter [377]. The former
has been shown to be possible in the case of f(T') gravity [378];

3. Correctly predict the observed cosmological behaviours, both at a background
level (acceleration and Hubble tension) as well as at a perturbative level (the
CMB spectrum and polarisation spectra, and large scale structure formation).
These features have been shown to be possible as discussed throughout this

work;

4. Correctly predict the GW propagation speeds (to be the same as that of light)
and through future observations, the correct polarisations. Once again, these

are achieved through teleparallel gravity, as shown in Chapter 6.

Therefore, the future of teleparallel theories remains a promising alternative avenue

to provide a more concrete description of gravity.
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