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Abstract

The construction of the teleparallel analogue of Horndeski theory provides the most
general second-order scalar-tensor framework within metric-teleparallel gravity for a single
scalar field. This formalism opens up the possibility of reviving previously discarded Horn-
deski gravity models, as the inclusion of an additional teleparallel term allows for a wider
range of cosmological solutions consistent with the constraints from gravitational wave event
GW170817, particularly the excess speed of the tensor modes. The construction of such a
generalised class of teleparallel gravity facilitates the theoretical work by compiling a list of
constraints stemming from observational and mathematical limits which would hold for a
large class of teleparallel models. In this work, teleparallel Horndeski is explored at both
the background and perturbative level. The theory is applied to construct well-tempered
models that use a dynamical scalar field to screen vacuum energy contributions, addressing
the cosmological constant problem—the large discrepancy between its theoretical and ob-
served values. Upon obtaining the linearised field equations through a scalar-vector-tensor
decomposition, the gravitational wave polarisation structure can be realised: a maximum
of seven propagating degrees of freedom and four polarisation modes of scalar and tensor
nature across the massless and massive sectors for a Minkowski background. The dynam-
ics of scalar-tensor theories provide insight into the physical evolution of cold dark matter,
responsible for the formation of large structures such as galaxies and galaxy clusters. The
solution of the Mészaros equation is used to derive cosmological parameters such as the
growth factor, growth index, fog, and Sg, highlighting any spatially dependent discrepan-
cies in these models. When it comes to comparing models with observations, it becomes
crucial that the choice is taken from healthy branches of teleparallel Horndeski. Ghost and
Laplacian instabilities help identify these pathological sectors. Throughout this study, limits
of well-established theories such as general relativity, Horndeski gravity, and f(7T') gravity
are explored to emphasise the ability of generalised teleparallel Horndeski gravity to not
only recover these familiar theories but also offer a richer structure of cosmologically viable

models.
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Introduction

Cosmology seeks to understand the Universe’s formation, tracing its origins, and its evolution
through distinct epochs that have shaped the large-scale structures observed today, and predict-
ing its ultimate fate. What began as a philosophical curiosity about the cosmos has evolved
into a rigorous scientific discipline, characterised by the interplay between theoretical models
and observational evidence. Recent advancements in observational instrumentation have signif-
icantly enhanced our ability to probe the intricate details predicted by theoretical frameworks,
effectively bridging the gap between abstract concepts and empirical data.

The philosopher Pythagoras was among the first to introduce geometry to explain the Uni-
verse, followed by the likes of the Aristotelian concept of celestial bodies governed by concen-
tric spheres, giving the earliest idea of gravitation as these paths dictate the natural place to
which objects fall towards [9]. Galileo provided the experimental groundwork to study the ac-
celeration due to gravity [9]. Additionally, Euler and Hooke [10] proposed the existence of an
aether as a medium through which electromagnetic and gravitational forces could propagate,
and Lorentz [11] and Kelvin [12] explored the treatment of gravitation through the framework
of electromagnetism.

The mathematical formulation describing the theory of gravity, developed by Newton [13]
in the 17* century, provided an understanding as to why objects fall towards Earth and how
planets rotate around the Sun: any two objects are attracted to each other with a force pro-
portional to the product of their masses and inversely proportional to their distance squared.
Newtonian gravity became the foundation for classical mechanics and dominated for over 200
years, with applications to this day. By the 20*" century, as advancement in observations going
beyond Earth occurred, the Newtonian formalism came into question. Primarily, the motion of
Mercury predicted through Newtonian mechanics does not correspond to the one observed, as
first noted by Le Verrier [14]. According to Newtonian physics, as an object orbits around a

spherical mass, the latter mass becomes the focus of an elliptical path. In the case where the
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Sun is the focus, the point of closest approach is referred to as the perihelion and predicted to be
a fixed point. The influence of surrounding planets alters the predicted orbit, resulting in a peri-
helion precession [15]. In light of the discovery of Neptune through the perturbed orbit exhibited
by Uranus [16], Le Verrier himself suggested that there exists another planet, dubbed Vulcan.
Additionally, Newtonian physics did not correlate with calculations of the angular deviation of
light from gravitational lensing observations [3] and the observation of gravitational redshift [17].
In reluctance to deviate from Newtonian formalism, many suggestions included slight modifica-
tion from it, including reconsidering the existence of the aether [10, 11, 12|. The paradigm shift
brought on by the formulation of GR accounted for the challenges that Newtonian mechanics
was facing, wherein Einstein introduced a completely different treatment of gravitation.

GR, a geometric theory of gravity, states that the curvature of spacetime is related to the
energy and momentum of matter. In the over 100 years since the development of GR, the theory
has successfully passed the aforementioned classical tests along with additional tests stumbled
upon throughout the years such as Shapiro time delay effect [18, 19|, Lense-Thirring preces-
sion [20, 21], among others. While other theories of gravity have been developed, GR has always
been a reference point as its limit has been shown to hold well within the solar system scales,
despite inconsistencies on others. One issue is the lack of a link between GR and quantum
mechanics, mainly due to the two mechanics governed by distinct, and somewhat contradict-
ing, principles [22]: Strong Equivalence Principle (SEP) [23] and Heisenberg uncertainty [24]
principle, respectively. Moreover, tracing back the evolution of the Universe, it results in a Big
Bang singularity [25, 26, 27|, where classical formalism breaks down. Additionally, GR does
not resolve the horizon problem [28|, flatness problem [29], and monopole problem |30, 31|, for
which an inflationary epoch is typically added onto the GR framework to resolve. The addition
of inflation would require a particular set of initial conditions, some considering it to be a highly
fine-tuned event.

The field equations stemming from GR were once altered by Einstein himself with the in-
troduction of a cosmological constant A to describe what was once believed to be a static Uni-
verse [32|. The formalism was later retracted in light of Hubble’s observation of an expanding
Universe [33], but in recent years it has had a resurgence following observations of Type Ia su-
pernovae indicating the Universe is experiencing an accelerated expansion [34]. An accelerated
expansion suggests there exists a constituent within the Universe, referred to as dark energy,
behaving as a repulsive force opposing gravity and dominating. The prefix dark is a befitting
moniker as the nature of the dark energy is shrouded in mystery while also being difficult to
obtain direct detection as it does not interact with the electromagnetic field [35]. This also
applies to dark matter, used to describe the matter responsible for growth during the early Uni-
verse and maintaining large structures such as galaxies and galaxy clusters [36, 37, 38]. The

Cosmological Constant (CC) is added to extend GR into a dark energy model with a vacuum
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energy. Intuitively, the term vacuum, attributed to the absence of radiation and matter, suggests
that an empty space would not have energy. While this holds at the classical level, quantum
fluctuations arising from interactions between particle and antiparticle pairs result in a non-zero
mean vacuum energy, as per the Heisenberg principle [24]. While vacuum is not null energy, it is
the lowest energy level. CC is not short of its own issues. Comparison between theoretical and
observational values of vacuum do not correlate. Merely calculating the contribution of proton-
neutron interactions [39] results in a vacuum energy larger than what is observed by order of
~ 10'°. Approaches to resolving the CC problem include incorporation of different theoretical
frameworks such as string theory [40] and supersymmetry [41, 42|, self-tuning, well-tempering,
among others. The classical approach of well-tempering formalism in scalar-tensor theories allows
screening of the vacuum energy as it circumvents Weinberg’s no-go theorem, which states that
fields within the vacuum state have constant fields and are invariant under Poincaré [43] while
being able to retain radiation and matter contributions which self-tuning fails to recover [44].

A complete departure from GR would be difficult to justify, especially following the recent suc-
cess of Gravitational Wave (GW) detection. The prediction of GWs through the GR formalism
marked its 100" anniversary with the first detection of a GW as a product of binary blackhole
merger by the Advanced Laser Interferometer Gravitational-wave Observatory (A-LIGO) and
Virgo Collaboration using an Earth-based gravitational interferometer [45]. The first indirect
evidence of the existence of GW occurred upon the discovery of binary pulsars by Taylor and
Hulse [46], as following years of observation of energy losses coincided with GR predictions [47].
Such results further fuelled the interest in obtaining direct detection. After the detection of
GW150914 [48], many other GW detections, with binary systems made up of blackholes, neu-
tron stars and a combination of the two have been documented, all of which point towards two
tensor polarisation modes given by GR. Additional mode detections can become possible as
further sensitivity upgrades are implemented and upon operation of the Laser Interferometer
Space Antenna (LISA) [49, 50| space-based mission which is designed to bypass the limitations
of fixed orientation and eliminate interference from Earth-based noise. In particular, due to the
template matching nature of interferometers |51, 52, 53, 54, 55, 56, 57|, it becomes key to provide
the foundation and theoretical background of modified theories of gravity to realise the detection
of other propagating Degree of Freedoms (DoFs), apart from the tensor modes.

Modified theories of gravity have been developed to tackle a variety of tensions within cos-
mology. To name a few, there is Einstein-Cartan with the incorporation of torsion [58, 59, 60]
and Brans-Dicke with the addition of scalar field [61] providing slight modifications to GR,
F(R) [62, 63] and Tensor-Vector-Scalar Theory (TeVeS) [64] to tackle dark energy and dark mat-
ter, higher-dimensional theories such as string theory [40], quantum gravity [41, 65] aiming to
unify with GR, scalar-tensor theories such as Horndeski gravity [66], and alternating the geo-

metric background as done in Teleparallel Gravity (TG) [67] with nonmetric-based Symmetric
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Teleparallel Gravity (STG) and torsion-based Metric Teleparallel Gravity (MTG)!. The latter
formalism, where curvature and metricity are set to vanish, has gained prominence in recent
years as Teleparallel Equivalent of General Relativity (TEGR) [1] can be obtained, providing an
ode to Einstein-Cartan [58]. Here, while the TEGR action is distinct from the Einstein-Hilbert
action, they are dynamically equivalent up to a boundary term B. The main distinction of this
geometric formalism is that the fundamental dynamical object is no longer the metric but the
tetrad which provides the foundation to construct the metric and describe the manifold, and spin
connection to encompass inertial effects and counter the infinite choice of tetrads yielding the
same metric [60, 68]. In the interest of having modified gravity, the torsion scalar T is upgraded
to an arbitrary function f(7') [69], which has been wildly studied due to its ability to study
cosmology without dealing with fourth-order contributions. Naturally, other modified theories
has been suggested such as New General Relativity (NGR) [70], f(7, B) [71] which is able to
replicate f (R) theories, and scalar-tensor theories [61, 72, 73|, among others. The latter category
is inspired by the possibility of relaxing Lovelock’s theorem within four-dimensional geometry by
introducing an additional scalar field ¢ and still being able to retrieve second-order field equa-
tions [74]. A scalar field offers an additional dynamical DoF to tackle inflation as it behaves
as an inflaton, accounting for dark matter and drives dark energy [75, 76, 77|. While the f(T")
can be easily altered to f(¢,T), within the context of MTG, Bahamonde-Dialektopoulos-Levi
Said (BDLS) provides the most generalised action in four-dimension based on the tetrad with a
single scalar field [78].

BDLS can be described as a teleparallel analogue to Horndeski gravity. The curvature-based
formalism of Horndeski gravity has recently gained traction? as it can provide the framework for
cosmological tests for a large number of modified gravity candidates at the time, following the
discovery of an accelerated expansion. Hence, from a theoretical standpoint, it became easier
to study multiple branches of Horndeski theory. The observation of inspiral binary neutron
star GW170817 [80] and its electromagnetic counterpart Gamma-Ray Burst (GRB)170817A [81]
resulted in heavy constraints on the speed of propagation of tensor modes ct to ‘1 — %T‘ <
10715 [82], where c is the speed of light. This outcome brought with it the elimination of large
number of Horndeski models, specifically terms containing g*” @“qﬁﬁy(l) which had already been
implemented and studied into cosmological tests [83, 84]. By moving towards tetrad foundation,
an additional teleparallel function along with the standard Horndeski action allows reviving
previously discarded models while also being in line with observational data [78].

On a large scale, the Universe is considered to be spatially homogeneous and isotropic [85];

the Cosmological Principle. As done in GWs, exploring cosmological perturbations is vital to

In literature, oftentimes the terms TG and MTG have been used interchangeably.
In Ref. [79], to mark the 50'® anniversary since the construction of Horndeski gravity, Horndeski details the
revived interest in the theory.
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study how small disturbances in the background of spacetime yield the ripple effects which result
in the changes leading an initially hot, dense Universe into the current situation of a Universe
with Cold Dark Matter (CDM) which formed galaxy and galaxy clusters [86, 87, 42]. Grav-
itational perturbations alter the behaviour of matter, hence dictating the structures present.
Thus, a system of perturbations can be condensed down in terms of matter perturbations by ob-
taining the differential equation referred to as Mészaros equation, giving separate growth factor
solutions at different horizon scales [88]. Taking into account the Hj tension, an array of early
Universe observations such as Planck [89, 2|, Atacama Cosmology Telescope (ACT) [90], South
Pole Telescope (SPT) [91] and local measurements such as Hy Lenses in COSMOGRAIL’s Well-
spring (HOLiICOW) [92|, Pantheon+ [93|, Dark Energy Spectroscopic Instrument (DESI) [94],
are currently being carried out and future data releases by Euclid [95] and LSST [8] to resolve
such discrepancy in Hy value. These data surveys could shed light on the growth structure of the
Universe through the parameters fog and Sg, and determine deviations from the current stand-
ing ACDM model, a model where the Universe is mainly made up of dark energy represented
by a CC, CDM and ordinary matter [9, 96]. This concordance model has had its long-standing
issues such as the lithium problem [97, 98, 99, 100| and Cosmic Microwave Background (CMB)
anomalies [101], topped with the current statistical cosmic tensions due to inconsistencies be-
tween direct measurements of expansion at late times [102, 103, 104] and the model dependent
measurements provided by data from early Universe |2, 105, 106]. Many suggestions have been
proposed, such as early dark energy models [107] and exotic neutrino models [108|, which require
altering the sound horizon to obtain a large Hubble constant given a fixed CMB angular scale,
incompatible with the growth of large structures [109]. Again, this is where modified gravity
may be able to reconcile issues with these modifications.

The introductory description of modified theories of gravity may have suggested that a new
theory of gravity can be obtained by simply adding extra dependents to an arbitrary function in
the action. Such theories could result in pathological branches as models within these subcases
have ghost instabilities where the Hamiltonian is missing a lower bound [110], leading to the
production of negative energy states [110, 111], and Laplacian instabilities which result in rapid
and exponential growth of very small fluctuations [112]. Hence, it becomes important that
modified theories of gravity are investigated to obtain the necessary constraints yielding viable
cosmological models.

In this work, the topics aforementioned are explored through the lens of BDLS. The metric-
teleparallel formalism and generalisation of BDLS provide the tools to study a plethora of sub-
cases simultaneously. Restrictions obtained for BDLS also hold for branches such as f(T") [69],
f(o,T) [113], NGR [70], generalised teleparallel dark energy [73], generalised teleparallel scalar
tensor [72], tachyonic teleparallel gravity [114], among others. Thus, cosmological tests are sim-

plified through a theoretical point of view, making a solid argument for the appeal of BDLS.
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Not only can BDLS revive Horndeski models which have been previously eliminated through
observational data [115, 116, 117, 118, 119, it offers an avenue to study other theories which
have yet not been explored. The project is split into the following chapters.

Chapter 2 provides a theoretical overview of the construction of BDLS. Starting from GR
and introducing the geometric formalism, while also highlighting the benefits and issues of the
formalism. The most general second-order metric-based scalar-tensor theory of Horndeski gravity
is fleshed out as a modified theory of gravity, where the scalar field opens up doors to implement
inflation, dark matter and dark energy. To circumvent some issues persisting within the geometry
of GR, the tetrad formalism is introduced with a focus on MTG. By combining Horndeski and
MTG, additional scalar invariants yield the formation of BDLS.

Chapter 3 explores if BDLS gravity can obtain a well-tempering model in an attempt to
resolve CC problem by screening the vacuum energy. Additionally, a well-tempering model is
investigated to ensure that its behaviour yields a dynamically stable system through the im-
plementation of phase-space diagrams, that it is consistent with a matter epoch through the
evolution of the Hubble, scalar, matter and density parameters, and that during a phase transi-
tion, the scalar field continues to propagate to be in accordance with a dynamical cancellation.

A key interest lies in reviving previously discarded Horndeski functions [115, 116, 117, 119] as
a result of GW170817 [80, 81] observations. Chapter 4 presents the foundations of perturbations
and variational principles to obtain the equations of motion. To investigate the nature of modes,
linearised field equations are expressed in terms of a Scalar-Vector-Tensor (SVT) decomposi-
tion. Moreover, gauge transformations are presented to express these field equations in terms of
gauge-invariant variables. Such results can be easily adapted to theory limits and gauge choice
convention favoured.

Chapter 5 investigates the propagating DoF's present in BDLS to indicate and realise the
polarisation modes of GWs. This is done for the general full case of BDLS, while also considering
subclasses which naturally arise from the principal polynomial representing the wave function.
The constraints indicate which theories realise scalar, vector and tensor polarisation modes,
setting up a baseline for template matching techniques used in GW interferometers.

Chapter 6 focuses on subcases of BDLS, f(T") and modified GR, to explore the growth of
CDM within the subhorizon epoch using scalar and matter perturbations. The behaviour of
growth parameters such as growth factor, growth index, fog and Sg illustrates the evolution of
matter during a matter-dominated epoch, contributing to the formation of large structures, and
providing an avenue to study discrepancies from the ACDM model. The focus is shifted towards
studying spatial dependencies which may have been overlooked in literature due to previously
implemented procedures.

Finally, Chapter 7 presents theoretical constraints on selecting gravitational models to pre-

vent ghost and Laplacian instabilities across scalar, vector, and tensor modes. This ensures that
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healthy branches of BDLS are possible, but also indicates which subclasses can realise them.
Limits of theories already studied in literature are also presented to show the power and vastness
of BDLS theory in aiding theoretical work for subclasses of the theory. The conclusion in Chap-
ter 8 summarises the results obtained in the previous chapters and details proposals for future
projects to further work within the teleparallel analogue of Horndeski gravity, to construct viable

cosmologies corresponding to observational data.



Scalar-Tensor Cosmologies

The 16" and 17*" centuries brought with them the scientific revolution; adopting scientific
approaches fueled by empiricism, rationalism, and inductivism. Kepler’s laws of planetary motion
inspired Newton to take the behaviour between Moon and Earth and extend it to all objects
surrounding us. Newton’s law of gravitation states gravity is an attractive force between massive
objects [13], which to this day elegantly explains phenomena on Earth. However, by the beginning
of the 20*" century, the established framework provided by Newton had already encountered
several obstacles when looking at the celestial surroundings beyond Earth: the perihelion of
planets, notably that of Mercury [15]; the calculation of the angular deflection of light rays when
compared to results obtained through gravitational lensing [3, 120]; and an explanation for the
observed gravitational redshift [17]. This led to the consideration of a variety of amendments to
keep in line with Newtonian gravity, such as the existence of a new planet influencing Mercury’s
precession. Beyond attempts to confirm such physical scenarios, alternative theories were also
being considered. These ranged from treating gravitation as a wave emitted by bodies [10], a
pulse produced by the bodies themselves [12], or a result of electromagnetic disturbances [11],
all affecting the aether.

The formulation of GR through a geometric interpretation of gravity as a result of the curva-
ture of spacetime, rather than a force, revolutionised cosmology. Soon after its construction, the
theory was able to explain the perihelion of Mercury, gravitational lensing, and gravitational red-
shift. GR has shown be quite successful, predicting the existence of GW [121, 122] and holding
up well within the solar system scale [123]. While still foundational within modern physics, GR
has also been shown to not completely resolve issues that persist in the study of cosmology, such
as accounting for dark matter and dark energy (even with the modification of ACDM), Big Bang
singularity [25, 26, 27|, Hubble tension [102, 104, 105], the lithium problem [97, 98, 100, 101]

and growth tensions [124, 125, 126]'. For this reason, modified theories of gravity became an

'Details of the success and issues of GR are delved into throughout the chapter.
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appealing way to tackle these issues while retaining some of the benefits that GR can offer.

In this chapter, a geometric representation of gravity is illustrated to account for these clas-
sical inconsistencies with the Newtonian framework. This will start with the well-established
theory of GR in Sec. 2.1, highlighting the success of the theory and the issues it still faces. In
this work, the focus is on the modified gravity of scalar-tensor theories, as an alternative ap-
proach going beyond GR. Sec. 2.2 explores the theory of Horndeski gravity, as a generalised
second-order scalar-tensor theory within the curvature framework. By switching the geometric
foundation from curvature to torsion, Sec. 2.3 introduces the teleparallel framework, reaping
the benefits of having a dynamical equivalence to GR while alleviating issues in GR due to the
change in perspective. Thus, the combination of standard Horndeski gravity and TG offers an
avenue to construct a teleparallel analogy to Horndeski theory, dubbed as BDLS, as presented
in Sec. 2.4.

2.1 | General Relativity

The theory of special relativity by Einstein provided an understanding of the Universe from
the perspective of a body travelling at a constant speed, with the exclusion of gravity [127].
The concept was later extended to include the idea of an object undergoing acceleration, hence
generalising special relativity to obtain GR. In GR, gravity is the distortion which manifests
through the curvature of spacetime rather than a force where interactions are presented in gauge
theories [128, 129].

The geometric framework of gravity is based on the equivalence principle, where gravitational
interactions are considered universal. The Weak Equivalence Principle (WEP) states that the
gravitational m, and inertial m; masses are observed to be equal, such that the trajectory of
a free-falling particle is independent of mass and composition [120]. This has been verified
through the E6tvos experiment with a sensitivity of 2 x 1079 [130], followed by more recent
successors such as the MICROSCOPE minisatellite up to a sensitivity of 107° [131, 132]. The
Einstein Equivalence Principle (EEP) further generalises the WEP by including the concepts of
special relativity such that any local non-gravitational experiment in a free-falling laboratory
is independent of the velocity of a frame and position in spacetime, provided small enough
regions of spacetime are considered to allow for gravitational field gradients to be negligible [120].
Ultimately, the SEP further incorporates gravity, implying that the experiment performed in a
free-falling laboratory is also independent of the gravitational effect [9].

Spacetime, first introduced by Minkowski to describe the flat spacetime of special rela-

tivity [133], represents a four-dimensional manifold wherein three-dimensional space and one-
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dimensional time are combined and typically characterised by the coordinates
2 = (20,21, 0%, 2%), (2.1)

where 20 is the time component and the rest of the coordinates represent the spacial contri-
butions, which in this work will represent the spatial Cartesian coordinates (x,y,z). When
gravitation is treated as a manifestation of spacetime curvature, it is required to introduce the
ingredients required to understand curvature. The metric tensor g,,, a tensor of rank (0,2),
provides the tool to describe geometric properties, such as distances and angles. In the four
dimensions considered in Eq. (2.1), the metric tensor gives 16 independent components. The

metric is symmetric

uv = Gvp s (2.2)

to ensure that regardless of the frame of reference, the geometric properties between the same
two points are consistent. Through the consideration of symmetry, the number of independent
components reduces to 10. The metric gives the scalar product of two vectors, say u® and v<,
such that

9(p, v) = guutv”. (2.3)
Additionally, the metric is taken to be non-degenerate such that
g =det(g) =0, or guutv” =0. (2.4)

This property ensures that the rank corresponds to the dimensions expected for consistency
throughout the framework since g = 0 would indicate that the rank value is less than the di-
mensions considered. Additionally, it ensures that the tangent space is properly defined, yielding
the property that each metric tensor has a unique inverse associated with it. The inverse metric

tensor g"” is defined such that

g,uagay = 6Z7 (2-5)

where ¢}/ is the four-dimensional Kronecker delta in the spacetime introduced by Eq. (2.1). Also,
a Lorentzian signature, say (—, +, 4, +), is adopted to create a distinction between temporal and
spatial contributions [9, 120].

Curvature can be described through the connection which links vectors in tangent space,
making the affine connection another important tool. In the case of GR, this connection is given
by the Levi-Civita connection Fﬁ,j

o 1
Fi\w = §g)q (8V9H’Y + a,ug'yl/ - ayg;u/) . (2.6)

10



Chapter 2. Scalar-Tensor Cosmologies

From this point forward, quantities stemming from the Levi Civita connection are represented

with an overhead circle (). The partial derivative can be generalised through the covariant
V1,V2,...sUn

derivative V, which when applied to a tensor of the form T}, 1, um is given by [120]

o

ViV9..Un __ V1iV2...Un
VATmuz-..um = 8>\T,u1u2...um
™ Vive..Vn TV Viv..Un
FAu1TWQ~--um FApgTul’y...um
+IrT Y2ebn g T2 T WY (2.7)

AY T BLR2. Ay L2

Hence, the curvature of spacetime can be understood as the geodesic deviation. A geodesic
generalises the Euclidean straight line for a curved manifold. The geodesic equation
dz* - datdz¥
ds? M ds ds

considers the covariant derivative of a tangent vector to the path x*(s) where s is the affine

=0 (2.8)

parameter such that it describes the trajectory of an object in curved spacetime. Two objects
starting off parallel to each other, being transported along a curved spacetime such that they
moved along different geodesics, will end up with a separation between them [1]. This relative
acceleration between two geodesics, referred to as geodesic deviation, manifests the effects of
curvature [9]. Without going through the derivation, the Riemann curvature tensor ]D%)‘M v is
given by

R, =000, -0, +15,19, — 15,19, (2.9)

to represent the measure of curvature. Performing a contraction yields the Ricci tensor IO%W:
. 5\ oy 2
Ry =R \5 = 9" By (2.10)

with a further contraction which gives the Ricci scalar R

o

R=PR\=g"R,, (2.11)

which represents the scalar curvature.
Another ingredient in GR is the energy-momentum tensor, encompassing the distribution of

flow of energy, which for a perfect fluid is given by
O = (p + p)uu” + pg"”, (2.12)

where p is the energy density, p is the pressure, and u* is the four-velocity. With the aid of
the covariant derivative, the conservation of energy-momentum tensor can be extended to the

curved geometry of GR [9]:

V0" =0. (2.13)

11
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To obtain a relationship between curvature geometry and matter, the action containing both
sectors in GR can be expressed through the Einstein-Hilbert (EH) action [134, 1, 120, 9]:

1 ,
Sgn = 52 d4a:\/—gR—|—/d4a: —g L, (2.14)

where £,, represents the matter Lagrangian and x? = 87G is the Einstein gravitational constant
for which G is the Newtonian gravitational constant. Taking variations with respect to the metric

9w yields the Einstein’s field equation

. . 1 .
G = Ry = 9 R = K20, (2.15)

2 0(V=9Lm)
V—g  0gh
In the years following the construction of GR, the gravitational theory has undergone nu-

where ©,, = — is the variation of the matter contribution L,,.

merous tests; classic tests which brought into question the Newtonian formalism along with
additional tests which came along as observational techniques improved. The perihelion shift
observed can be well described through the geometry provided by GR as the precession of the
orbit of a planet around the Sun due to curvature rather than treating these orbits as static, as
done within Newtonian mechanics [135].

Despite the prediction of light bending around a massive object through Newtonian grav-
ity [136], Einstein’s prediction through GR [137] differed marginally from that obtained solely
through the application of the equivalence principle [137] which had previously agreed with
Soldner’s result. The observation of a total solar eclipse in 1919 corroborated Einstein’s GR
results with a deflection angle of § ~ 1.75” [138], followed by various other measurements further
confirming such a phenomenon with the Shapiro, David, Lebach and Gregory observations over
20 years yielding a result up to 3 orders of magnitude better than the original observation [19].
While the latter takes into account spatial deflection, its time counterpart has been provided
through the Shapiro time delay effect [18]. The deflection in time when a photon passes through
the gravitational field due to a massive object, as predicted by GR, has been verified through
the radio links with the Cassini spacecraft up to 4 decimal places [139].

Moreover, in line with Mach’s principle [140], the rotation of massive objects would re-
sult in a ‘dragging’ effect interpreted as a gravitational field. Lense and Thirring |20, 21],
through the application of GR, were able to provide the theoretical correction to represent
gravitomagnetism. This Lense-Thirring precession has been measured using the LAser GEOdy-
namics Satellite (LAGEOS) [141], Gravity Probe B mission [142] and LAser RElativity Satel-
lite (LARES) [143, 144, 145].

In 1916, following the construction of GR, Finstein showed that the linearisation of the weak
field equations concluded that GR predicts gravitational radiation propagating at the speed of

light [122]; disturbances in spacetime. Following years of doubt surrounding this result, the

12
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1974 discovery of binary pulsar PSR B1913+-16 [46] along with a 30-year observation of orbital
decay, provided indirect evidence of GW [146, 147|. A binary pulsar is a system consisting of a
highly magnetised neutron star which emits electromagnetic radiation from its magnetic poles
(referred to as pulsar) and a dense object such as a white dwarf or another neutron star. The
orbital decay of the pulsar-neutron system provided by PSR B1913+16 was shown to correspond
to the loss of energy due to a GW as predicted by GR with the ratio between observed and
predicted value initially found to be 0.997 + 0.002 [146]. This result has been further improved
t0 0.9986 4+ 0.0016 [147]. The first observation of the GW signal GW150914 by Laser Interferom-
eter Gravitational-wave Observatory (LIGO) and Virgo Collaboration [45] as a result of stellar
binary blackhole merger. This was followed by numerous other mergers resulting from ones
with two blackholes, two neutron stars, or a merger of a blackhole and a neutron star. Further
details on GWs will be discussed in Sec. 5. Additionally, the double pulsar system PSR J0737-
3039A /B [148] can provide multiple independent tests of relativistic gravity, which have been
seen to fit well with the GR formalism [149].

Through these tests, GR has been shown to hold up well as a gravitational theory against
classical and modern tests, within the strong field and at the cosmological scale. Hence, one may
wonder why theories beyond GR are even considered nowadays.

One of the main issues with GR is that it fails to link to quantum mechanics. As stated
by the Penrose-Hawking theorems [25, 26|, there exists incomplete and inextendable geodesics
yielding to singularities. Therefore, at the Big Bang singularity, where the Universe begins from
an infinite density, the classical field equations fail [150, 151, 152]. At this stage, quantum effects
would need to be considered, i.e. the quantisation of the gravitational field [27]. Despite the
attempts through loop quantum cosmology [65, 41| and string theory [40], the main problem
of unifying quantum and classical mechanics persists. This is because while GR is founded in
the SEP, quantum mechanics relies on the Heisenberg uncertainty principle. While the former
formalism explains test particle trajectories through the geodesic equation given by Eq. (2.8),
in the latter scenario a test particle is allocated infinitely many trajectories, each assigned a
probability [22]. Such a distinction in governing principles, i.e. locality vs. non-locality, makes
it difficult to combine both frameworks, hence resulting in considering an alternative theory of
gravity. One such possibility is using theories of gravity whose geometric structure does not arise
from the equivalence principle.

The 1998 observations of standard candles Type la supernovae showed that not only was the
Universe not static [33], but that it is undergoing an accelerated expansion [153, 34|. The driving
force behind such accelerated expansion is hypothesised to be a constituent in the Universe

dubbed as dark energy. One modification done to GR to account for dark energy was to include

13
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the CC A [43] such that Einstein’s field equation (2.15) changes to
, 1 .
Ry = S 9u R+ Mg = KO . (2.16)

The CC, originally introduced by Einstein as a means to achieve a static Universe, leads
to accelerated expansion by dominating with negative pressure, which counteracts gravita-
tional pull. Observations focused on measurements of CMB such as COsmic Background Ex-
plorer (COBE) [154], Planck satellite [155, 2| and Wilkinson Microwave Anisotropy Probe
(WMAP) [156] have shown that dark energy is a dominant constituent in the Universe. These ob-
servations have shown to favour the Lambda Cold Dark Matter (ACDM), where apart from dark
energy, baryonic matter and radiation, the Universe also includes CDM; non-relativistic matter
which interacts gravitationally but does not interact with electromagnetic forces [86, 87, 42]. As
a result, CDM plays a crucial role in explaining the current large-scale structures, as it allows
for the gravitational collapse of slow-moving matter, leading to the formation of galaxies and
galaxy clusters. However, the ACDM concordance model faces its own set of challenges: Hub-
ble tension [2, 106, 105, 157, 102, 104, 158|, growth tension [124, 125, 126|, anomalies in CMB
anisotropy such as significant angular fluctuations [101], lithium problem as measurements are
less than what is predicted by Big Bang Nucleosynthesis (BBN) [97, 98, 99, 100], quasar Hubble
diagram [159, 160, 161], age of the Universe as measured through Pop III stars [162, 163|, among
many other issues?.

Given the range of issues, in recent years many different classes of modified gravity have been
proposed [96, 165, 166, 167, 168, 169], including the consideration of scalar-tensor theories [170,
171] built around the ACDM model while being favoured to describe cosmic inflation with the aid
of a dynamical scalar field during early Universe to account for horizon and flatness problems |76,
172|. Moreover, different approaches to tackling geometry have been considered [173, 22|. In the
rest of the chapter, these different modifications are introduced, starting the with scalar-tensor
Horndeski theory (Sec. 2.2), and introduction to teleparallel gravity (Sec. 2.3), finally presenting
the construction of BDLS (Sec. 2.4) which combines both aspects of Horndeski and teleparallel
gravity.

2.2 | Horndeski Theory

Following the motivations behind considering theories beyond GR, the procedure for the sim-
plest modification is presented here. Lovelock’s theorem states that the Einstein field equations
are the only second-order field equations that can be obtained from a Lagrangian scalar den-

sity constructed from the metric in a four-dimensional geometry [74]. Therefore, for a scalar

Ref. [164] provides a detailed review of challenges the ACDM model faces.
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density of the form £ = L£(gu), not necessarily the Einstein-Hilbert action, yield the follow-
ing Euler-Lagrange given by Eq. (2.16), such that that even for the most generalised action in
four-dimensions and based on the metric would obtain the above solution as part of their field
equations [96]. Hence, to modify the field equation obtained through Eq. (2.15), the following
changes would need to be applied [96]:

B action includes other fields, instead of or apart from the metric tensor,
B includes higher order derivatives of the metric,
B consider higher dimensions of spacetime,

m alter properties that define the field equations, i.e. tensor rank, symmetry or divergence-

lessness,
B non-local theories of gravity.

To relax Lovelock’s theorem, one approach would be to include a single scalar field along
with the metric tensor. In general, multiple scalar fields can be considered. The extension adds
another DoF such that the gravitational constant introduced in Eq. (2.16) becomes dynamical.
Such theories are used to tackle issues in cosmology such as inflation, dark matter, and dark
energy [174]. One of the first scalar-tensor theories was that of Brans-Dicke (BD) theory [61],
which later was generalised a bit further in Generalised Brans-Dicke (GBD) [175]. In recent
years, in particular, there has been a revived interest in Horndeski gravity [66] as the theory
provides a generalised framework to explore a large number of scalar-tensor theories within the
curvature-based formalism.

The aim behind the construction of Horndeski theory is to obtain the most general second-
order Euler Lagrange equations obtained in a four-dimensional spacetime through a Lagrange

scalar density of the form

L =L (g O Gus - - -+ 0ay - - Oy Guvs @, 00, @, - 1 Oy -+ O @) (2.17)

where p,q > 2. In general, the field equations obtained through the variation with respect to

the metric and with respect to the scalar field, are respectively given by the relationships

oL oL oL
WH = = — g, | =—— |+ ...+ (=1)? 04,00, - .. 04 ( ) 2.18
ag#l/ 1(8(8(11‘(]}“,)) ( ) ' : ? 6(8a18a2'--6apgm/) ( )
oL oL oL
_ = _1\4
W 5 Doy (a(aal¢)>+"'+( 1)? 9a, 00y - - - Oy (8(%18&2.”8&#)). (2.19)

A second-order theory can be obtained by allowing at most second-order derivatives of g,,, and ¢

to appear in Egs (2.18-2.19), ensuring that the field equations W, are of a second order nature,

15



Chapter 2. Scalar-Tensor Cosmologies

analogous to those obtained in GR, and further restricts V,WH to also be of second order.
Hence, it results in the action of the form given in Eq. (2.17) where p = g = 2.

To simplify the procedure to construct Horndeski theory functions, the starting point will be
Galileon theory [176, 117, 112]; a theory where the scalar field is symmetric under the Galilean
shift symmetry ¢ — ¢ + b,a" + ¢, resulting in the Lagrangian [117]

L=c1d+ X + 3 X Olb+ %4 [X (O6)2 — 040" ¢ 0,0,0) + 0,0 0, 90" $C1p — D, X 8“X]

+ 3 [ = 2%)(06)° — 30,0,0 00" 906 + 20,0, 0,0"6 90 )
+30060,X ((09)2 — 9,0, 99" 9) + 69, X (D6 "X — 99”99, X) |, (2.20)
where 0 = 9,0/ is the Minkowski d’Alembert operator, X = —%n’“’ ¢..0,» and ¢; are constants

for i € [1,5], such that the Lagrangian is described with a Minkowski background. When

considering integration by parts, the Lagrangian reduces to

L=ci¢+cX — 3 X0+ es X (0¢)* — 0,0,¢ 049" 9)

_ %”X ((i¢)3 — 30,0, 0" 0o+ 28,0,6 0" P ¢ 8,\8“gz5) . (2.21)

As stated in Sec. 2.1, by the equivalence principle, all laws of physics holding in flat spacetime
can be incorporated in curved spacetime. Hence, each Minkowski ingredient can be promoted to

curvature spacetime, such that
M = gu» and 9, = V. (2.22)

It should be noted that such a transformation is not as straightforward as simply replacing the
quantities. In contrast with partial derivatives, the covariant derivative is not commutative. This
results in undesired higher-order derivatives in the Lagrangian Eq. (2.21). Additional correction
terms are introduced to cancel out these higher-order derivatives, thus ensuring that the theory
remains a second-order gravitational theory. Moreover, for a further generalisation, constants ¢;
will be substituted with arbitrary functions G;(¢, X) dependent on ¢ and

1
X = 39" 0u60,9, (2.23)

such that Horndeski theory is given by

5
»CHorndeski = Z Lz 5 (224)
=2
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where
Ly = Ga(9, X)), (2.25)
Ls=—Gs3(¢,X) 06, (2.26)
Li=Gi(d, X)R+Gux [(EW S VAN (2.27)
L5 = G5(¢, X)Gpu VIV ¢
1 o o o o o o o o o o o o
~ £Gs.x(6.X) [(ng)?’ OV, Vb VIV VARG — 316V, V0 VEVY | (2.28)
where G;(¢, X) are arbitrary functions for i € [2, 5], functions of the form G ;(¢, X) = aG(ad;.’X)

for j € [¢, X], %u is the Levi-Civita based covariant derivative defined in Eq. (2.7), and [J =
@#6“ is the d’Alembert operator.

Such a theory encompasses other scalar-tensor theories, constructed with the same restric-
tions. These include, and are not limited to: Generalised Brans-Dicke (GBD) [175] which is
a generalisation of the original Brans-Dicke (BD) theory [61], generalised Galileon [177] which
is a further generalisation of covariant Galileon [176, 116|, cubic Galileon [178], Kinetic Grav-
ity Braiding (KGB) [179], quintessence models [180, 181], nonminimal coupling of the form
F(¢)R [182] and of the form é“"gb,ﬂgb,,, [183], k-inflation [184] and k-essence [185] models, f(R)
models recast in terms of scalar-tensor notation [186, 187], Fab Four model [118] which later was
extended to Fab Five model [188], and importantly the Einstein-Hilbert action [134]. Such a list
of diverse models within Horndeski gravity emphasises the richness of the theoretical foundation,
making it possible to study subcases well-studied within the literature. The Lagrangians of some
of the subcases have been detailed in Table 2.2.

Despite the recent interest in Horndeski theory, the multimessenger observations of GW170817
by A-LIGO and Virgo collaboration [80], along with the measurements of electromagnetic coun-
terpart GRB170817A [81] showed that gravitational wave speed is almost equivalent to the speed

of light in a homogeneous universe, with deviations within one part in 1015, specifically
B3x107 P <eqw—1<T7x10710, (2.29)

where céw is the propagation speeds of the tensor modes where [112]

s Gy — X(¢G5.x + Gs.4)
Gy —2XGyx — X(HpG5 x — Gs.4)

As a consequence, such stringent constraints eliminate branches of Horndeski gravity [189, 190,
191] when imposing that Eq. (2.30) is equivalent to the speed of light. In particular, it is required
that [112]

Gi(p, X) — Gu(0), and Gs5(9,X) — ¢, (2.31)

17



Chapter 2. Scalar-Tensor Cosmologies

where ¢ is a constant. The mixing term g‘“’%ugbﬁl,qb in Eqgs (2.27-2.28) yield to alteration to
the graviton speed, resulting in restrictions on quartic Galileon and quintic Galileon [116, 117]
models, de-Sitter Horndeski [192], Fab Four [118], and purely kinetic coupled models [119]. These
theories sum up some of the most interesting cases of Horndeski gravity. Therefore, inflation [189],
blackhole solutions [193, 194, 195|, and neutron star studies [193, 196, 197] investigated within
Horndeski theory and its subclasses are severely restricted, calling into question whether or not
the terms modified in Eq. (2.31) can be revived either by considering higher order derivatives or

reconsidering geometric foundations, the latter suggesting moving away from curved spacetime.

2.3 | Teleparallel Gravity

The concept of considering a different geometrical framework is not a new idea. Weyl first
attempted to unify gravitation and electromagnetism in 1918 [198|, a framework which later
became the foundation for the notation of gauge theory [199, 200|. Following studies on torsion
by Weitzenbock [60] and Cartan [59], Einstein himself suggested the formalism of torsion through
a TEGR approach in an attempt to unify the two realms [58] due to its gauge theory terms in
which it is constructed. Despite the unsuccessful attempt at unification, in recent years it has
provided an avenue to approach gravitational theories from an alternative geometric perspective.
It would be interesting to have a look at the more generalised metric-affine geometry before
exploring its subcase of MTG.

The generalised metric-affine formalism can be obtained through the metric g, described in
Sec. 2.1 along with an affine connection ffw [201], where V is the associated covariant derivative.
It should be noted that overhat (") notation is reserved for quantities obtained through the affine
connection fﬁy, while an overring (°) still represents objects constructed from the Levi-Civita
connection I‘;}V With these two structures, different geometrical objects can be defined to classify

geometries through three spacetime characteristics:

B Non-metricity is defined as the measure of length change of a vector as it is parallel trans-

ported. It can be defined as

Q)\m/ = v)\guu, (2‘32)
where the connection is eliminated.

m Torsion is defined through the antisymmetry® of the affine connection as

A A
T, =—20% (2.33)
3Square brackets represent antisymmetry operator for which f‘aw] = % (fﬁ,, - f‘,ﬁu)
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such that it represents the measure of non-closure when parallel transporting two infinites-

imal vectors to form a parallelogram.

m The property of curvature previously described in the realm of curvature-based geometry

given by Eq. (2.9) can be generalised for an affine connection as

DA _ A MA PA T A T
R ppv Fulap B Fup,v + Fap FZV -1 FZP ) (2.34)

which interprets the measure of rotation of a vector at the original position after moving

along a closed curve.

These individual properties can be illustrated through Fig. 2.1.

Figure 2.1: Ilustration of the three characteristics of spacetime: non-metricity (2.32), tor-
sion (2.33) and curvature (2.34). Figure adapted from Ref. [1].

The affine connection can be decomposed into
PA . A A A
Lo, =T, +K°, +L1L%,, (2.35)

where F;\W is the Levi-Civita connection defined by Eq. (2.6), K /\W is the contortion tensor

. 1/. . .
B, (T# A+ T - T’\W) , (2.36)

dependent on the torsion tensor and the disformation tensor
Ay LA AN A
L,uzz :§<Q ,uz/_Qﬂ Z,_Qy u) ) (237)

expressed in terms of the non-metricity tensor. From metric-affine geometry, subclasses can be
obtained by setting some of properties described by Eqs (2.32-2.34) [173], as summarised in
Table. 2.1.
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metric teleparallel

symmetric teleparallel

Subclass Connection Geometry
Q A =0 metric-compatible Riemann-Cartan
A)‘W =0 symmetric Weyl Gravity
R’\Mw =0 flat General Teleparallel
QMD =0, TAW = Levi-Civita GR and its extensions

Metric Teleparallel / Torsional
Symmetric Teleparallelism

Minkowski Spacetime

Table 2.1: Subclasses of metric affine geometry by setting combination of Eqs (2.32-2.34) to
vanish. For each subclass, the connection is listed along with the class of geometry in which
these conditions are satisfied. TEGR action in Eq. (2.68) falls under the metric teleparallel class
and STEGR action in Eq. (2.69) falls under the symmetric teleparallel class.

The trinity of gravity refers to the three major frameworks that describe gravity obtained
by setting one of the characteristics in Fig. 2.1 to be non-zero: GR, metric teleparallel and
symmetric teleparallel geometries [1]. In Sec. 2.1, it has already been shown that contraction of
the Riemann tensor given by Eq. (2.9) after setting torsion and non-metricity tensors to vanish
in Eq. (2.34), yield the Ricci scalar by which the Einstein-Hilbert action given by Eq. (2.14) is
described. Similarly, contractions of torsion tensor (2.33) and non-metricity (2.32) separately,
independent of the other spacetime characteristics, can obtain a dynamical equivalence to GR [1].
Here, the focus will be shifted to the metric teleparallel geometry in which we will obtain such
equivalence.

As previously stated, the metric teleparallel geometry is curvatureless and satisfies the metric-
ity condition:

R =0, and

wpv Q)xuu = 0, (238)

where the over-hat (") notation has been dropped when referring to quantities using the torsionful

connection I'? . with the latter being obtained through modifications of Eq. (2.35) yielding

pvo
rjw = ffw(RAW =0,Qxu =0) = fﬁw + K’\W , (2.39)

such that the difference between a torsionful connection and a curvatureful connection is given

by the contortion tensor. The disformation tensor vanishes as

L/\;w = z)\yy(R)\upy =0, Q)\,uu = O) =0. (2.40)
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In contrast with the curvature-based theories such as GR and Horndeski gravity, the metric g,
is no longer the fundamental dynamical object of a torsionful theory, instead described through

the tetrad eA“ and spin connection w4

B> Where capital Latin indices {A,B,C,...} represent

the local Minkowski spacetime, and Greek indices {«, 3,7, ...} represent the general manifold.
The foundation of gauge theories is to consider a general differentiable manifold where for

each point x* of spacetime, there exists a tangent space represented by a basis of vector for the

tetrad field given by
{Eq} = {04}, and  {e?} = {dz}, (2.41)

such that the soldering between each point of the general spacetime and the Minkowski tangent

space is given by
Ea=FE "0,, and et = eAudx“, (2.42)

where eA“ is the tetrad, and E," is the inverse tetrad which by definition of dual bases satisfies

the orthogonality condition

et Bt =05, and  e? B, =0y, (2.43)

where d;, is the four-dimensional Kronecker delta [22]. With the aid of the tetrad, the Minkowski
spacetime n4p can be linked to the general manifold g,, through the relationship

Guv = nABeAMeBV, and nag = guwE “Eg” . (2.44)

The commutator of the basis {E 4} gives the relationship [202, 129|
[Ea,Ep] = f%upEc, (2.45)
where f¢ 4p Tepresents the anholonomy of the frame such that

fCap=E,"Ep” (9,e°, — 0,e,) | (2.46)

I

and encapsulates both inertial and gravitational effects. In the case where fCA g = 0, this will
result in a holonomic basis, such that they are locally integrable [22].

MTG, through the tetrad, naturally constructs a gauge theory of translations [203]. Gauge
theory of rotation does not necessarily conserve the energy-momentum tensor covariantly [204].
Hence, by considering the gauge translation of [22]

Z

R (2.47)
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where £4(z*) represents the infinitesimal local transformation such that operators 94 generate
these transformations and satisfy [04,05] = 0. When considering the infinitesimal transforma-

tion, denoted by 8., of a source field, ¥(Z4(z*)) is given by
6.0 = 40,0 (2.48)
while its derivative
0e(0,0) = £204(0,9) + (0,1 (0aY) (2.49)

where the second term on the left-hand side violates gauge invariance. Point-dependent transfor-
mations, such as gauge transformations, are said to be covariant under transformation but their
derivatives are not necessarily covariant [23|. Therefore, it is required to introduce the gauge

potential BAN, where, by definition,
0B, = 0,8 . (2.50)
This is obtained by defining the gauge derivative as
e U =e”, 04V := 9,V + B, 040, (2.51)
implying that the non-trivial tetrad is given by
e, =02t + B4, (2.52)
such that gauge invariance is obtained and gives
b (e,0) = £404(0, D). (2.53)

Apart from what f€,5 in Eq. (2.46) represents, up to this point, all relationships presented
hold for both trivial and non-trivial frames. The inertial effects are introduced as the Lorentz
transformation A% g from Lorentz group S0 = O(1, 3) applicable to the local Minkowski space-

time such that
it = AP (2.54)
It should be noted that BAH is classified as a Lorentz vector in tangent space, which by definition
BA, = ApBE, . (2.55)

Applying Local Lorentz Transformation (LLT) to the tetrad as defined in Eq. (2.52) and substi-
tuting Eqs (2.54-2.55) results in

éAH - AABGA“ = AABauJJA + AABBBu

= Oua + B, + Ao, APaC (2.56)
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The last term is the flat spin connection
wle, = Ao AP (2.57)

showing that it is a pure gauge degree of freedom and is a fundamental component when dealing
with metric teleparallelism [60, 68]. It is antisymmetric in the first two indices such that w® By =
—wBA# and satisfies [173]

C
8[HwA|B|I/ + w ['u} CL)C‘B‘V] =0. (258)

The spin connection can counter the contributions of the tetrad, since an infinite number of tetrad
choices yield the same metric tensor given in Eq. (2.44), ensuring it remains covariant [205]. In
a pure tetrad MTG, the Weitzenbock gauge

whp, =0 (2.59)

can be applied since there always exists a Lorentz frame wherein the spin connection experiences
LLT invariance [60]. Additionally, the covariant derivative as a result of the spin connection is

defined as
DuxA — 6A/.L = M,IA + BA# + CL)AB“./L'B 5 (260)
and commutating the gauge derivatives eA#aA defined in Eq. (2.60) gives

[BAW eA,,]aA = TAW,aA = 2(8[”314”] + wAB[ BBV])aA .

5

By adding the vanishing term [D,,D,] = 0 to right-hand side [22] and substituting Eq. (2.60),
followed by the spin connection condition in Eq. (2.58), an expression for the torsion tensor is

obtained:

T4, =Due’, - Dye,, (2.61)

implying that since the tetrad is gauge invariant, then the torsion tensor is also gauge invari-
ant [22, 173|. This makes the torsion tensor TAW the translation gauge field strength of TG
which transforms covariantly under LLT and diffeomorphisms [205|. Therefore, the teleparallel
connection defined in Eq. (2.39) can be expressed as [206, 207]

I, = E Dy, = By (9, +wipe?) (2.62)
such that the torsion tensor expressed in terms of general coordinate indices is given by [23]

A A
T, =-2I7,.. (2.63)
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It should be noted that through this work, the Weitzenbock gauge given in Eq. (2.59) has
been applied. Next, the gauge current of the gravitational momentum tensor is given by the

superpotential tensor [208, 23|
1
S\ = SKM = BT, + T, (2.64)

Contraction of the torsion tensor in Eq. (2.63) and the superpotential in Eq. (2.64) results in the

torsion scalar
T=5"T1,, (2.65)

analogous to Ricci scalar R given by Eq. (2.11) obtained in curvature-based theories using the

Levi-Civita connection. In fact, comparing R and T results in the relationship
R=-T+B. (2.66)
The two quantities are seen to differ by a boundary term
o 2
A A
B::2VuTA“::28u<eTA“>. (2.67)

While T accounts for second-order contributions, the total divergence term of B encapsulates
fourth-order derivatives [209], leading to a dynamical equivalence between 7" and R. This implies

that if one considers the action

1

STEGR = ~5,2 d*reT + /d4xe[,m, (2.68)
K

and varying the action with respect to the tetrad, the Einstein field equation (2.15) is obtained.

Hence, the action given by Eq. (2.68) is referred to as TEGR. A similar result can be obtained in

the case of symmetric teleparallel gravity wherein Symmetric Teleparallel Equivalent of General

Relativity (STEGR) action can be obtained by the action

SSTEGR = d'ze@ + /d4:1: eLm, (2.69)

2k2
where (7) symbolises quantities obtained solely through non-metricity property. Eq. (2.14),
Eq. (2.68), and Eq. (2.69) together form the trinity of gravity [1].

TEGR, despite offering a different geometric foundation to represent gravity, still falls into
the traps of GR, as discussed in Sec. 2.1. Thus, modified teleparallel theories are more appealing.
Analogous to f(R) theory [186], the action can be extended to include functions dependent on the
tetrad-based scalars such as f(T") [69], NGR [70], f(T, B) [71], Gauss-Bonnet theories [210, 211],
non-minimally coupled matter [212], and scalar-tensor theories [61, 73, 72|, some of which are
summarised in Table 2.2. Such modifications have been explored to tackle inflation, dark matter,
and dark energy [174]. Therefore, with the MTG formalism and the advantages of the Horndeski
theory construction outlined in Sec. 2.2, a new avenue is provided to develop a broader class of

scalar-tensor cosmologies.
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2.4 | Teleparallel analog of Horndeski Theory

The most general second-order metric teleparallel theory of gravity with a single scalar field is
obtained through BDLS [78]. This theory is considered to be the teleparallel analogue of Horn-
deski theory since it reaps the benefits of working within the metric teleparallel geometry while
also allowing the introduction of a scalar field. While Horndeski theory became quite restricted
following the observations of GW170817 [45, 81|, as detailed in Sec. 2.2, BDLS has provided an
avenue to revive previously discarded models by including teleparallel contributions [213].

In this section, the construction of BDLS is presented. The criteria for constructing BDLS

theory are as follows [78§]:

m field equations with respect to both tetrad and scalar are up to second order to avoid ghost

instabilities that stem from higher-order theories,

B scalar invariants should not be parity violating to ensure they are in line with the observed

isotropy and homogeneity of the Universe,
m consider up to quadratic contractions of torsion tensor.

The starting point of BDLS is the standard Horndeski Lagrangian given by Eq. (2.24), ob-
tained through tetrad formalism. This means that all quantities expressed in terms of the metric
are expanded by substituting the relationship in Eq. (2.44), and R is expressed in terms of
the equality given by Eq. (2.66). Next, the torsion tensor is considered, as it is the non-zero
spacetime characteristic in MTG which transforms covariantly under diffeomorphisms and local
Lorentz transformation, thus labelled as fully invariant [173]. The torsion tensor in Eq. (2.63)

can be decomposed into irreducible parts with respect to the local Lorentz group [214]

2 1
T)\uu = § (t)\,uzz - t)\y,u) + g (g)\u Vv — Gxv U,u,) + Exuvp apa (270)
where
1 vAp
au = ée,uu)\pT ) (2.71)
1 1 1
t)\,ul/ = 5 (T)\,u,z/ + Tp)\u) + 6 (gl//\ Uy + [m 1))\) - gg)\,u Vv, (273)

are the axial part associated with the complete antisymmetric portion of the torsion tensor
related to spin and rotational effects, the vectorial part where the trace of the torsion tensor is

related to its divergence, and the purely tensorial part stemming from the remaining traceless
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portion, respectively [70]. Additionally, €,,, is the four-dimensional Levi-Civita tensor. The

tensorial irreducible part has the following properties |70]:

tauw = tuw (2.74)
0= t)\u“ =t (2.75)
0= t)\/“, + tMV)\ + tl/)\# . (2.76)

By considering the quadratic of each irreducible part, it results in three scalar invariants:

Tox = a0t = —% (Tyu T = 2T, T | (2.77)
Tyee = vy =T, T,7", (2.78)
Tion = tat™ = % (TAWT’\‘“’ + Ty T — T*MTpp“) . (2.79)
Linear combination of these scalar invariants yields the torsion scalar
T = ST+ 2Tien — 2o (2.80)

identical to the expression given by Eq. (2.64) constructed through the contraction of the torsion
tensor and the superpotential tensor. It should be noted that these scalar invariants are also
parity-preserving. This condition ensures that the laws of physics do not alter the behaviour of
fields, matter, and spacetime when observing the Universe in different configurations. Additional

tensorial contractions
P =v"a,, and Py = €uv0p t/\‘“’t)\pa , (2.81)

are in fact parity violating terms, thus omitted due to their non-physicality of the scalar. In
general, the most general second-order Lagrangian formed through the quadratic contractions of

torsion tensor with no parity violating terms is represented by

ENGR = f(Tax’ TV6C7 Tten) ’ (282)

dubbed as New General Relativity (NGR) [70, 214].

Up to this point, contributions from scalar and torsion tensor have been treated separately.
Full construction of a generalised second-order Lagrangian requires considering the contractions
between these distinct contributors. Starting with contractions between linear irreducible torsion

tensor parts and first-order covariant derivatives of the scalar fields attain

L=t VoV, Vg, (2.83)
L =v"Vyo, (2.84)
Iz=a"Vyo. (2.85)
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A combination of the conditions of the tensorial component given by Eqs (2.74-2.76) yield the
condition ¢y ,,) = 0, implying that scalar invariant I; in Eq. (2.83) naturally vanishes. I3 in
Eq. (2.85) contains an odd number of axial components, resulting in the scalar quantity being
parity violating and thus excluded from the Lagrangian.

Additionally, contractions between quadratic torsion tensor parts with derivatives of the

scalar field result in the following scalar quantities:

Jip =a'a” @Hqﬁﬁl@, (2.86)
Jo =" 0"V, V.0, (2.87)
Js = ot V6 Vo, (2.88)
Ji = v, "V Vo, (2.89)
Js =t 2, Vo Vi, (2.90)
R A ﬁ;ﬁb V. ﬁmﬁ Vs, (2.91)
Jr =t V6V, Vi Vg, (2.92)
Js ="t " V6 Vi, (2.93)
Jo = W 6V, Vb Vb Vb Vi, (2.94)
Jio = e“,/pA a’toP %Hqﬁ %Uqﬁ . ( )

Not all quantities are independent of each other, or other components previously defined. These

relationships are summarised as
Jo =12, Jy=Js, Jr=—2Js. (2.96)

It suffices to include only {Is, Js, Js} instead of {I3, Jo, Js, Jy, Jg, J7}. Additionally, total sym-
metry of tensorial component ¢y,,) = 0 yields Jg = 0.

Therefore, the full teleparallel Lagrangian is obtained by combining contributions from scalar
field ¢ along with the kinetic term X, purely torsion tensor contributions given by Eqs (2.77-2.79),
contractions between linear torsion tensor components and the derivative of the scalar field sum-
marised in Eqgs (2.83-2.85), and the contractions between quadratic torsion tensor components
and scalar derivatives listed in Eqgs (2.86-2.95):

Lrele = Grele(¢, X, T, Tax, Tvec, 12, J1, J3, J5, J6, Js, J10) , (2.97)

where vanishing terms, parity-violating terms, and dependent terms are excluded in the arbitrary
function. Note, that Tie, is not included in the function since it is being represented by T'. This
is done to easily see subcases of BDLS theory which are dependent on the torsion scalar, such
as the commonly studied case of f(T) [206, 69, 215, 216, 217, 218, 219, 220, 221|. The BDLS
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action representing the most general second-order TG theory with one scalar field is given by

Shors = 5.7 [ e {Ga(6,X) - Go(6, X) D6 + Ga(6,X) (T + B)

+Gux (6, X) ((00) = VVusViV"6) + Gs (6, X) G VIV
- éG57X(¢, X) ((@0)° + 29, 9,69 VA0, V6 — 806V, 9,679

+ GTele (d): Xa T, Ta)u Tveca 127 Jla J37 J57 Jﬁ) J8> JlO) } + /dZJL'r €Em . (298)

Here, the Ricci scalar R previously included in the £4 Horndeski Lagrangian component in
Eq. (2.27) has been replaced by the linear combination of —7" + B since they have been shown
to be identical by Eq. (2.66). Additionally, this might raise the question as to why the boundary
term B has been excluded in the teleparallel contribution of Eq. (2.97). B produces fourth order
elements in the theory, and as such would violate the criterion listed in the beginning of the

section.

2.5 | Summary

BDLS theory offers a richer framework with an abundance of possible viable cosmological models.
The action given by Eq. (2.98) shows that casting Horndeski gravity into a metric-teleparallel
framework can realise the Lagrangians listed in Eqs (2.25-2.28) with an additional teleparallel
function. Grpele in Eq. (3.29) is made up of twelve scalar invariants given by Eqs (2.23, 2.80, 2.77,
2.78, 2.84, 2.86, 2.88, 2.90, 2.91, 2.93, 2.95), constructed through tetrad-tetrad and tetrad-scalar
combinations. One of the main interests in considering BDLS is that by taking appropriate limits
a plethora of theories of gravity well-studied in literature can be obtained. Some of the subclasses
are listed in Table 2.2. On the other hand, it provides an avenue to study other subcases not
yet explored. In the subcases listed, it should be noted that if the G4 contribution is omitted,
it is counteracted by including a torsion dependency in Grele. This is to the link between R
and T through Eq. (2.66) which signifies a dynamical equivalence as the two scalars differ by a
boundary term. Hence, an equivalence to GR can be obtained for all theories listed provided
appropriate limits are taken.

GR brought a revolution in our understanding of gravity, conceptualizing it as a phenomenon
resulting from the curvature of spacetime caused by mass and energy in the Universe. Despite
the many successes of GR, such as predicting GW [46, 223, 45| and explaining the perihelion
precession of planets [135], it does not provide an explanation of dark matter which influences the
structures of the Universe and dark energy which drive the observed accelerated expansion. While

past observations have favoured the ACDM model to tackle these very issues, growing tensions
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stemming from recent surveys [102, 89, 2, 224, 107, 225, 94| further drive the need to consider
theories beyond GR. Horndeski gravity has provided the structure within a curvature-based
geometry while including the additional scalar field. Additionally, shifting from curvature-based
geometry and instead describing gravitational fields through torsion allows for a geometrical
interpretation where it acts as a gauge theory for the translation group. Therefore, having a
combination of Horndeski gravity and MTG would result in a higher number of DoF's and realise
a local energy-momentum tensor which is linked to the superpotential given by Eq. (2.64);
resulting in BDLS.

The generalised framework of BDLS is a broader theory than standard Horndeski gravity.
While the number of possible cosmological models is larger, this does not imply that they are
viable to explain the cosmic history of the Universe. Constraints for these models can be obtained
through comparisons with observational data and mathematical restrictions, resulting in a list
of conditions that would need to be satisfied. From a theoretical point of view, these restrictions
would not only apply to the generalised BDLS systems but to the subcases of the theory. This
implies that calculations would be facilitated, as derivations would not need to be carried out
from scratch to study subcases of BDLS. The rest of the chapters will delve into a study of

scalar-tensor theories through the lens of BDLS and its subclasses.
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The CC described through A has been introduced in Eq. (2.16) as a free parameter in addition to
Einstein’s original field equations in GR. Despite success and continual adoption of the ACDM
model in recent studies, one of the main issues that has persisted is that of the CC problem:
the observations of Baryon Acoustic Oscillations (BAO), CMB, supernova and the values of
vacuum energy within the ACDM model do not coincide upon taking into consideration the
entire selection of fundamental particles provided by the current standard model of particle
physics [43]. Therefore, the CC problem can be summarised through the following statement:
the theoretical predictions from particle physics predict a vacuum energy that is much larger
than the one being observed nowadays. Further details will be fleshed out in the following pages
of this section. Exploring the CC problem could shed light on the status of the dark energy,
represented as a constant vacuum energy dominating the accelerated expansion of the Universe.
As already mentioned in the previous chapter, the CC is considered to behave as a repulsive
force to counteract a Universe that otherwise would be experiencing a collapse as relativistic and
non-relativistic matter contribute to a negative acceleration for the scale factor [43|. Initially,
the CC modification was implemented to realise a static Universe, where Einstein found the
formalism to be in concordance with Mach’s principle that matter determined inertia [35]. The
combination of de Sitter’s cosmological model, which excludes matter from contributing to the
production of inertia [226], its consistency with the observed redshifts of spiral nebulae [43, 227],
and Hubble’s discovery of the expanding Universe [33], rendered Einstein’s CC unnecessary.
While Einstein retracted the CC, nowadays the term has adopted an altered meaning follow-
ing the discovery that the Universe not only is expanding, but it is experiencing an accelerated
expansion [153]. Supernovae Type Ia are classified as standard candles, as they have a relative
peak intrinsic brightness, a property which is used as a tool to measure distances and determine
the rate of expansion of the Universe [153]. From the discovery of accelerated expansion, the

concept of dark energy became another ingredient within the Universe which comes into play
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to drive the expansion. Here, the CC offered an avenue to describe dark energy as a constant
net vacuum energy which is present throughout the history of the Universe in addition to other
forms of energy. These other forms appear to be more prominent at earlier stages in cosmic
history and die out with time, leaving dark energy to persist and become the dominant energy
form. This can be seen through the following derivation. A vacuum can be described as a perfect

fluid where

DA = —PA (3.1)

such that for a positive energy density, the pressure is negative to result in the accelerated
expansion [228]. This result stems from the assumption of a constant energy density within GR
applied to the Friedmann and fluid equations of motion. Provided a flat spacetime cosmology is

considered, k = 0, the first Friedmann equation becomes

H? = %Gp. (3.2)

When considering the energy densities of relativistic particles of the radiation epoch p, and non-
relativistic particles corresponding to the matter-dominated era pp, in addition to the vacuum
energy, Eq. (3.2) can be expanded to

8T 8T 1 1
H2 - — T - N0 = A . .
3G(pm+p + pA) x 3G< (t)3+ (t)4+m> (3.3)

It can be seen as the Universe expands (as the scale factor value increases), the contributions
from radiation and matter epoch diminish and the vacuum energy density, in this case a constant,
persists.

It should be noted that in the above calculation, the assumption that vacuum energy density
is positive has been taken. From a classical perspective, such a statement can be considered
contradicting since a vacuum typically corresponds to a null energy density. But, this is not
the case within particle physics. Eq. (2.16) illustrates the relationship between the geometry of
spacetime and the energy and momentum of the Universe, which includes the contributions of
radiation and matter sources as seen in Eq. (3.3) [35]. Heisenberg’s principle states that quantum
fluctuations occur as particle and antiparticle pairs are being created and annihilated [24] such
that the summation of these processes of all fundamental particles, including the Higgs boson, as
they interact with each other results in a non-zero vacuum energy density [35]. Thus, in quantum
field theory, a vacuum is said to have the lowest energy density, which does not imply that it
has a zero absolute value. Moreover, pp > 0 corresponds to observations of Supernovae Type
Ia [153], CMB studies performed by COBE satellite [154, 229| and Planck Collaboration [155, 2],
investigations of matter density through gravitational lensing and temperature profiles of X-ray

gas [230], provided CC model is assumed.
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It is precisely this discrepancy between the theoretical and observational value of CC that
yields a problem in our understanding of quantum field theory and GR. Provided quantum field
theory holds up to Planck scale, the vacuum energy density is of orders of pilamk ~ (1018 Ge\/)4
while cosmological observations dictate that this value is of a much smaller order of magni-
tude of |pgservations| < (1012 Ge\/)4 [228]. Merely looking at the contributions of protons
and neutrons, a calculation carried out by Zeldovich, still produced a significant contribution
of pR" ~ 10738 Gev* [39]. Some of the attempts to resolve such an issue have been proposed
through the consideration of supersymmetry [231], string theory [232, 233] and the anthropic
principle [234] which considers a more philosophical approach to understand the fine-tuning
of observed quantities necessary for the Universe to have observers [234]|, among other at-
tempts [235, 236, 237, 238, 239, 240, 241, 242, 243, 244|.

A classical approach to resolving the CC problem is the concept of self-tuning: using an
evolving scalar field to dynamically cancel out the effects of the CC [118, 245, 246, 188, 247].
The mechanism is well-studied for the subclasses of Horndeski theory, dubbed as Fab Four [118,
245, 246], where in these scenarios the phase transitions are considered to be instantaneous
such that pp behaves as a piece-wise constant which discontinues at a point of transition by a
constant change in value [118]. Weinberg’s no-go theorem states that fields in a vacuum state are
invariant under Poincaré and all fields are constant on-shell [43, 44]. Thus imposing a scalar field
that is solely time-dependent circumvents this theorem as the phase transitions in the vacuum
are attributed to the discontinuities of the scalar field derivatives [118]. On-shell refers to the
conditions which satisfy the cosmological equations of motion. Specifically, in this context, the
scalar field satisfies its equation of motion. Hence, a self-tuning mechanism is allowed through
the partial break in the Poincaré invariance of the vacuum to allow screening of the vacuum
energy through degeneracy. The Fab Four model has been extended to also include the kinetic
term, referred to as the Fab Five model, wherein the cosmic acceleration is allowed to occur along
with an asymptotic de Sitter behaviour [188]. Moreover, the same procedure can be extended to
other subcases of Horndeski theory which includes a scalar field [248, 249|.

The main issue with the self-tuning mechanism is that while the scalar field is intended to
cancel pp effects, it screens also the radiation and matter contributions [250, 247, 251]. For this
reason, an alternative procedure to self-tuning has been proposed, called well-tempering [44].
Well-tempering mechanism retains the properties of the different epochs of the cosmic history
of the Universe while also allowing the screening procedure to be applied solely for the vacuum
energy density through self-tuning. This is done by dynamically cancelling out the vacuum
energy density at each epoch, separately, to ensure that the fields entering the next epoch of
cosmic history are accounted for appropriately [44]. Moreover, quantum radiative corrections
need to be included. While classically the vacuum energy density is cancelled (at tree-level),

in perturbative quantum field theory the picture might look different due to the inclusion of
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quantum interactions [252]. This differs from the self-tuning mechanism, such that the well-
tempering procedure employs shift symmetry: a constant shift of the scalar field ¢ — ¢+ ¢ alters
the Planckian mass scale and the vacuum energy density [253]. Further details of the procedure
are included in Sec. 3.2.

In this chapter, different subcases of BDLS theory are investigated to obtain possible well-
tempering models, focusing on models containing teleparallel contributions. Additionally, in line
with the observed behaviour of the Universe, the dynamical stability, the behaviour during the
matter-dominated era and the stability during phase transitions are also studied for these viable

well-tempering models. The rest of the chapter is based on the published work [254, 255].

3.1 | Background Cosmology

Before delving into well-tempering models in the teleparallel analog of Horndeski gravity, it is
important to look into the background cosmology of the theory. It should be noted that the
following section applies to the general case of BDLS theory.

The flat Friedmann-Lemaitre-Robertson-Walker (FLRW) metric

ds? = —N(t)dt* + a(t)*(da? + dy® + d2?), (3.4)

is used to describe the homogeneous and isotropic background cosmology. Here, IV is the lapse
function representing the change as proper time evolves and a is the scale factor that accounts
for the expansion of the Universe. When considering symmetries of teleparallel gravity, it is
important to ensure that these symmetries are satisfied by both the tetrad and the teleparallel
connection [256, 257|. The geometrical objects are said to be invariant under the group action
p:Gx M —= M, where M is the manifold. By taking the Lie derivative with respect to a
vector x¢ € Vect M on both the tetrad and the spin connection to obtain

A v Y

(ﬁXfe) 1 = X§ aVeAu + 8,uX£ eAy s (35)

(L) = XY Dwp, + Buxt o (3.6)
Xe*) Bu ¢ OvW By T OuXe W By - :

The metric is invariant under group G such that (EX5 g)W = 0, which implies that the Levi-
Civita connection is also invariant, which is not necessarily the case for a teleparallel connection.

To have

(£xe9),, =0, (LxeT)y, =0, (3.7)

34



Chapter 3. Well-Tempering Cosmology

then the tetrad and the spin connection need to be invariant!, yielding
A A B
(£X£e) “:_Ag B¢ o (38)
A A A c c A
(Exgw) Bu = 8u/\§ BTwWienAe =W BuA ¢ (3.9)
where A¢ is the local Lie homomorphism given by [258]

d

Ae(x) = aAé(x) . (3.10)

t=0
By imposing the Weitzenbock gauge given by Eq. (2.59) in Eq. (3.9) the conditions simplify
greatly such that symmetric tetrads are defined by

(,nge)Au = —)\gAB e 0= (Exgw)A

A
s =0y (3.11)

B

Additionally, to ensure that the symmetric tetrad is compatible with the spin connection then
it must either correspond to the Weitzenbock gauge (2.59) or satisfy Eq. (3.9), and solve the
antisymmetric field equations. One such tetrad in the Weitzenbdck gauge which obtains the

result in Eq. (3.4) is given by the diagonal tetrad
e?, = diag(N(t),a(t),a(t),a(t)) . (3.12)
Therefore, the determinant of the tetrad is given by
e = N(t)a(t)?, (3.13)

for which the relationship y/—g = e holds. In general, the background scalar field ¢(t) is taken
to be time dependent such that the kinetic term in Eq. (2.23) becomes
¢
X=— 3.14
nay (3.14)
where overdot represents time derivatives. The Hubble parameter, indicating the rate of change
of the scale factor, becomes
a
H=—. 3.15
aN ( )
Next, the scalars that make up BDLS theory given in Eq. (2.98) are worked out. Starting with

purely teleparallel quantities

9a>
Tox =0, Tyee = TIN? Tien =0, (3.16)
If the teleparallel connection is symmetric, i.e. (£><g F) ZV = 0, then the torsion tensor satisfies symmetries
by (.cXgT)”W = -2 (ﬁxgr)ﬁw] =0.
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wherein only the vectorial component contributes to the torsion scalar through Eq. (2.80), giving

662

= ane

(3.17)

As for the scalar resorting from the torsion tensor and derivative of scalars contractions, only Is
given by Eq. (2.84) is non-zero

I (3.18)

~ aN?’
while all J; terms in Eqs (2.86-2.95) vanish.

The field equations are obtained through the variation of the action with respect to the lapse
function, scale factor, and scalar field. By taking variations of BDLS action (2.98) with respect

to IV results in the first Friedmann equation, sometimes referred to as the Hamiltonian equation:

5
Merele + Z M; =0, (3.19)
=2
where

MTele = 6H§£GTele,Ig + 12-PIQC;’Tele,T + 2AXVG’Tele,X - GTele - 18H2GTele,T\,ec 5 (320&)

My =2XGyx — Gy, (3.20b)

Ms =6X¢HGsx —2XG34, (3.20c)

My = —6H*Gy +24H*X (G x + XGyxx) — 12HX Gy px — 6HHGy 4, (3.20d)

Ms =2H3X $ (5G5 x +2X G5 xx) — 6H?X (3G5.4 +2XGs5.4x) (3.20e)

Next, variation with respect to a yields the second Friedmann equation, which will be referred

to as the Hubble equation at times:

5
NTele""Z/\[i :Ou (321)

=2

where

) d )
Nrele = —3H¢Grele1, — 12H*Greter — - (4H Grele,r + ¢ Gele,1, — 6H GTele,Tvec)

dt
+ GTele Tvee + 18 H?*GTele Tyee + GTele (3.22a)
N = Go, (3.22D)
Ny = —2X (Gg,d, n g'ziGg,X) , (3.22¢)

Ny=2 (3[‘[2 +2H) G4 — 12H2XG47X — 4HXG4,X — 8HXG47X
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— 8HXXG4,XX + 2 (¢ + 2H¢) G4,¢ =+ 4XG4’¢¢ +4X (gb — 2H¢) G4,¢X R (322d)
Ns = —2X (2H3¢3 Y 2HHG + 3H2¢é) Gs.x — 4AH2X2$Gs xx

. d )
+AHX (X~ HX) Gspx +2 <2dt (HX) + 3H2X> Gsp+AHX G5 0.  (3.22¢)

The final result can be obtained through variation of the scalar field, expressed as a generalised

Klein-Gordon equation:

1d

?% [(13(73 + ,PTele)} = Q¢> + QTele ) (323)

for which

Py = ¢Gox +6HXGs x — 20Gs4 + 6H2) (Gyx + 2XCyxx) — 12HX Gy 4x (3.24a)
+2H3X (3G5.x +2XG5.xx) — 6H%) (G55 + XGs4x)
Prete = ¢GTele X (3.24Db)
Qy = G = 2X (G gy + 3Gigx ) +6 (2H? + [ ) Ga + 6H (X +2HX ) Gagx  (3:240)
— 6H>X G54 + 2H*X ¢G5 4x ,

d
Orele = —9H?*Grele.1, + GTele.s — 3@ (HG7rele,15) - (3.24d)

The lapse function has been set to unity for all background equations since this is sufficient when
observing the spatial expansion of the Universe at a moment in time [259]. These results were
first presented in Ref. [78] where the authors encapsulated the results depending on Tye within
the expression of T at a background level, since Tyec = —%T. Here, the background portions
depending on Tye. are written out separately to simplify the substitution in situations where
perturbations about the background Tye. are considered. Additionally, matter is included in this

system of equations in Chapter 6.

3.2 | Well-Tempering Cosmology Models

Equipped with the equations of motions within the BDLS gravity, the next step is to obtain

models within this class of cosmologies that allow for well-tempering. First and foremost, the
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arbitrary functions in the BDLS action in Eq. (2.98) are rewritten as follows:

Ga (9, X) =V (0,X) , (3.25)
G3 (9, X) =G (¢,X) (3.26)
Ga(d, X) = + A(Q;’X) , (3.27)
G5(9,X) =0, (3.28)
Grele (9, X, T, Tax, Tyecs I2, J1, J3, J5, J6, I3, J10) = G (¢, X, T, I2) , (3.29)

for simplification, such that G (3.25) and V' (3.26) are the Horndeski potentials, A (3.27) is the
conformal Horndeski potential that can attain the Einstein-Hilbert action in Eq. (2.14) upon
a conformal transformation [260]. The kinetic mixing of ¢ and g,, provided by G4 and G5
terms alter the graviton speed [44] which in light of GW170817 observations, as mentioned
in Sec. 2.2, requires restrictions in Refs. [44, 261, 248|. Since BDLS can revive some of the
previously restricted models, A is kept a function of both ¢ and X [78, 261, 213|. On the other
hand, to investigate the contribution of the teleparallel portion and its effect on X-dependent
G4 terms, G5 (3.28) has been set to vanish. For a full analysis, G5 contributions should not be
eliminated. Finally, the teleparallel portion of BDLS gravity has been reduced to G (3.29) since
at background the eliminated scalar invariants vanish while Tye. = —%T.

The well-tempering mechanism allows for the violation of Weinberg’s no-go theorem as the
scalar field ¢ present in BDLS theory can evolve with time on a de Sitter vacuum. The dy-
namical screening of the vacuum energy density is obtained through the degeneracy of the field
equations (3.19-3.23) for late-time cosmology on a de Sitter vacuum. The Hubble field equation
given by Eq. (3.21) and the scalar equation in Eq. (3.23) are cast in the form

=3¢z (¢, &, H) +y <¢, &, H) , (3.30)
0=¢D (¢, é, H) tc (¢>, o, H, H) : (3.31)

where Z, ), D and C are extracted from the theory. As per construction of BDLS, at most,
second-order derivatives of metric and scalar fields are present. When considering a de Sitter

vacuum case,

DA = —PA , and H(t)=h, (3.32)
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these functions are reduced to

Y =9h2Axx¢* + 9h2Ax$? — 15hAsxd® — 3hAy¢ + 3A440° + IhG x * + 3Vx

— 6Gy0” + 9hGr, ¢ — 120Gy + 3Gx * — 3G41,0° (3.33)
Z = —6hAxx¢® — 6hAx¢ + 3Asxd* + 3A4 — 3Gxd* — 3G1, — 36h°Gr1, — 3Gx1,0”
— 9hGr,1,6 — 12hGxT0 (3.34)

C=-9h3Axx¢® —IPAx¢ — 3h*Ayxxd* + 9h? Agxd* + 6h2 Ay — Gux ¢? — Vyx d*
+ 3hAppx & — 9h2Gx §* — 3hGyx ¢ + 6hGsd + Gppd® + Gy — 3hVxd + V
— 9hGy1, — 3hGx ¢ — 3hGy1, 0, (3.35)
D= —3h2Axxxd' — 12h2Axx > — 3h2Ax + 3hAsxxd® + 9hAyxd — Gxxd? — Vx
— 3hGxxd® — 6hGxd + Gyxd? + 2G4 — Gx — I*Gr,1, — 6hGx 1, — Vixd?.  (3.36)
Within this system, it should be noted that the derivative with respect to the torsion scalar only
crops up in conjunction with other scalar invariant derivatives. For this reason, theories such as
f(T) and NGR are quickly excluded from the system. This is a desired scenario as such theories

do not consist of a scalar field which allows for dynamical screening. Drawing a comparison

across these functions yields on-shell conditions
Z~7D, and y~cC, (3.37)
which can be simplified to the on-shell degeneracy equation
YD-CZ=0. (3.38)

Also, functions coupled with gi) are required to be non-vanishing on-shell to satisfy conditions

arising from self-tuning. Hence, the consistency conditions are give by
Z#0, and D#0, (3.39)

allowing for a dynamic cancellation. Following these conditions, the Hamiltonian equation (3.19)

and applying Eqgs (3.25-3.29) at de Sitter vacuum, results in

3h% = pa + F (6(),6(1)) , (3.40)

such that F' is a function dependent solely on the scalar field which is still time dependent
on-shell. It should be noted that having a dynamical scalar field ensures that the crux of the
Weinberg no-go theorem is avoided. Therefore, Eqs (3.38-3.40) provide all the ingredients to
dynamically cancel the vacuum energy within the well-tempering framework. The following
subsections explore different possible well-tempered cosmologies within BDLS to exhibit such

dynamical cancellation.
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3.2.1 | Pure Teleparallel: Dependency on I,

The first model considered is solely dependent on the teleparallel contribution by setting Horn-

deski potentials to vanish, specifically using a function of the form

2
G, X, T, 1) =1 (2(?{22)) : (3.41)

where this choice has been favoured due to the inclusion of a dynamical scalar within the defini-
tion of I in Eq. (3.18). It is chosen as it is one of the simplest examples that includes teleparallel
invariants. It is clear that at de Sitter
12

2(3722) =X, (3.42)
which might suggest that the work should be performed for a function that is dependent on X
instead of I from the get-go. Because their contribution to the Friedmann and scalar equations
is different, they are treated as separate parameters. Additionally, it was noted that the addition
of T" does not alter the results by much. It should be noted that without the assumption of
de Sitter, where I2 is simply being rescaled by a constant h, this is not necessarily the case.
Therefore, throughout this chapter constraints given by Eqs (3.38-3.40) are performed for the
general case presented, followed by substitution as an aftermath. The above model is substituted

in the degeneracy equation (3.38)
XT'(X) (4XZ"(X) +3T'(X)) =0, (3.43)

where Eq. (3.42) has been applied. By imposing that X # 0 for a non-trivial model, two possible

solutions arise:
I(X) = co, and I(X) = 4e1 X% + ca, (3.44)

where ¢y, ¢1, co are constants of integration. It should be noted that a non-trivial scenario is
provided by the latter solution. Next, substituting the solution Eq. (3.44) in the consistency
conditions of Eq. (3.39) yield

2XT"(X)+T'(X) = 2% #0, (3.45)
\/)?(XI”(f) +7'(X)) _ ; Lo, (3.46)

which once again points out the importance of considering the non-trivial solution since ¢; # 0,
and |¢| < oo. The Hamiltonian equation (3.40) obtained by substituting function equation (3.41)

and its solution (3.44) results in

3h? = pp — ca, (3.47)
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implying that there is no scalar field dependency and the model is not able to generate a well-
tempered cosmology. Thus, this implies that dependency on X without any standard Horndeski
models is not a viable ansatz model. Therefore, it would be interesting to still consider a purely

teleparallel ansatz with additional dependent components.

3.2.2 | Pure Teleparallel: Dependency on ¢ and I

In this case, a tadpole term depending on the scalar field is included in addition to the function

given in the previous case as seen in Eq. (3.41):

2

G (6, X, T, ) =6+ 1 ( ' (?ﬁl)Q) , (3.48)

yielding a separable case, where [ is a constant and Is is given by Eq. (3.42). Thus, the procedure

presented in Sec. 3.2.1 is repeated. The degeneracy equation becomes
T'(X) (12hX21”(X) - \@l\/)?) FORXT(X)? — V2IX3T'(X) =0, (3.49)

once again solved and results in two solutions:

T (X) = c4 [FX ¥ z\/ 72e3h?X 2 + [2X?2

1
+ P —

3vV2hivVX
+18¢3h?VX <1I1X —2In (z\/7203h2X3 +12X2 + 36¢3h* VX + z%))] ., (3.50)

where c3, c4 are integration constants. Additionally, it is important to have c3 # 0 to ensure
that there are qﬁ contributions by the model. Therefore, the consistency conditions, in general,

are given by

2X7"(X)+T'(X) #0, (3.51)
VX (XT'(X) + T'(X))
; #0, (3.52)

which is identical to the general solution presented in Eqs (3.45-3.46). Finally, the solution given
by Eq. (3.50) is substituted in the Hamiltonian constraint (3.40) to obtain the following result:

3h% = pr — o1 F

3\/§Cgh
l

V72esh2X 3 4 122 (VX
3v2hv/X svan°

<1nX —2In (z\/7QC3h2X3 +12X2 4 36c3h*VX + l2X>> : (3.53)

:F

Hence, the time-dependent terms ¢ and X allow for the dynamical screening of py. Therefore, the

model allows for well-tempering to occur thus illustrating the significance of having a tadpole
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term, although it does not necessarily need to be included in this manner. In general, the
teleparallel potential also includes a dependency on the torsion scalar 7', apart from ¢, X, and
I5. The calculations and results of functions with T dependency are not presented because the

shape of the solution is not altered from the ansatz (3.48).

3.2.3 | Quartic Horndeski and Teleparallel: A(¢) + G

The next case will eliminate all standard Horndeski terms apart from A, specifically considering
A = A(¢) since even within the standard Horndeski such dependency is in accordance to the
GW170817 observations [45, 81|. Regardless, in Ref. [248], where G = 0, it was shown that the
model does not satisfy consistency conditions. Here, by including the teleparallel sector G this
model can be revived as a well-tempering model. The G function is given by Eq. (3.41) and a

simple conformal Horndeski potential A such that

2
A(o) = ag, and G(o, X, T, 1) =1 <2(§2)2> , (3.54)

where « is a constant such that the tadpole term introduced in Eq. (3.48) is introduced within

the A term and X is given by Eq. (3.42). The degeneracy equation (3.38) becomes
3ah (ah - ﬁX%I”(X)) +T/(X) <4XQI”(X) - 4\f2ah\/f) Y 3T(X)2=0.  (3.55)

By rewriting this equation as a first-order, non-linear differential equation, its solution becomes

W=

5,2 8laZecsh? 123 N 9ae s h
X4 Xg X2

1
3

n e? 8laZecsh?  12e2% N 9ae? h N 3ah (3.56)
2633 X X4 X3 X2 V2x' '

where c¢5 is an integration constant. Next, the general forms of the consistency conditions are

given by
2XT"(X)+Z'(X) #0, (3.57)
3ah —2V2X (XZ'(X) + T'(X)) #0, (3.58)
and are seen to hold when substituting solution (3.56). Due to the complexity of the exact
solution to verify consistency, a numerical result is presented in Fig 3.1 where X > 0, c5 is

varied, and h = 1 and a = 1 assumptions are applied. The different colour regions of the

contour plots depict a range of solutions for each consistency equation. Albeit no exact values
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are listed, the figure illustrates that there are no discontinuities or undefined regions for arbitrary
values, concluding that the conditions are generally satisfied. Moving forward with analysing

the Hamiltonian constraint (3.40), for this case it becomes

1/3
97/6 X 81a2ec1 2 12e3¢1/2  9aecl/2],
2 _ 2
3h% = pp — Z(X) — 3ah®p + 3vV2ahVX + S \/ X xor T xe

-1/3

911/6 5c1/2 \/81@2601 h2  12e3e1/2 9aect/2 (3.59)

T 31/3/X X4 O x9/2 + X2 '

showing the possibility of well-tempering dynamical cancellation of py.

10

(a) [In D] (b) |n Z|

Figure 3.1: Contour plots of the logarithmic consistency equations given by D in Eq. (3.57) and
Z in Eq. (3.58) for the well-tempered solution of Eq. (3.56). These functions are plotted for the
constant cs against X, without loss of generality, for h =1 and o =1

3.2.4 | Revived Horndeski and Teleparallel: A(X) + G

By adding to the models presented in Sec. (3.2.2-3.2.3), the previously ruled out case of A = A(X)
by GW170817 observations [45, 81| are now considered within the BDLS framework such that
12
AGX)=AX),  ad GOXTI) =lo+g(0+T (5ks ) (Bo0
where once again [ is a constant, and g and Z are arbitrary functions. The ¢ dependency is moved

from the revived Horndeski potential A to the teleparallel sector G. The degeneracy equation is
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given by
0 = 2X (6K X A”(X) + 3h%A'(X) + ¢(X) + T'(X)) (12h2X2A<3> (X) + 24h2X A" (X)
2v2X (X(6h2A”(X)

+ 302 A/(X) + 2X¢"(X) + ¢/ (X) + 2XT"(X) + T'(X) ) + o
+I'(X) +T(X) + 3h2A’(X)) (18\f2h3X3/2A"(X) +9V2RVX A(X)
+3V2hVX ¢ (X) + 3vV2hV/X T (X) — l) , (3.61)
with the consistency equations of
0# —12h2X2AP) (X)) — 24h2X A”(X) — 3h%A'(X)
—2Xg"(X) - ¢'(X) —2XT"(X) - T'(X), (3.62)
2v2VX (X (6h%A"(X) +I"(X)) + 3h%A'(X) + T'(X))
0# — (3.63)

3h
One ansatz that simplifies this analysis is given by

T(X) = ¢ + 3h2A(X) — 6h° X A'(X) — g(X) + £(X), (3.64)

with cg an constant and & an arbitrary function to introduce additional function behaviour apart

_2vax (3\/ﬁhg’(X) - l) (g’(X) —¢(X)
(3.65)

from the first four terms in Eq. (3.64). Rewriting the degeneracy equation (3.61) yields
3h

0 =2X¢'(X) (2X¢"(X) + £'(X))
+X <6h2XA<3> (X) + 9R2A"(X) + ¢ (X) — §”(X)> ) :

2u(g"(u) = 2¢"(u)) + 2¢'(u) — 3¢'(w))

and allows for the integration of A®®)(X) to obtain
" _ 1 X u 3h\/ﬂ§’(u) ( g
ANX) = X3 - X3 / d ( 6 (V2h2l\/u — 6h3ug’ (u))
V2 (u(€" () — " (w) — g'(u) + €' ()
" 6 (V2h2l/u — 6h3ug’ (u)) ) (3.66)
(3.67)

—-¢(X)#0,
(3.68)

Additionally, Egs. (3.62-3.63) simplify to
—2X¢"(X)
#0,

_2v2¢(X) 2X¢"(X) + €(X))
V2l — 6hV/X ¢ (X)

(3.69)

provided that Eq. (3.67)
206" (X)+E(X)#0 = £(X) #2wVX +0,
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where o and w are constants, and the denominator of Eq. (3.68) is not infinite. Therefore, the

Hamiltonian constraint becomes
3h* = pp — ¢ — 6R*A(X) + X (6R%A'(X) — 2¢/(X) +4€' (X)) — 1 — &(=)

X (V21 (—ug" (u) = ¢'(u) + u" (u) + €' (u))
4 3hVud(w) (ug”(u) + 2¢'(w) — 4ug"(u) — 38(10))
6 (V2h21y/u — 6h3ug! (u)) 7

which, provided the function ansatz is chosen appropriately, the expression remains time-dependent

(3.70)

and allows for the dynamical cancellation of pp. The simplest ansatz by far is given by
9(X)=pX, and {(X)=1X, (3.71)

where the functions are of linear order, and 8 and y are constants. Starting off with the degen-

eracy equation (3.65)

0=2X~2 - 2?27 (3\/ﬁm - z) <ﬁ —y+ X (6h2XA(3) (X) + 9h2A”(X))) . (3.72)

for which the exact solution can be attained:

1
A(X) = cs + Xy — 15 [ —V2X1 — 6hX S+ 9h Xy + 203V X ¢
l2
+6RX (B —7)In X + <2\/2Xl T 6hX7> In (1 - 3\/2Xh7) } . (3.73)

where c7, cg, cg are constants of integration. Substituting this solution within the consistency

equations (3.67-3.68) gives

-y #0, (3.74)

2X~2 (12 — 6v2Xhiy + 18h2X72)
- ; 40, (3.75)
(z - 3\/2Xh7)

Provided both of the above conditions hold, the Hamiltonian constraint becomes

P (6vhVX = V2)  myx
9vh? - 3h

3h? = pp — 1 — 6cah? — —1¢, (3.76)

providing a model including the revived potential A(X) in which vacuum energy can be dynam-

ically screened.
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3.2.5 | Shift Symmetric Sector

Up to this point, the number of functions considered has been limited. To investigate a broader

subclass of BDLS, the following potentials are considered:

Vg, X)=lp+V(X), G X)=GX), A X)=AX),

2
G(¢, X, T,1Ir) =Q(X)I (2(;2)2> : (3.77)

Here, the shift symmetric sector is represented by the tadpole term coupled with the constant
coefficient . Additionally, V and G are considered to be dependent on X, and A is introduced to
represent a revived model as seen in Sec. 3.2.4. Finally, Q and 7 are arbitrary functions that make
up the BDLS potential. As seen in Sec. 3.2.4, adding more potentials does result in a complex
system. For this reason, the approach to obtain a well-tempered solution adopted in Ref. [44]
is implemented. Instead of evaluating the degeneracy equation (3.38), on-shell conditions (3.37)

are extracted from the form

f (¢>) Z=D, and f()Y=C, (3.78)

where f is an arbitrary function. Since all functions in Eq. (3.77) can be expressed in terms of

X (using Eq. (3.42)), then f is also reexpressed in terms of X using Eq. (2.23):

FX) = 44 (g) | (3.79)

Substituting all functions into Eqs (3.78) gives two degeneracy equations

"(X) +2XQ(X)Z"(X)

+K(X) +4X Q' (X)T'(X) + 2XT(X)Q"(X) + (X)) Q' (X) — %2 (3V2hVX G (X)
+6h*A'(X) +2(6R* X A”(X) + XOQ(X)IT"(X) + XQ'(X)T'(X) + Q(X)T'(X))), (3.80)
= V2X(3h + q(X)) (6h>X A”(X) + 3h2A(X) + K(X) + Q(X)T'(X) + Z(2) Q' (X)) , (3.81)

0 = 382 (4X2A<3>(X) F8XA"(X) + A’(X)) FOXK(X) + Q(X)T

where
K(X) =V'(X) +3h/2XG'(X), (3.82)

combines the Horndeski potentials. Restructuring Eq. (3.81) provides a solution for K:

l " / / / /
K(X)= V3% (h 1 2(X)) —6h2XA"(X) - 3n*A(X) - QX)T'(X) - T(X)Q'(X), (3.83)

46



Chapter 3. Well-Tempering Cosmology

which simplifies Eq. (3.80) such that

1 (6hXq/(X) + 3hq(X) + q(X)?)
VaXa(X)(3h 1 4(X))?
12X Q(X)T!(X) + (2XQ/(X) + (X)) T'(X) — I(X)Q'(X), (3.84)
¢ X) =~ ey ey~ 2V EA ) - @%(X)
CVIVRQX)Z'(X)  VE(XQ(X) + QX)) T'(X)
3h 3hv/X ’

upon comparison with Eq. (3.82). In this way, the five free functions {V, G, A, Q, T} reduce

VI(X) = +6R*X A" (X) + 3h2A'(X)

(3.85)

to the four arbitrary functions {q, A, Q, Z'}. Therefore, the on-shell Hamiltonian given by
Eq. (3.40) becomes

302 = pp — I+ 2XV'(X) — V(X) 4+ 6V2hX32G (X) + 12h2 X2 A" (X)
+12h2X A (X) — 3h2A(X) +4X Q(X)T'(X) 4+ 2XI(X)Q'(X) — Q(X)Z(X), (3.86)

thus able to provide a well-tempered model. Next, Hubble equation (3.30) and scalar field

equation (3.31) both result in the same result:
X¢'(X) +3hq(X) +q(X)* =0, (3.87)
resembling a Riccati equation of the form
(1) +y()Bh +y(1)] =0, (3.88)

which can be seen by setting X = qbqb and ¢ = X ¢ (X). Therefore, the solution is given by

¢\ _ 3h
! <2> ~exp(3h(t —c1o)) — 1’ (3.89)

where ¢ is an integration constant. Due to the implicitly closed solution, it is required to choose
q(X) to obtain a solution for é. If the Horndeski limit is taken, i.e. vanishing Q and Z, the

result becomes similar to that obtained in Ref. [248].

3.2.6 | No Tempering Theorem

While the tadpole term has been seen to be an important feature in obtaining well-tempering

models in cases explored in Sec. 3.2.2, Sec. 3.2.3 and Sec. 3.2.4, it might be the case that exploring
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a more complex BDLS system, similar to that in Sec. 3.2.5 can be viable even without the tadpole

term. By setting [ to vanish in Eq. (3.77), the model is given by

Vg, X) =V(X), G, X)=G(X), A, X)=A(X),

2
G(o, X, T,12) =Q(X)Z <2(§2)2) : (3.90)

The degeneracy equation (3.38) becomes
0= [\@(BhQ(ZXA”(X) + A(X))+ V'(X) + Q(X)T'(X) + I(X)Q' (X)) + 6h\/)7G’(X)}
X [3\f2h2(3A'(X) +4X(XA®(X) +34"(X))) + 6hVX (2XG"(X) + 3G (X))
+2 <2X(V”(X) +3Q(X)T'(X) + Z(X)Q" (X)) + Q(X) (4XI"(X) + 3T'(X))
+V/(X) + I(X)Q(X))] (3.91)

The above equation results in two branches of the solution:

C 1 X " / / /
I(X) = 5 (1)1{) + 500 / du <—3h <2huA (w) + hA' (1) + V2 /G (u)) —v (u)) . (3.92)
x1/4 x du B )
I(X) = W [012 + / 4u5/4—\/m <3\f2h2 (A(u) — 4u (uA”"(u) + A'(u)))
+ 11 — 1200372 G (1) — 2v/2uV" (u) + \/§V(u)>] , (3.93)

where c11, ¢12 are constants of integration. While the first solution, given by Eq. (3.92) vio-
lates the consistency condition as D = 0, solution (3.93) aligns with consistency conditions and

favoured to obtain a well-tempering model. A look at the on-shell Hamiltonian constraint gives

V2er1
2 )

3h% = pa + (3.94)

where the model still does not well-tempering. Despite the added complexity to the BDLS model,
the shift symmetric sector has been seen to be important to achieve well-tempering.

Hence, the models given by Eqs (3.48, 3.54, 3.60, 3.77) provide four examples of well-

tempering models, satisfying the degeneracy condition (3.38), satisfying consistency conditions (3.39)

and resulting in a scalar ¢ which can screen the vacuum energy density pj. Table 3.1 summarises

the models and their viability.
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Case Degeneracy | Consistency | Hamiltonian Well-
Equations Conditions Equation Tempering
Dependency on | (3.41) (3.43) (3.45, 3.46) (3.47) X
I
Dependency on ¢ | (3.48) (3.49) (3.51, 3.51) (3.53) vV
and _[2
Quartic (3.54) (3.55) (3.57, 3.58) (3.59) v
Horndeski and
Teleparallel
Revived (3.60) (3.61) (3.62, 3.63) (3.76) v
Horndeski and
Teleparallel
Shift symmetric | (3.77) | (3.80, 3.81) - (3.86) vV
Sector
No Tempering (3.90) (3.91) — (3.94) X
Theorem

Table 3.1: Summary of models in BDLS where the degeneracy equation (3.38) and consistency
conditions (3.39) are evaluated to retrieve the Hamiltonian constraint (3.40). From this, the
model can be classified as a viable well-tempering model. For the last two cases, a different
approach was considered (detailed in Sec. 5.4.4), thus why no explicit expressions are listed for
the consistency conditions.

3.3 | Dynamics in BDLS Well-Tempered Cosmology

In this section, the model presented in Sec. 3.2.5 will be further studied as it has been shown
that it satisfies the well-tempering conditions while also featuring a large number of potentials
from the BDLS cosmology. Before introducing the analysis of the dynamical stability of this
well-tempering model, dynamical systems are introduced. Dynamical systems are a useful tool
as models within a gravitational theory can be classified as viable cosmological solutions without
obtaining exact form solutions of evolution equations. Dynamical systems are made up of a
phase space and a rule describing the evolution of points in the phase space [262]. In general, a

set of z; € R variables for ¢ € [1,n]| produce a dynamical system of the form

i‘i:fi(xlvaa"'a'In)a (395)
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such that f; are functions which describe how the system evolves and each variable has a cor-
responding function [263]. The trajectory of the phase space is determined by a solution of
Eq. (3.95). Setting the function f; = 0 yields the critical (fixed/equilibrium) points [262]. While
there could be a scenario where the system stays within that state, our interest lies in the sta-
bility of these critical points. The system is linearised by taking a first-order Taylor expansion
of the function f about a fixed point xq:

fiz) = filzo) + > gf (z0) (i — 0) + - . - (3.96)
j=1

J

The derivative J = ggj (x0) corresponds to the Jacobian/stability matrix [262]. The eigenvalues
of the stability matrix determine the behaviour of the stability [173]:

B Hyperbolic: All eigenvalues have nonzero real parts.

— Stable / Attractor: All eigenvalues have negative real parts.
— Repeller: All eigenvalues have positive real part.

— Saddle: At least one eigenvalue has a positive real part.
B Non-hyperbolic: At least one eigenvalue has a zero real part.

Next, these procedures are adapted to the scenario of cosmological models which have been
classified as viable well-tempering models. First and foremost, the system is expressed in terms
of dimensionless quantities (see Sec. 3.3.1). The functions of the system are obtained through
the Friedmann and scalar field equations, where the Hubble parameter and the scalar field
correspond to the variable x € R. These equations are expanded up to first-order perturbation,
and apply the necessary on-shell background equations and conditions to simplify. An equation
associated with the Hubble parameter and scalar field of the form Eq. (3.95) is obtained. By
implementing the system and using the StreamPlot in Mathematica, a two-dimensional phase

portrait is obtained.

3.3.1 | A(X)+ V(X)+ G(X) + G Model
The potentials given by Eq. (3.77) can be reduced to the four functions, specifically of the form

__ Sk
7= VX'

such that « is the revived Horndeski potential, 5 is the BDLS parameter and ~ will be referred

q(X) = AX) = ax, 9(X)=1, I(X) = Bz, (3.97)

to as the well-tempering parameter. Functions A and Z are linearly dependent on X. While the

function ¢ appears slightly complicated, the choice is taken to simplify the constraints dictated

50



Chapter 3. Well-Tempering Cosmology

by the well-tempering formalism. The Hamiltonian equation (3.40), Hubble equation (3.30) and

the scalar equation (3.31) for this case are given by
BH = pr + p+ 5k (VZH(VX =) = 3h%6) + % (h — H)(h — 3H) (3h%a+ 5) . (3.98)
0= H (36h°X —12X? (3h% + §)) + X (12X (h — H) (3h% + §) + V2U(y - VX))
+36X%(h — H)? (3h%a + B) + 6V2HIX (VX — ) + 18h*X (p + p) , (3.99)
0=X (3\/§X(h — H)2(3h%a + B) + fsz) +18V2HX2(h — H)2(3h2a + B)
+1 (6X3/2(H2 s - 67H2X) +H (—12\/§X2(h — H)3h2a + B)

H(2X3? - 27X)> : (3.100)

wherein vacuum energy density py and matter energy density p are treated separately. The same
is done for pressure p, wherein py = —pp is seen to vanish in this system of equations. Matter

fields obey the conservation law
p+3H (p+p)=0. (3.101)

Additionally, to simplify the notation, matter fields are expressed in the following terms:

pa = 32\, (3.102)
p(t) = 3H(t)*Q(t), (3.103)
p(t) = wp(t), (3.104)

where ) is a constant, £2(¢) is the dimensionless counterpart of p(t), and w represents the equation
of state constant whose value depends on the matter considered. Additionally, the constant A,

representing the Hubble constant in a de Sitter vacuum, is set as the length scale such that

t= (3.105)

r
E ’
where 7 is the dimensionless counterpart of time t. Hence, the remaining gravitational compo-

nents can be cast in their dimensionless notation through the definition of h and 7

H(t) =hy(r),  X({t)=hx(1), a= v=hy, 1=h%. (3.106)
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Therefore, using Eqgs (3.102-3.106) one can recast Eqs (3.98-3.100) into their dimensionless form:

0=3[(3a+5) +3\+3y” (x(Ba+ ) + 2= 1] =316 — V2Iy(7 — v/x)

— 12xy(3a+ f), (3.107)
0= 12><y’(3—x(3a+6))+x’[\/§?(7—\/§) —12x(y—1)(36+6)}
+6V21xy (VX —7) + 36)4% W+ D+ x(y—1>*Ba+ ﬁ)] , (3.108)

0=x [ﬂy +3v2x (y — 1) (3a+,8)} +60x (VX — 1) —3y°)

+1y (2x% - 27><) +18V2x 2 (y — 1)*y(3a+B) +12v2x° (y — 1) Ba+B) ,  (3.109)
and the matter equation (3.101) becomes
0=3(w+1)y*Q+ 2 + 290/, (3.110)

where primes represent derivatives with respect to dimensionless time 7. Provided the system of
equations is represented into dimensionless quantities, this model can be analysed for dynamical
stability, its behaviour within the matter era which influences the cosmic structures and how
well the model holds during phase transitions; these are all important components for a viable

model to describe the cosmic evolution of our Universe.

3.3.2 | Dynamical Stability of Well-Tempered Vacuum

First and foremost, the background values for the system dependent on {y, 2, x} need to be
defined for the on-shell limit. Starting with

y(r) — 1, (3.111)
Q(r) = 0, (3.112)

as matter contributions die out, such that the Hamiltonian constraint (3.107) becomes

9(/\—1)+i(¢’—\/§7) — 306, (3.113)
The scalar field equation (3.109)
Ry (3.114)
has the solution of
o(r) = %637 +Csy, (3.115)
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where C7 and Cy are constants of integration. Substituting the solution given by Eq. (3.115),
the on-shell Hamiltonian result in Eq. (3.113) simplifies to

I(3¢2+v27) =9(x-1). (3.116)

It should be noted that omitting all non-dynamical variables leaves the constant Cs to take care
of the dynamical self-tuning of the vacuum energy, and not well-temper.

Now, an on-shell perturbation is introduced by perturbing the Hubble (3.111) and scalar (3.115)
field separately by

y(r) =1+ dy(r), (3.117)
o(7) = <C;)le37 + Cz) +0¢(T) . (3.118)

Perturbing the the Hamiltonian constraints (3.113) and the scalar field equation (3.114) result

in dynamical equations
0= by [3012667 (Ba+p8)+1 (Clef” - \/57) - 18] +1 (3¢ — 35¢) (3.119)
0= e’ (ﬂcle?" _ 27) 8y + 60137 8y <\/§Cle3T - 7) +27 (66" — 35¢') . (3.120)

such that upon differentiation of Eq. (3.119), it can be equated to Eq. (3.120) to obtain a solution
of dy by eliminating the d¢ contribution:

Cs
C2eS7 (V21— 65 (3a+ B)) — 4C17led™ + 27 (18 + v271)
where C3 is an integration constant. At the late times, where large values of 7 are considered,
the limit of Eq. (3.121) becomes

oy(r) = (3.121)

Sy — e 57, (3.122)

an exponential behaviour. This relationship should be noted, as this solution will crop up in the
remaining portion of the section. Therefore, as the case approaches the well-tempered vacuum,
T — 400, the Hubble perturbation dy — 0. Additionally, by substituting Eq. (3.121) within the
Hamiltonian constraints (3.113) results in an expression for ¢ and its derivatives:

Cs (3cie™ (3a+ ) + C1 1€ — 18 — v/2751)

PT) =300 = e (Al — 67 Ba 1 ) —dCie + 27 (18 4+ v2rY) )

The stability analysis is performed at late times, therefore it is sufficient to consider the asymp-

totic limit 7 — +oo. This simplifies Eq. (3.123) into

303 (30[ +5)
(V2l-67(3a+8)

56/ (r) — 386(r) = 5 (3.124)
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whose asymptotic solution is given by

3r Cs(3a+p)
(1) — Cae [(V2l— 673+ 5) , (3.125)

where Cjy is the integration constant. The leading order scalar perturbation has a behaviour

similar to the on-shell solution, i.e.

¢(1) o< 6¢(7) , (3.126)

implying that the perturbed portions of the scalar field eventually behave as the on-shell solution,
allowing for the dynamical stability of a well-tempered vacuum.

Apart from the above perturbative analysis, summarised by the asymptotic solutions of dy in
Eq. (3.122) and ¢ in Eq. (3.125), non-linear differential equations can be further represented as
a two-dimensional dynamical system through phase portraits. By considering Eqs (3.107-3.109),
where a pure vacuum system and Eq. (3.112) are applied, a framework for the vector field (x,y)
is given by

X = —,qu] VRN (17 + 1y + 6vx(y - D3a + 8) — x(V2T7 - VALV + 18y

+6x(2—3y) (30 + B)) (7 (VX(y* = 1) =7y°) +3vV2xy(y — 1)*(3a + 6))} ., (3127)
y =2 D ; Dlisvant 3a+ 82 + VIl - VAL x + (- 90v2x} (3a+ 5

Hlx.y
+V2F51 + 121 (3@ + B) — IyX (67(3a+ B) + \/EZ) ) —54v2x 243 3@ + B)?
+121x (3a+ B) + 6xy> (3G + ) (21ﬁx(sa+ B) + 371 - 4Z\/§> ] , (3.128)
where x is used instead of ¢, as they are related through xy = %/2 This gives a possibility to
transform a second-order differential equation into a first-order one. Functions K and H are
given by
Koyl =21y | - 52 (y = 1)’ Ba+ 8) (Ba + ) +1) = V217~ VX’
3 _ _
+6 (x(5y — HEa+8) - 4 - 1)Ea+8) -37y) |, (3.129)
Klx, y]
— 1
H[x, y] 2 (3.130)

Through these equations, two points are inferred:

® Independence of A: ) is the dimensionless vacuum energy density given by Eq. (3.102).
The independence of these equations from A implies that the system applies, irrespective

of the vacuum energy size.
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m Dependence on linear combination of & and (3: Through the dynamical system de-
scribed by Eqs (3.107-3.109), the constants & and 3 always appear in the linear combination
3a + . The a parameter arises from the revived Horndeski potential and j is related to
the teleparallel extension of the model. This further indicates the additional cases arising
from the introduction of the teleparallel sector allows through the consideration of BDLS
action provided that & # 0, 8 # 0 and 3a + 8 # 0.

Fig. 3.2 depicts phase portraits for different values of 3& + § for y and x (where dimensionless
quantities are expressed in Eq. (3.106)) given by Eqgs (3.127-3.128) by fixing parameters

y=1= vy ~h, and =10 = [~ 100h%. (3.131)
Through these plots, the following points can be concluded:

B Approach of stability region: The red-dashed line indicates the region of the self-tuning
vacuum. For regions where y = % > 0, as the solution approaches the stability region it
results in an on-shell solution. The low-energy de Sitter state is an attractor from above
with a smooth transition, verifying that the well-tempered model studied here is a viable
representation of the dark energy sector. Additionally, there exists an attractor in the
phase region y = % < 0 indicating that the well-tempering model does not result in the

self-tuning vacuum as the only cosmological attractor of the system.

m Critical curve: The blue-solid line represents the critical curve where an undefined y’
and y fields occur due to K = H = 0. This undefined region is not necessarily a physical
divergence, but it may be due to the coordinate choice of the phase space, requiring a

better choice of coordinates.

B 3a + 3 characteristic: The different choices of values for 3&+ 3 open up a large number
of additional cosmological dynamics. The main distinction is between the cases where
3a + B > 0 where the critical curve appears well below the stability line (red-dashed) and

that of 3& + 8 < 0 where the critical curve surrounds the well-tempered vacuum region.

Apart from being successful in obtaining a well-tempered model which exhibits regions of dynam-
ical stability approaching the well-tempered vacuum, the model further stresses the importance

of including the teleparallel sector which BDLS provides as a broader class of possibilities.
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Figure 3.2: Phase portraits of the dynamical system given by Eq. (3.127) and Eq. (3.128) to
The dependency on different values of 3a +
are considered with fixed parameters ¥ = 1 and [ = 10. The red-dashed line represents the well-
tempered vacuum and the blue-solid curve presents the critical curve occurring when K[y, y] = 0

depict the behaviour of the vector field (x,y).

given by Eq. (3.129).
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3.3.3 | Matter Dominated Era

The dark energy model introduced in this section requires consistent behaviour to describe a Uni-
verse experiencing a matter-dominated era before entering late-time cosmic acceleration. Since
the well-tempering framework does not screen matter contributions, unlike self-tuning, it offers
an avenue to check matter compatibility. Using the dimensionless versions of the Hubble (3.108),

scalar (3.109) and matter (3.110) equations, their integration provides a solution for a(7), ¢(7)

and (), provided that y = L;/((TT)). Starting with the matter equation, the solution is easily

calculated to be
(3.132)

already reducing the number of dependent variables to a and ¢. Moreover,
Q~1, w=1, a(r) ~ agr3 (3.133)

are set to represent the matter era, where ag = a(7p) at initial time 79. Similarly, ¢y can be
obtained from the Hamiltonian constraints given by Eq. (3.107). Setting the parameters to
a=-1,=17=1,1=10 and A = 10'°, and considering different initial values for ag and
@ yields a variety of solutions for the Hubble parameter, scalar field, matter density parameter
and dark energy density parameter. The numerical integration of these functions is illustrated
in Fig. 3.3. It should be noted that the very large value of the vacuum energy dimensionless
parameter A in comparison to the other parameters is taken into consideration to show that,
even for large vacuum energy density, there is no need for further fine-tuning.

Fig. 3.3a shows that the Hubble function follows an exponential drop towards the well-

tempered vacuum solution established in Eq. (3.122) such that

—67

oy ~ e = Indy=1In

H
W 1' ~ —67, (3.134)

and the scalar is seen to continually evolve in Fig. 3.3b. The similar behaviour is noted across
different initial conditions, with the case (ag, ¢;) = (10, 10) evolution being slower. In the case of
(ap, ¢}) = (1,1), the Hubble function gives an odd peak close to 7 = 1, suggesting that the value
experiences a sudden decrease but immediately restores to its previous behaviour. For these
choices of initial conditions, the difference between the initial and actual time becomes small
enough to result in a spike as the plot reaches 7 = 1 in the exponential power of Eq. (3.134).

Next, the density parameters can be split by looking at the coefficients of the Hamiltonian
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Figure 3.3: Numerical integration to obtain solutions for the (a) Hubble equation y(7) given by
Eq. (3.108), (b) scalar field ¢(7) obtained through Eq. (3.109), (c) matter density parameter
solution given by Eq. (3.132), and (d) dark energy density parameter obtain by Eq. (3.139). For
these plots, the constant parameters A = 1019, @ = —1, 3 =1, ¥ = 1 and | = 10 are set, while
different initial conditions for ag and ¢ are considered.

constraints (3.107) as follows:
w

= s (3.135)
Qlé) _al(3a¢+c;/a(,;/§7— ¢/))7 (3.136)
o _ 7 (—4ad’ +62?;2 +a?) ¢ | (3.137)

Q, 2?22 (3.138)

o8



Chapter 3. Well-Tempering Cosmology

(¢)

where {2\ is the matter density parameter, {2;;” is the density parameter for standard Horndeski,
le? ) represents the revived Horndeski and teleparallel sector and 24 is the vacuum energy
density parameter. Hence, the dark energy density parameter {dpg can be expressed as a linear

combination
Qpe = Q4 + Q) + 0 (3.139)

The plots for {2y and Qpg are shown in Fig. 3.3c and Fig. 3.3d, respectively. These two figures
show that there is a smooth transition from one epoch to the next, whereas one of the values
decreases, the other one gains value at the same rate to maintain the total Qy + Qpg = 1
throughout the matter-dominated epoch as current time is approached. The cases (ag, ¢f) =
(0.1,1) and (ao, ¢f,) = (10, 10), while the summation of both density parameters remains unity,
the dark energy density parameter begins with a negative value at early times implying that the
matter density parameter exceeds the critical value. This issue is not tackled in this work but
it would be of interest to see if such values at early times of the matter-dominated era arise due

to a phase transition from the radiation era.

3.3.4 | Stability through Phase Transitions

The final check is the stability of the model when undergoing a phase transition. The analysis
performed in Refs. [248] for well-tempered Horndeski cosmology has been extended to include
the teleparallel sector. The phase transition is expressed through the effective energy density

and effective pressure as follows:

A t—
Peff = PA + 2pA arctan <A7’_T> , (3.140)
;éeff
off = —pog — 2 3.141
Peft = —peft ~ 57 ( )

where 7 and A7 are phase transition time scales such that there is a smooth transition of the
vacuum energy density from pp — % at t < T to pa + % at t > T. Fig. 3.4 illustrates
Egs. (3.140-3.141) where 7 = ht. The choice of values AT = 2 and hAT = 0.1 is taken to obtain
a phase transition of an energy scale with an order of magnitude %{L’é‘ = 102. The point of phase
transition can be seen to occur at 7 = 2, where Fig. 3.4a reaches a maximum and plateaus after

the phase transitions. Fig. 3.4b illustrates the behaviour of negative pressure, where a turning
point occurs at the phase transition, to ensure that the fluid behaves as a vacuum where % =-1

before and after the transition.
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Figure 3.4: The behaviour of (a) effective energy density peg and (b) effective pressure peg for a
system undergoing a phase transition at 7 = 2 for a duration of 0.1. The transition if of order
of magnitude ~ 10? in the self-tuning vacuum energy scale.

The stability of the well-tempered vacuum, as it experiences phase transition, can be deter-
mined by substituting the effective energy density equation (3.140) and the effective pressure
equation (3.141) within the field equations (3.107-3.109). By keeping the constants as those
presented in Fig. 3.4, the Hubble and the scalar field solutions were obtained using numerical
integration, and illustrated in Fig. 3.5. The Hubble function presented in Fig. 3.5a shows a
change in the function upon experiencing a phase transition. The red-long-dashed line reflects

the asymptotic solution dy = ‘%H ~ e~ 0t

, coinciding with the behaviour experienced before
phase transition and corresponding to the matter sector solution obtained in Eq. (3.134). At
the phase transition point 7 = 2, a disturbance occurs in the Hubble behaviour and as the
negative pressure increases, but settles within the same asymptotic solution depicted by the
pink-short-dashed line. Fig. 3.5b shows that the scalar field, despite the system undergoing a
phase transition, exhibits a lack of discontinuity and continues to grow. This is an important
feature when having a well-tempering model as a continually evolving dynamical field is required
to screen the vacuum energy density to evade Weinberg’s no-go theorem [43]. This is in line with

the behaviour obtained in the matter sector shown in Fig. 3.3b.

3.4 | Summary

In summary, this chapter presented the construction of a well-tempering cosmology in BDLS
gravity, with an emphasis on having a model that includes the teleparallel extension which sets
apart BDLS from Horndeski gravity and additionally revived Horndeski potentials which had
been previously discarded. It should be noted that, albeit the case explored in Sec. 3.3 does not
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Figure 3.5: (a) The logarithmic Hubble function during phase transition, where the red-long-
dashed line correlates to the solution dH/h e~ hefore a disturbance, and the pink-short-
dashed line illustrates the same solution after the disturbance. (b) The logarithmic behaviour of
the scalar field during phase transition.

explore the full possibilities of the gravitational model, it does convey an array of examples of
the interest by considering the potentials that BDLS has to offer.

Well-tempering [44, 248] has been implemented in place of the self-tuning mechanism typically
applied in classical physics to tackle the CC problem. As BDLS contains the scalar field ¢, either
stemming from the Horndeski Lagrangian or the teleparallel section of the theory, it provides
an avenue to break Weinberg’s no-go theorem. A dynamical scalar field which evolves through
the entire evolution of the Universe can be used to screen the vacuum energy arising from
interactions between particles at different epochs. Hence, the discrepancy in the vacuum energy
density between the theoretical prediction from the standard model of particle physics and that
from observations can be minimised to result in a net cosmological constant which is attributed
to the accelerated expansion of the Universe, making well-tempering a dark energy model.

The first step presented in Sec. 3.2 was to construct the viable well-tempering model. The no-
tempering model presented in Sec. 3.2.6 further exemplifies the importance of having a scalar field
in the Lagrangian, even if other teleparallel contributions are present. This is because the on-shell
Hamiltonian constraint results in a case where no dynamical screening is possible. While certain
models can be classified as well-tempered models, i.e. satisfy the degeneracy equations (3.38)
and the consistency conditions (3.39), this does not necessarily make them viable cosmological
models. Dynamical stabilities are a crucial check to ensure models can mimic the behaviour of
our Universe. Phase portraits in Fig. 3.2 show that a large portion of the solutions approach the
vacuum stability portion of the theory. Additionally, critical curves are also included to show
the regions where the solutions are undefined due to zero value in the denominator in the vector

field equations (3.127-3.128) representing the two-dimensional dynamical system. In the case
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where C given by Eq. (3.129) vanishes, the evaluation would need to be done separately.

The large-scale structure of the Universe points to the importance of having dynamical sta-
bility in the matter-dominated era. For a range of initial values for the scale factor ag and the
scalar field derivative ¢f, the Hubble function in Fig. 3.3a illustrates the dy ~ =7 behaviour,
similar to the expected late time behaviour for the model as given by Eq. (3.122). Moreover,
the scalar field numerical solution, depicted in Fig. 3.3b shows that the scalar field continues to
evolve at an increasing rate. It was of interest to consider the behaviour of the matter density
parameter to ensure that as time passes the value depletes while the dark energy density param-
eter takes over. Figs (3.3c-3.3d) precisely illustrate the balance between the two quantities while
preserving the total unity as one smoothly transitions to the other. The exception of two cases
where the critical value of the 2y is exceeded at the beginning of the matter-dominated epoch,
albeit counterbalanced by a negative Qpg, points to a numerical issue caused, most likely, when
the epoch experiences a phase transition from the radiation dominated era.

While the radiation epoch is not taken into account, studies of the phase transition are
considered. Fig. 3.4 shows how the effective energy density and pressure behave before, during
and after a phase transition. Evaluating the behaviour of the Hubble parameter in Fig. 3.5a shows
that although a jump in value is experienced during the phase transition, numerical solution
settles at the asymptotic result of 6y ~ ¢~7. On the other hand, the scalar field solution shown
in Fig. 3.5b drives home the fact that it continually evolves, without discontinuities, as required
to perform vacuum screening at different epochs and phase transitions.

Note that during the matter epoch, and phase transition, would not be obtained if the
self-tuning mechanism was implemented. This is because self-tuning, apart from not taking into
consideration quantum radiative fluctuations, screens all energy densities and not just the vacuum
energy density. The stability conditions are also met by standard Horndeski employing the well-
tempering mechanism [248], but BDLS offers a broader framework with larger possibilities of
well-tempering models. While the analysis with a cosmological background is presented in this
chapter, the analysis was also carried out for a Minkowski spacetime where the vacuum is of
Minkowski type. To avoid unnecessary repetition, the analysis has been omitted here but further
details can be found in Ref. [254]. It was shown that the simplification of adopting a Minkowski
background allows for the consideration of more complicated models. While it is known that the
Universe experiences an accelerated expansion, looking at Minkowski solutions is still crucial to
determining the behaviour where flat spacetime is considered an adequate limit. Additionally,
the standard Horndeski limit of these solutions has been seen to corroborate with the results
obtained in Ref. [249].
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The Cosmological principle, derived from the Copernican principle, has been adopted to describe
the Universe [85, 264]. On a large scale, the small variations occurring at local points in the
Universe can be averaged out such that the Universe can be interpreted as a single manifold,
where there is no privileged position or direction within the Universe. More precisely, this
manifold is described as both homogeneous and isotropic |3, 120, 9].

Homogeneity describes a Universe that is the same in all locations. Therefore, for any two
points upon a manifold M, there exists an isometry that maps one point onto the other. In terms
of the cosmological notation presented in Chap. 2, the metric remains unchanged at different
points on the manifold. Isotropy, assuming an observer is placed at a point in the Universe, will
view the Universe to be the same irrespective of which direction they look at. Mathematically,
consider a particular point p € M. Let vectors V and W be in the tangent space corresponding
to a point p, denoted as T), M, such that the pushforward of W under isometry acts parallel with
V' [9]. It should be noted that both homogeneity and isotropy hold within the spatial portion of
the manifold. Comparing the Universe at different time slices will show that the Universe has
undergone an evolution as it experiences expansion. The FLRW metric presented in Eq. (3.4)
is used to describe the standard model of hot big bang cosmology, where the Universe was
initially hot, dense, and dominated by relativistic constituents, experienced cooling as it became
dominated by non-relativistic matter and later started to experience dark energy domination.

While the Cosmological Principle suffices at the large scale of the Universe, the disruptions
in spacetime caused by GWs and the formation of structures result in deviations from the
assumption of spatial homogeneity and isotropy. Cosmological perturbations, representing small
changes in the background, are an important mathematical tool as they realise insight into
key physical phenomena. Cosmological perturbations at early times are the seeds that lead
to the current large-scale structures and provide information about the nature of dark matter

and dark energy. The temperature fluctuations observed in the CMB give insight into the
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behaviour of the early Universe and constrain initial conditions through statistical properties
and cosmological parameters by studying their evolution over time and understanding GWs.
These small perturbations can affect the evolution of the underlying cosmology, and dictate the
physical stability of the system. In this work, cosmological perturbations will be applied to
investigate propagating degrees of freedom, polarisation of GWs, cosmic growth of CDM, ghost,

and Laplacian instabilities presented in the later chapters.

4.1 | Introduction to Perturbations

Foreshadowing the following chapters, here the perturbations up to the second order are pre-
sented. Perturbations are taken about the cosmological background of FLRW given by Eq. (3.4).
In GR, the metric is the fundamental dynamical object and is perturbed up to the first order to

initialise a small perturbation such that
v = Guv + €09, and 109, < 1, (4.1)

where g, is the background metric and the order of e indicates the order of perturbation. In
the case of BDLS theory within the Weitzenbock gauge, the fundamental dynamical objects are
the tetrad eA“ and the scalar field ¢. Perturbing both these quantities up to the first order

e, =, +ese’,, (4.2)

b= d(t) + ebg, (4.3)

where an overhead bar (7) represents a quantity with background and perturbations, and ¢(t) is
the background scalar field that is taken to be solely a function of time. A spatial dependency in
the background fields would violate the Cosmological Principle because background encompasses
the large-scale behaviour of the Universe which is assumed to be homogeneous and isotropic.
In the background equations, the Weitzenbock gauge was applied to obtain a vanishing spin
connection. The gauge can be extended to the first order, resulting in no additional contributions
at the perturbative level as well 265, 266]. Consider an arbitrary function G(«, 8) where a and

B are perturbed constants such that

a=a+eda+eSa+. .., (4.4)
B=B+edB+2B+..., (4.5)

where ¢ and §2 represent first and second-order perturbations, respectively. Performing a Taylor
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expansion on the function about the background quantities, yields

Ga,B)=G+Gal@a—a)+Gg(B—B)+Gas(a—a)(B-p)

+ % [G,aa (@—a)’+Ggs (8- ﬁ)z} + s (4.6)
=G+ e(Gada+Gpif)+ e [Gada+ G gd° B+ G azdads
+5 (Glon 00 + G (99) | + (), (@7)

where G = G(a, ) is the background function. Applying this procedure to the functions in the

BDLS action results in the following second-order perturbations:

Gi(Y 4 Y + €26%Y)
=Gi(0)+ €Y _ Y Giy(0)
Y

+é ZY; <5QYGi,y(O) + % (6Y)? Gi,yy(())) + ;Z%Y Y 62Giyz(0)| , (4.8)
where i € {2,3,4,5, Tele}, Y are the dependencies of the function, and the functions G;(0)
following perturbations are expressed in terms of the background quantities of the dependent
variables. Applying all the perturbations listed in this section yields a second order perturbation
BDLS action given in Eq. (2.98) using the perturbative quantities of the fundamental objects in
Eqgs (4.2-4.3), as summarised in Tables 4.1, 4.2, and 4.3.

Table 4.2 lists the perturbations of the quantities making up the standard Horndeski portion
of the action. Apart from the kinetic term X which is expressed in terms of scalar and tetrad
perturbations, the remaining terms only rely on the metric perturbations, which in turn can
be expressed through tetrad perturbations. It should be noted that within standard Horndeski
the metric is perturbed up to first order only since it is the fundamental dynamical object of
the formalism. Here, the metric is extended up to the second order to account for 56Au5eBV
combinations stemming from the linear order of the tetrad. Additionally, the perturbation of the
inverse tetrad E," can be extracted in terms of the tetrad eAM. Starting from the orthogonality

condition of the tetrad given by Eq. (2.43) and extending to perturbative levels yields

et By =0 = (e, +ebe?)) (BE)Y + 0B +..) =4,
= e By +e(0e? By + et 0EL) + 2 (e 0B, +..) =61 (4.9)

Comparing the left and right-hand side of the equation for the linear order, corresponding to

coefficients of €, results in

set By + et 0B, =0 = §Ep” = —de” E,"Eg". (4.10)
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Table 4.2 lists the perturbations of purely teleparallel contributions, such that all quantities can
be expressed in terms of 56‘4#. Moreover, the scalar quantities of {Tax, Tvec, Tten, T’} specifically
rely on e u and torsion tensor T’ ’\W, which in turn depend on eA“. Table 4.3 summarises the
perturbations of quantities constructed through the mixing of tetrad and scalar fields. In the
final column of the table, corresponding to the second-order perturbations of these quantities,
there are no contributions stemming from purely scalar-dependent second-order perturbations
or any quantities that are made up of only the scalar field. This is because the scalar field is
the only quantity that is not mixed with the tetrad. Having said that, ¢ and d¢ do appear in

conjunctions with other perturbations.

4.2 | Equations of Motion in the Weitzenb6ck Gauge

In Sec. 3.1, the background equations of BDLS action, given by Eqs.(3.19-3.23), were found
through the variation with respect to IV, a and ¢. Albeit being a viable approach when dealing
with background equations only, it becomes difficult to perform perturbations on the equations
of motion. While in Chapter 3, perturbations of the scalar field and Hubble parameter are taken,
the behaviour of the gravitational perturbations modes within the fundamental dynamical object
of the tetrad cannot be extracted. For this reason, a more generalised approach to obtaining
the equations of motion is required. One approach is to perturb the action up to second order
in terms of the scalar and tetrad field, then taking variation with respect to the first order
perturbations of the dynamical fields, i.e. (56’4# and d¢. Another approach, which will be fleshed
out in this section, is to obtain the equations of motion in terms of tetrad and scalar field without
performing perturbations, and then perturbing the equations of motion themselves.

For simplification, the notation for variations with respect to the tetrad and with respect to

the scalar field are given by, respectively,

o o

0 1= ) 0p = —, 4.11
6607 @ 5¢ ( )
and
_ o - 0 N 0
5= 5= §i= —— 4.12
0D’ 8”8(3,,@) 9(0.,0,®) (412
such that
5aY =0Y — 8,0Y + 9,0,0Y , (4.13)

where & = {eCW, ¢} and Y is an object being varied.
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Hence, an arbitrary function G is varied by the following identity:

56G(Y,...)
0G oY oG 0Y oG 9Y
~(avos ) -2 (wae )+ 20 (Wamam +) - 6

The rest of the components of the BDLS action are varied individually to obtain the equations
of motion. The following subsections explore the variations with respect to the tetrad and scalar

fields in more detail.

4.2.1 | Variation with respect to Tetrad

The first part is the variation with respect to the tetrad. It should be noted that throughout
this section, C, =, and p are reserved for the variation term. Taking the variation of the tetrad

itself yields the relationship
seet, = 6467 . (4.15)

Through the identity relation given by Eq. (2.43) obtained as a result of the orthogonality
condition between the tetrad and inverse tetrad, the variation of the inverse tetrad can be

obtained as follows:
et By =01 = c(e? E,) =0. (4.16)

As shown in Table 4.4, the Fuler-Lagrangian of the tetrad and inverse tetrad is equivalent to the

first term only, such that
e, = eet S B =6.E,". (4.17)
By the Leibniz product rule, the above equation can be expressed as

5eeAMEA” + eAHcSeEA” =0 = eAM(SeEA” = —5e€AHEAV

= 0.Ep” = —E,"Eg'é.e?, . (4.18)
The determinant can be expressed in terms of the tetrad by
e = exp (tr(In eAM)) , (4.19)
such that its variation with respect to the tetrad yields

bce = ed. (tr(ln eAu)) = eEAuéeeAu. (4.20)
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Thus, the rest of the quantities can be built through Eq. (4.16), (4.18) and (4.20). In the case
where ingredients/functions are present in the standard Horndeski action, their variation has
been calculated with respect to the metric in Ref. [267] such that it can be expressed in terms

of the tetrad variation by replacing the variation of the metric as follows [268]:
SeGuv = 77Ac(5Z€A,, + (536‘4“) , and beg = —(E 9" + EcVgM). (4.21)

The variations of the basic quantities used throughout these derivations are summarised in
Table 4.4. In hindsight, the variation of derivatives of the tetrad is included as these would be
required to calculate the Horndeski quantities of Rand G w- It should be noted that quantities
{eAM,(?,,eAM,(?)\&,eAM} only give rise to a single term from the Euler-Langrangian relationship
given by Eq. (4.13). This is not the case with the derivatives of the inverse tetrad due to the
relationship given by Eq. (4.18). The results for quantities that appear in the standard Horndeski
action are listed in Table 4.5. Covariant derivatives of the scalar field do not result in the last
term of the Euler-Lagrangian expression given by Eq. (4.13), because the only second order
derivative term is given by 0,0, ¢, which independent of the tetrad. This would not be the case
if a scalar variation is considered. Table 4.6 gives the evaluation of the quantities associated with
purely teleparallel terms, while variations of scalar-tetrad quantities are listed in Table 4.7. All
of these quantities can be expressed in terms of the tetrad and scalar field up to the first-order
derivative. Therefore, the column associated with b is eliminated as they do not contribute to
the variation.

Therefore, variation with respect to the tetrad of the Lagrangian densities in Eq. (2.98) yields

W' = (GaB," + GaxdX)) (4.22a)
W@ = —e (Bo" G+ G x 5X 06 + G5 3(030) ) + 0, (G5 5(009)) (4.22D)
W' = e (By? Galt + Gadk+ (B Gax + Gaxx X)) ((09)2 = ))

+Gux 0X R+ Gux (2 (16 3(Clp) — SWl)) ~ 9, (e G4oR

t+eGax (2005(036) — Wy ) ) + 0.9, (G4 OR) | (4.22¢)
W' = e (B Gs + Gsx X)) Gy VIV"6 + G (8G, VIV"6 4+ G, 5(VV¥0))

—é <G5,XECV + Gs.xx Sx) ((é¢)3 +2W, — 3016 W1)>

%GM (3C16)2 5(30) + 25Ws — 3 (5(C36) Wi + 165w, )

~ 9, <e Gs (Sé,w VIS + G S(W%w)) - ée Gs.x (3@(;5)2 3(C1p)
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+20W; = 3 (5(00) W1 + 069 ) ) ) + 8,0, (€ Gs VIV 65C ) | (4.22d)
WC’Y (Tele) _ e (ECPYGTele + Z GTeleyy(gY) -0, (Z GTeleySY)
Y Y

for Y € {¢7 X7 Ta Tax; Tvec; 127 Jla J37 J57 J67 J87 ']10} y (4226)

where W = @uﬁyqﬁ @“ﬁ”d) and Wy = @M%”¢ ﬁy@)‘qﬁ @,\@“d). By contracting the equations of
)

motion WC'Y(i with the tetrad and metric, the expression W, = gWeC#WCV is obtained [268].
The above results are not fully worked out due to the complexity of the system. This form of
the results is easier to implement within Mathematica, as later components of the field equations

will be calculated.

4.2.2 | Variation with respect to Scalar Field

Analogous to tetrad variations, the following portion contains variations with respect to the
scalar field. While the objects that are purely teleparallel have a trivial variation result, all other

terms are built on
dpp =1, 06 (0u0) = —8p((5Z) =0, and 06(0,0,0) = 8V8M((5Z5‘,j) =0, (4.23)

as summarised in Table 4.8. The list is simpler than the ones with variations with respect to
the tetrad. Only terms which have 0,0,¢ contributions result in the last term of Eq. (4.13).
All terms, except for ¢, have a scalar dependency stemming solely from derivatives of it. Thus,
the second column of Table 4.8 is trivial for the most part. Additionally, {7, Tax, Tvec} are not
included as these are pure tetrad-based quantities and their variation with respect to the scalar
field yields trivial results.

Taking the Lagrangian densities presented in Eq. (2.98) and applying the results in Table. 4.8,

results in the scalar field equation:
WS = eGag+ 0,09 Gax}, (4.24a)
W(z()g) =e G37¢ |j¢ — 8p{€ (g;w f‘ﬁy G3+ 09 G3,X |j¢)} - awap{e g™ GB} ’ (4'24b)
WY = e [RGug + (00* - VuVod VAVY) Gagx) — dple [21%, Gux (VAV"9
— U g") — 0°¢ (RGyx + (0¢* — V,V,0 VAV ) Gaxx)] }
~20,0,{Gux (VPV9h — g g™)}, (4.24¢)
W = [VAV"6 Gy G g — § Gsox (00° + 2V, V0 VaVEG V' VA9
1
6
+ 2V, VO VNG + 2V, VA6 VIVHG + 3 (0 — V,V, 6 VAV ¢) g7

~ 300V, Voo VIV ¢)] — 8p{e [~ G™ TV, G5+ - Gs.x (— 6 VIV $ 3¢ G
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— 60 VIV G+ 2V, V,0 VAVFG g7 | T7,) + 5070 G5 xx (O¢?
300V, Vup VIV + 2V, V.0 VaVF VI'VA¢) ]} + 0,.0,{e [G™ G5
= 5 G5.x (2VoVEO VIV +4V (V0o VIVAG — 6006 VIV + 3 (L

— VuVud VEVY ) g7)]} (4.24d)
deTele) = €GTele,p — Ip{e | — 070 Grele,x + v Grele,r, + 200" 8,6 Grele, s,

+ 20,0y Grele, gy VW) + 20"t ™ Gtele, 15 + 20° G oo ™ Gele, s

+ 40,0 0") 0" G tru ") Grete s — 20” D fwu/\(u 1% Girete, o) } (4.24¢)

where W for i € {2,3,4,5, Tele} corresponds to terms which contain the function G;. The
background equations obtained from Eqs (4.24) correspond to those in Eq. (3.23) when cast in
the form of the Klein-Gordon equation. Eqs (4.24a-4.24d) are identical to those obtained in
standard Horndeski, while Eq. (4.24e) gives new contributions from the teleparallel sector. It
should be noted that the derivatives 0, and 0,,0, are not explicitly performed and presented here
due to the complexity of the equations while also being easier to perform perturbations in this

form.

4.3 | Linearised Field Equations

Eqgs (4.22a-4.22¢) and Eqs (4.24a-4.24e), along with the knowledge of the perturbations of quan-
tities which are presented in Tables 4.1, 4.2, and 4.3, provide the tools to obtain the linearised
field equations. Since the general form of these perturbations is cumbersome, here is presented
the first-order perturbation of each sector when considering a SVT irreducible decomposition of
the tetrad.

4.3.1 | Scalar-Vector-Tensor Decomposition

The scalar, vector, and tensor modes have different spins as a result of their transformation
properties undergoing spatial rotations: scalar have spin-0, vectors have spin-1 and tensors have
spin-2. In general, a metric within the four-dimensional spacetime considered thus far would have
16 DoF's. Only upon consideration of symmetric properties do these number of DoF's reduce to
10. Here, the fundamental dynamical object is no longer the metric, but the same decomposition

is expected through the construction of a tetrad with 16 DoF's, containing both symmetric and
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antisymmetric parts:

1 0; i
A T a (9B + Bi) (425)

(5{-4 (8% + bi) ad ((52']'(1 + ) + Giajh + 28(ihj) + %hij + Eijk(akJ + Uk))

where the tetrad perturbation has been split in scalars {, 8, b, 1, h}, pseudoscalar {o}, vectors
{Bi,bi, hi}, pseudovector {o;} and tensor {h;;}. The scalars and pseudoscalar have 1 DoF each,
the vectors and pseudovector have 2 DoFs and are divergenceless such that 0°3; = 0'b; = 0°h; =
d'c; = 0, and the tensor has 2 DoFs which are symmetric hij = hj;, traceless 5ijhij =0
and divergenceless 6%2-]- = 0. The divergenceless property of vector modes arises as these modes
correspond to shear-like deformations of spacetime and as a pure rotational mode does not result
in compressions and expansions, while the tensor modes are to ensure that shear deformations
are realised to account for transverse distortions. Additionally, the traceless condition eliminates
scalar behaviour to focus on shape distortion.

Constructing the metric through Eq. (2.44) up to first order results in

142 a(0;B + B;)
G — : (4.26)

a(0iB+ B;) —a® (14 2¢)di; + 20;0;h + 49;h;) + hij)

where B = —b+ 8 and B; = —b; + [3;, for a total of 10 DoFs. Moreover, the pseudoscalar and
pseudovector are seen to vanish in the metric perturbation up to first order, because they are
associated with the antisymmetric part of the tetrad while the metric is completely symmetric.
As shown in Table 4.1, the metric contains second-order perturbations when constructed through
the tetrad. For this reason, only the fundamental dynamical objects are taken to have a small
perturbation up to the first order, and in general, all other quantities are extended to the second
order. In addition to the tetrad, the scalar field is also a fundamental quantity, to which the
perturbation, classified under the scalar modes, is given by Eq. (3.120). Therefore, the linearised
field equations for each sector mode can be obtained individually. The results for each mode are

listed as functions of perturbation modes, with detailed equations included in Appendix A.

4.3.1.1 | Scalar Modes

Scalar perturbations are primarily linked to density fluctuations in matter and energy. They de-
scribe an important sector when dealing with structure formation. In the matter and radiation
epochs of the Universe, scalar perturbations are associated with the fluctuations in matter and
energy. During the matter-dominated era, scalar perturbations form gravitational wells where
matter accumulates to eventually form clusters. In the early Universe, where radiation domi-

nates, interactions between photons and baryons give rise to acoustic oscillations, which can be
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observed in the CMB. Scalar perturbations leave an imprint on CMB observations, manifesting
as temperature anisotropies due to their influence on gravitational potentials [269]. The scalar

sector contains the modes {p, 3,b,h,c} in the tetrad

1+ ad;f
e’ "= , (4.27)

5;4 8% aéAj (5@‘(1 + 1/1) + 818311 + €ijk 8’“0)

and

5 = d(t) + 66 (4.28)

The mode o is technically a pseudoscalar, as it changes sign under parity transformation, allowing
the potential parity-violating interaction such as axions which have been used to model dark

matter. The field equations become

O, = A% (50,00, 070, 0, 0%p, 078,08, 0%, 1b, 6%, 0%h ) (4:290)
oWy 'S = B (9100, 0'000'0,0'5,0'8,0'5,0'p, 0" ) | (4.29D)
SW,08 = (a 56, 0:06, D, 3i9%b, am,aia?h) , (4.29¢)

sW,7 5 = pS <8¢8j5q5, 0,8 0, 8;0° B, 0,87 B, 0;07b, 0;8"b, 8;04, 8;0" h, 8;07 h,
eijké?ka, eijkakd,eijkﬁk&,eijk8k32a) , (4.29d)
SW,iS = g8 (5¢, 56,066,025, 0, p,0%p, 028,028, 8%b, 8%b, 4, v, 9%, O%h, a%) . (4.29)
SW§ = F5(8¢,80,50,0%50, ¢, ¢, 0%p,0°,0%B,0°b, 0°b, 0%p, b, 1), 0°h, 9°h) , (4.29f)

where )8 for Y € {A,B,C,D,E, F} are functions (see Appendix A for further details). The

symmetric and antisymmetric portions of the field equations for the scalar fields are

Wioy = G (@(Mﬁ, 860, 00, ;0. 0, 033, 8:0b, Oy, Oy, aia%) , (4.30)
Wiij) = H® (31'53'5@257018]'@,az-@jﬁ,@ié?jb, 0;0;b, 8¢6j¢,8iajh,8iajii) : (4.31)
Wioy = I (9;0¢, 9;00, 0s¢p, 0ip, 9,3, 0if3, 0;0%b, aiw,aizb,aia?h) , (4.32)
Wiij) = T (eji0%0, €405, €105, 1,05 0% ), (4.33)

4.3.1.2 | Vector Modes

The physical characteristics of vector perturbations arise from their depiction of how different
regions of the Universe move tangentially relative to one another. As the Universe expands, the

shear modes are diluted resulting in a quick decay of the vector modes [269]. Regardless, their
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remnants from the early Universe leave a mark on the polarisation of CMB, associated with
B-mode polarisation. The vector sector contains the perturbation modes {f;, b;, h;}, and o; in
the tetrad
1 a B
et V= ' : (4.34)
5{4 bt add ((523 + 28(ihj) + €k Uk)

which results in the following field equations:

sW,iV =pBY (5 i 0281, 02k, 0%1, €9, 0, a’ﬂ"fajzyk> , (4.35a)
SOV =V (8261, 0%, 0P, 06" | (4.35b)
oW,V = V(8361,8362,87172,8]61,8%1,8% D102, ¢/ oy, e/ 6, Z’“a%k) . (4.350)
oWy =GV (B, Bi. 028, 071, 0%hi, 0l 00, i 6* ) | (4.35d)
6W[OZ] Y (5 Bi,8261-,32bi,82hi,02hi,eijk0jak,eijkajdk> : (4.35¢)

Wy =TV (385, 0By by Dby, Oy, iy s0%hi, 0370 ) (4.35¢)
oWy =V (a[zﬁj],a[zﬁj],a[z byj, Dby, 00%hs, ek, eijnd®, eijpd0 ’f) (4.35¢)

while the remaining components and the scalar field equations are trivially zero (see Appendix A
for further details). The mode o; is a pseudovector that does not change direction under parity

transformation, unlike vector modes.

4.3.1.3 | Tensor Modes

Tensor perturbations are related to the geometrical effect stemming from GWs [270]. Their
contribution to the CMB anisotropies is overshadowed by those of scalar perturbations [269].
Primordial GWs produced during the inflationary period give rise to B-mode polarisation in
CMB. Hence, a spike in the BB power spectrum at large angular scales would indicate a key
prediction of inflation [269]. Such direct evidence has not been observed, yet. The tensor sector

contains solely the h;; mode such that

1 0
AT = , (4.36)
0 ad? ((51] + %hw)
resulting in the following field equations:
oW, T T = 51DT (hij, g, g, 0Phis. ) (4.37)
which is symmetric by nature of the tensor mode h;; and the rest of the components vanish and

once again the scalar field equation is trivial for the tensorial sector (see Appendix A).
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4.3.2 | Gauge Invariance

The gauge transformation of the perturbed tetrad and scalar field under the linear coordinate
transformation Z# — zt +&H 271, 272, 273] is described as the difference between two manifolds
such that

0D — 6O + LD, (4.38)

where ® = {¢, eAM}, 0® = {do, 56’4“}, L is the Lie derivative along the vector change £* |9],
which is further split into

g = €~ (€ + 6905¢) (4.39)

where €Y is the temporal component, £ is the scalar spatial component, and £’ is the vectorial
spatial component with the divergenceless condition 9;¢ = 0 [173]. The following identities are

applied to transform the tetrad and the scalar field:

- A v v
oe , = (56‘4“ +& Bl,eAH + 0,6 el (4.40)
6 =6+ EY8,¢. (4.41)

Evaluating all temporal, spatial, and temporal-spatial components, the transformation of each

perturbation mode can be obtained:

G=o, ke = eijro® + %aigj : (4.42a)
6 = 0 + &0, (4.42D)
p=p+E, (4.42¢)
=1+ HE, (4.42d)
B=p+ 2507 Bi = Bi, (4.42¢)
b=1b— HE+E, by = b; — HE + & (4.42f)
h=h+ 257 hi = h; + %ﬁi, hij = hij, (4.42¢)

where o, 8; and h;; are gauge-invariant. The rest of the perturbations can be combined into the

following groups:

{5¢7§07¢75} ) {ba h} ) {Uiabi;hi} . (443)

It should be noted, that while the pseudoscalar can be treated as a separate mode from the scalar

modes, calculations dealing with the vector fields always need to include the pseudovector as it
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has a relationship with other vector modes unless the mode is ruled out through gauge fixing.
The gauge fixing would require one from each group to be set to vanish. Moreover, the common
gauges chosen for metric-based theories can be also replicated with the following restrictions in

tetrad-based theories for the scalar sector:

Flat Gauge : =0, h=0, (4.44a)

Unitary Gauge : 0p =0, h=0, (4.44Db)
Newtonian/Longitudinal Gauge : b=23, h=0, (4.44c)
Synchronous Gauge : =0, b=p. (4.44d)

In Ref. [274], the longitudinal gauge is implemented by adding the condition 8 = 0 to mimic
an Arnowitt-Deser-Misner (ADM) decomposition with a gauge fix. In the context of SVT de-
composition, such a condition could lead to an over-fixing of the gauge. As shown in Ref. [275],
it is important not to eliminate the off-diagonals of the tetrad since technically 5 is present in
the field equations. In metric-based theories, the vector sector is not evaluated as it is typically
trivial. Another approach to gauge fixing is the consideration of combining the results given in

Eq. (4.42) from which new gauge-invariant quantities are created:

X =0¢ — adf, (4.45a)
Xy = —a(HB+P), (4.45D)
Xs=1v—aHf, (4.45¢)
Xy=b—ah, (4.45d)
Y, =b; — 2ahi , )
Zii = €ijro” 4+ Ojh; . )

The scalar gauge-invariant quantities {X7, Xs, X3, X4} are not unique and other combinations
exist. This choice is opted for simply because it facilitates the analysis when transformation
equations in terms of gauge-invariant quantities. Changing equations to be in terms of gauge-
invariant quantities and [ allows an easier way to identify terms that rely on S to ensure that
these contributions vanish. Therefore, the field equations can be cast in terms of these gauge-

invariant quantities. The scalar sector is summarised by the following:

SWeo = (XlaX1702X1,X2,32X2,X3,522\f3,32?€4) : (4.46a)
SWe, = B° (8 Xh8%78%,8%,82'?63,812'(3,8@'2(4) , (4.46D)

Wi =5 (0.2, 0%, 0,2, 0,4, 0:0°, ) (4.46¢)
5W5‘ = <aian17ai8jX2>aian378i8jX4yaian4) : (4.46d)
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oW, = &5 (2,0, 81,021, X, By, 020y, X, By, Xy, 02,01, 0%, ) (4.46¢)

— FS (X X0, X, 0200, Ko, Xy, 02 X0, Xy, Xg,;%g,a?Xg,a?&,a?&) : (4.46f)

_gs (a X1, 0,80, B Xy, 0; X, 0, X3, 0, X3, 0 Xy, 00 2(4) , (4.46g)

W) = HS (a 0; X1, 010, Xz, 00, X3, 0,0, X4, 0,0, X4> : (4.46h)

Wiy = I8 (a X1, 0,81, 0, X0, 0, X, 0, Xs, 0i X3, 8;0 2@) : (4.461)

Wiz = T3 (Q‘jka o, eijka a,eijkﬁ g, eijkaka%) ) (4.469)
and the vector sector transforms to

SWoi = BY ( 3, B, 02 B, 0° Vi, & 23, 8jZij) : (4.47a)

Wi =V (8252', Vi, 5j3ij) : (4.47b)

swy =DV (8“6’]-, 031, 0:Y;, 05, 0% 21, i zij) , (4.47¢)

Wy =G" (ﬁz,ﬁz,azﬁz,é??yz,afzw,a sz) : (4.47d)

5W[02 HY (ﬂ Bi, 02 Bi, 0%V;, 09 2,5, 3j3ij> , (4.47e)

=1 (3 iB)): 0B, 0 J)?a(ij}j)’a(iakzjk)) 7 (4.47f)

6WM = ( [iﬁj],a[iﬂj],aﬁyﬂ,a[iyj},a[iakhzjk]) , (4.47g)

and the field equation of the tensor modes presented in Eq. (4.37) is already gauge-invariant.

4.4 | Summary

Cosmological perturbations play a crucial role in the study of cosmology. Small perturbations at
the early stages of the Universe can evolve and interact with matter to result in the formation
of large-scale structures observed nowadays. Perturbations of the tetrad in Eq. (4.2) and the
scalar field in Eq. (4.3) provide the foundation to perturb the dependencies in the BDLS action
when the Weitzenbock gauge is applied. These results have been tabulated in Tables 4.1-4.3 to
summarise perturbations up to second order.

The gravitational modes perturbations governing the tetrad cannot be perturbed within the
background equations in Eqgs (3.19-3.23), hence it is more convenient to construct the equations
of motion by taking variations of the action with respect to the tetrad and scalar field to yield
Eq. (4.22) and Eq. (4.24), respectively. The SVT decomposition provides a system of linearised
field equations for the scalar, vector, and tensor sectors, separately. These results would apply

for all subclasses of BDLS, providing an avenue to apply a limit and obtain the results quickly
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starting from Eqs (4.29, 4.35, 4.37). Moreover, the equations can be cast in terms of the gauge-
invariant quantities. Applying a gauge transformation of each perturbation mode as done in
Eq. (4.42) confirms once again that the SVT decomposition allows for the sector to decouple.
The gauge-invariant quantities can be constructed as a linear combination of non-gauge-invariant
ones.

The linearised field equations for different sectors of SV'T decomposition are used to study the
propagating DoF's and polarisation of GW in Chapter 5. By having such a generalised class of
MTG, subclasses calculations are facilitated. Chapter 6 explores the growth structures through
the effects of the scalar gravitational modes on CDM. The BDLS action can also be extended
further up to second order, corresponding to the linearised field equations, to study the ghost
and Laplacian instabilities to realise the model restrictions which do not give physically viable
cosmologies as done in Chapter 7.

The details of the functions of the linearised field equations have not been included here due
to the complicated nature of the expressions. Appendix A provides a link that summarises the
results obtained through Mathematica. In comparison with the results in Ref. [112] for standard
Horndeski gravity, an increasing number of terms are introduced by BDLS. The teleparallel
sector can provide a richer structure of viable cosmological models able to revive discarded
Horndeski cosmologies through an additional contribution and study theories beyond GR and

beyond the curvature-based formalism.
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Y Y =&Y SY:{MLM)Y SY:#{WY
¢ 1 0 0
,ﬂ 0 o 0
D 0 0 566
X 0 —¢P 0
%u%ucb 0 -1, 800
%M%”qb 0 —g)‘”fz)\ gw”éﬁ
VIV 0 —g" g7 gger
g 0 —gM T, g*°
I 0 vP 0
J1 0 2¢ ,ataP 0
Js 0 20 vtV He) 0
Js 0 20K\ P 0
Jo 0 46 6O H P bt 0
Jg 0 20"yt P 0
Jio 0 —2¢ 4ave,,, Pt 0

Table 4.8: Terms from the variation of BDLS with respect to the scalar field ¢. For each quantity
Y, the result for 0Y, Y and 0 are tabulated. A comma (, ) represents the partial derivative to

simplify the expressions within the table.
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Propagating Degrees of Freedom and

Polarisation Modes of Gravitational
Waves

GWs were predicted through the formulation of GR [128], manifesting as gravitational radiation
when massive objects warp spacetime [121]|. Recent observations of GWs [45, 80, 276, 55| have
launched a series of theoretical and observational work for a better understanding of GWs as they
provide a new window into the Universe to study theories of gravity, blackholes and neutron star
mergers, the early Universe through primordial GWs, and dark energy. Future missions, such
as LISA [277, 50| and Light satellite for the studies of B-mode polarization and Inflation from
cosmic background Radiation Detection (LiteBIRD) [278|, will operate from space, primarily
focusing on GWs and primordial GWs.

The linearisation of weak field equations in GR represents a dynamical system for gravita-
tional radiation, behaving as a transverse wave travelling at the speed of light [121, 122|. In
1936, Einstein and Rosen questioned the existence of GWs, concluding that polarised plane
GWs would lead to a point of zero volume; a singularity [3]. The assumption that the coor-
dinate system utilised was free of singularities led to the conclusion that there were physical
singularities [279, 280|. The misunderstanding between coordinate and physical singularities led
to a revisit of the calculations, this time changing to a cylindrical coordinate system for the
metric [281], which confirmed that GWs could exist and carry energy [279].

The 1974 discovery of binary pulsar PSR B1913+16 by Taylor and Hulse provided direct
evidence of gravitational propagation at the speed of light [46], with the later observation of
energy loss as predicted by GR [47]. As the concept observed in the electromagnetic field came
to hold also for the gravitational field [209], the existence of GW became a more likely possibility,
hence propelling the search for the first GW observation.

Among the many attempts, the interferometric beam detector has become a favourable GW
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detector [282]. The inspiration behind the interferometric GW detector is the 1800s Michel-
son interferometer initially designed to debunk the notion that there exists an aether around
Earth [283|. The laser interferometer is equipped with a laser source which is split upon falling
on a beam splitter, creating two separate beams travelling independently along perpendicular
arms. Mirrors positioned at both ends of the arms allow the laser to reflect and intersect onto
a photon detector. Here, phase differences can be recorded from the interference patterns gen-
erated [3]. The interferometer provides a system where two geodesics are generated, where one
acts as the stationary field while the other represents the tidal forces created due to gravitational
radiation [282], such that any change in displacement can be attributed to a GW [3].

LIGO is one such GW interferometer, having two separate interferometers at different loca-
tions (Hanford and Livingston Observatories in the United States) to account for local noise aris-
ing due to seismic activity, thermal variations, and electromagnetic interference [48]. The setup
is placed within a vacuum to minimise light phase fluctuations arising due to air molecules [51].
Additionally, the 4 km arms increase the sensitivity [51| and are not responsive to electromagnetic
waves induced by matter, primordial gases, stellar atmospheres, and interstellar media [283]. Fol-
lowing over 10 years of no GW detection, LIGO started to undergo a major upgrade to increase
its sensitivity, resulting in A-LIGO [52]. The upgrades affected the majority of the interferom-
eter, from an increase in laser power, larger and heavier test masses suspended by fused silica
fibers instead of the previous steel wire, and the use of a seismic isolation system, to name a few.
Shortly after its operation started in 2015, A-LIGO along with the Virgo Collaboration in Italy
confirmed the first detection of a GW signal, dubbed GW150914, arising from inspiral binary
blackhole merger [45]. The detection correlated with the theoretical prediction of GR [45, 122],
adding to the number of tests which GR has passed.

The first detection was followed by numerous other binary system mergers but further im-
provements are still being worked on. A-LIGO is restricted to detect oscillations of frequencies
over 10 Hz [48], as ground-based background disturbances create limitations along with the logis-
tical problem of increasing the arms’ length would require more land space. Hence, the next step
is to move to a space-based GW detector. LISA, planned to launch in the mid-2030s, will be the
first space-based interferometer operating at the low-frequency bandwidth of 10~* and 10~! Hz
in the Sun’s orbit with 20° behind Earth [49]. Apart from being able to generate arm lengths far
greater than those achievable on Earth, the setup will be made up of three identical free-flying
spacecraft forming an equilateral triangle to act as three pairs of Michelson interferometers. Also,
in place of end mirrors, optical transponders will reflect signals [277, 49].

The current detections of GWs being done by A-LIGO [51, 52|, Virgo collaboration [53, 54],
Kamioka Gravitational Wave Detector (KAGRA)[55] and GEO600 [56, 57| rely on template
matching, wherein data collected from the detector is compared with a large framework of the-

oretical predictions. It is important to have a large number of waveform templates represent-
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ing a range of possible binary systems within astrophysically interesting regions containing the
parameters of mass, spin, orbital phase, fiducial reference time, and amplitude of massive ob-
jects [284, 285]. Generating a template bank requires an underlying gravitational theory, making
GR idyllic due to the vast work done, and continues to be explored, in this framework. Hence,
while detection infers a correlation with GR where only tensor mode polarisations appear [48],
it could be that GR is not the complete answer, especially with the numerous obstacles it faces’.
The possibility of other polarisation modes is still open as current Earth-based observers, includ-
ing the near-future operation of Indian Initiative in Gravitational-wave Observations (INDIGO),
are restricted to a set orientation, making it more difficult to detect other modes. Additionally,
the agreement between GR and detection only occurs at the lower end of the astrophysical energy
scale such that any other hidden signals could induce deviations from GR [45]. Therefore, an
increase in sensitivity, eliminating Earth-based interferences and tapping into frequency ranges
from below 10 Hz, particularly < 1 mHz, will result in additional sources of GWs and deviations
from GR might accumulate over long timescales. This makes the next generation of detectors,
of the likes of LISA, Einstein Telescope, and Cosmic Explorer, more likely to observe GR devi-
ations. For this reason, it has become increasingly appealing to develop well-posed frameworks
that adopt theories beyond GR, supported by a range of well-studied cosmological models, to
construct the necessary template bank.

In this chapter, the nature of GW polarisation modes in BDLS gravity is presented. Due to
the vastness of the theory, here perturbations about a flat Minkowski background are consid-
ered to generate the linearised field equations representing the effects of gravitational radiation.
Moreover, the propagating DoF's for the branches of cases stemming from BDLS are determined.
The exhaustive cases arising from BDLS, with some corresponding to well-studied classes of
gravity, show the rich approach and ease to reproduce the DoFs and polarisation modes of other
gravitational theories, while circumventing issues of the GR framework. The work done in this
section is based on the published work in Ref. [286]

5.1 | Modification to the System of Equations

Before commencing the analysis of DoFs and polarisation modes of gravitational waves, a
presentation of the modification to the field equations is presented in Chapter 4. Here, the
work is carried out in the signature (4, —, —, —), implying a switch in sign whenever temporal
and spatial derivatives are raised. Additionally, the scalar field is taken to be constant at the

background level such that ¢(t) — ¢ = ¢ where ¢q is a constant, with a Minkowski background

'Refer to Sec. 2.1 for further details regarding issues in GR.
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9w — M- Hence, the gauge transformations given in Eq. (4.42) change to

o=o0, 0 =0y — %eijkajfk, (5.1a)
56 = 6, (5.1b)
p=p—¢, (5.1c)
b=1, (5.1d)
B=p-¢, Bi = B;, (5.1e)
b=b-¢, bi = bi + &, (5.1f)
h=h-¢, b= hit 56, hig=hy,  (5.1g)

such that now the gauge invariant quantities increase {o, d¢, v, B;, hij} and the gauge invariant

quantities presented in Eq. (4.45)% reduce to

Xo=p—8, (5.2a)
Xy=b—h, (5.2b)
Y, = —b; +2h;, (5.2¢)
Z; =0, — €0 h" . (5.2d)

Moreover, for simplification, the modification to Fourier space, in particular for the spa-

tial components of the field equations, is adopted from this point forward. The Fourier space

decomposition
Ja) = f(yem e (5.3)
yields the following identities:
0; — ikj, (5.4a)
8;07 = 7' 9;00 — —n'kjky (5.4b)
0= 0,0" = 0 —lkjk; = 95 + k2. (5.4¢)

Following all the modifications listed here, the gauge invariant field equations (4.37,4.46,4.47)
can be transformed to investigate the propagating DoF's and polarisation modes of GWs within
the BDLS framework. The propagating DoFs in GWs sheds light on the fundamental nature
of gravity. GR has two dynamical modes corresponding to the tensor sector: 4+ and x modes.
Modified theories of gravity could realise extra DoFs which may alter the speed at which a GW
travels. The two propagating DoFs from GR are also the polarisation modes of GW within the

2Notation for Z;; is altered to Z; for convenience to simplify the equations.
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theory, which reflect the behaviour of how spacetime is distorted. For 4+ and x this corresponds
to a contraction and elongation at different axes and the same behaviour at a diagonal between
the axes, respectively. But these are not the only polarisation modes possible, theoretically.
The following sections will delve into the details of both properties within BDLS, while also

investigating interesting branches of the theory.

5.2 | Propagating Degrees of Freedom

The detection of GWs is realised by measuring the differences in arms’ length of the GW inter-
ferometer as a GW propagates. Current interferometers, such as A-LIGO, Virgo Collaboration,
KAGRA, and GEO600, are constrained by Earth-based limitations including a fixed orientation
of the arms themselves with respect to the direction of the wave [287]. Thus, while current obser-
vations appear to be in line with GR predictions of two polarisation modes in weak gravitational
radiation, + and x modes with helicity +2 and —2 respectively [3], other possible polarisation
modes have not been completely ruled out.

A schematic derivation to calculate the formalism of GWs in GR is presented. Additionally,
its modifications to adapt it to BDLS theory are provided as well. Consider a locally free-falling
observer. The test particle at spatial coordinates =/ experiences a relative acceleration towards

its spatial origin such that
i = —Roija’ (5.5)

where ]D%Oioj are the electric components of the Riemann tensor which the GW detector de-
tects. The six possible components of ROin in Eq. (5.5) are used to describe the propagation of
GWs [288].

The linearised field equations presented in Sec 4.3.1 provide an avenue to explore the effects
of the weak gravitational field. While the GR limit results in the Einstein field equations with
two DoF's which all contribute as polarisation modes of GW, this might not be the case for
BDLS. This section explores all the possible propagating that could occur, of which some or all
can be detected as polarisation modes. Eqs. (4.37,4.46,4.47) are modified and listed separately,

according to mode.
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Scalar and Pseudoscalar Modes: The scalar sector is made up of five linearly independent

equations, corresponding to each of the five scalar gauge invariant scalars {d¢, 1, Xa, Xy, o }3:

EWoo = (Grele,r, — 2G4,6)00 + 4(Gs — Grele,r + GTele Tuoe )V + 2GTele Tec X2, (5.62)
— =k Wio = (GTele,r, — 2G1,6)0¢ + 2 (2(G4 = Grele,r) + 3GTele, Tuee) ¥
+ 2k* G'rele, Tyoo Xt » (5.6b)
W3 = 3(Grete., — 2G4,6)00 + 6 (2(Ga — Grele ) + 3G Tele The ) ¥
+ 2k? [(2(G4 — Grele,r) + 3GTeleTuee ) X4 + (Gete, 1, — 2G,6)00
+2(G1 = Grte7 + Gtestine) X + 2 (Gi = Grtesr + 26 o) V], (5.60)
Ky €9R Wy, = —2@ Grele 1, k* (6 + k*0) (5.6d)
Wy = (Grele, 6 + G266 + (Grele.x + Ga,x — 2G3,4)k?) ¢ + (Grete,x + Ga,x
~ 2G3.4)36 — (Groe,t, — 2Ga) (KX + X + 20) + 3 . (5.6¢)

The pseudoscalar is only present provided Grele 1, = 0. A5 is the only mode that is not dynamic
in the system. Only the scalar field equation indicates a dependency on G2 and (G5 functions,
while G5 never appears in the scalar mode equations. It must be emphasised that this only holds
for a Minkowski background and a constant background scalar field. A more general system, with
cosmological perturbations and a time-dependent scalar field, would result in a more intricate
setup.

The system is further simplified through the temporal Fourier transformation

dy — —iw, 5.7a)
000" = 93 — —w?, (5.7b)
yielding a matrix of linearly independent equations
Mg Mgsi2 Mgz 0 0 0
Mgor Msze 0 Mgaa 0 0
Ms31  Mgssz  Msss Mszqa 0 Xy | = MsYs =0, (5.8)
0 0 0 0 Msys o
Mss1  Mssa  Msss Mgsa 0 Xy

3Technically, four equations correspond to four gauge invariant quantities {¢, 1, X2, X4} and another equation
which corresponds to the gauge-invariant pseudoscalar {o}.
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where
Mg
Ms11 = (Grele1, — 2Ga0) k?, Mg13 = Msig — w22 ,
Mg = —4k* (G4 — Greler + GTele Toee) Mg = wMs11,
Mgz = —2k°w 2 (G4 — Grete.r) + 3GTele Thee] Ms3y = iMgaa,
3w?

Mgz = | 2 — T2 Mgy, Msg33 = — Mgz,

Mg 3w? ik?
Mgzp = —Mgyg + —2 (2 - 2> ; Mgy = — (wMg12 — Msao) |

w k w
8. )

Mgys = 3 Grele, T k* (w? — k) | Mgsy = iwMg11,
Msgs2 = Ms31, Mgs3 = —Msa1

Msgs1 = Gelepp + G266 — (Grele,x + Ga,.x — 2G5 4) (w0 — k?) .

The same procedure is applied to the vectorial and tensorial sectors. The imaginary contributions
in the above equation may suggest that the system is complex. In reality, these would counter
the imaginary portion of the field equations as presented in Eq. (5.6) to ultimately obtain real

coefficients.

Vector Modes: The vector sector can be expressed with a system of three linearly independent
field equations, each one corresponding to a gauge-invariant variable from {8;, V;, Z;}:
IWo; = —18GTele Tyee Bj — 2 (9GTele Tree + 2GTele 1) Z5
+ k2 [~ (2G1ele 10y — 9 (G4 — Grete,1)) Y + (9 (G4 — Grele,r) + 2Grele 1) Bi 5 (5.9)
IWio = 4Grele T, Z;
+ k% [~ (2GTele1ae — 9(Ga — Grele,1)) B + (9(Gia — Grele,1) + 2Gele 12, )Y5) » (5.10)
9ik'Wy; = k* | — (9 (G4 — Greter) + 2 (9GTele T + GTeleTor)) Bi

—(9(Gy — Grator) — 2Gretet,) Vj — 18GTe1e,Tvech] + 4G Tele T 2 - (5.11)

While all of {3;, ), Z;} have a time derivative, only {3;, Z;} have a second-order time derivative.
This indicates that ); is not a dynamical DoF because it is not actively evolving in the action.
The temporal Fourier transformation, given by Eq. (5.7), is applied to the linearly independent

vectorial field equations:

My Myviz My B;
Mya1  Myze  Myss Z; =: MyYy =0, (5.12)
Mvys1 Mysz  Myss Y

92



Chapter 5. Propagating Degrees of Freedom and Polarisation Modes of Gravitational Waves

where matrix My components are

i (wMy3 — Mysq)

1
My = 20 Gree Ty + =K% (9G4 — Grele + 2GT0leT,) »  Myia =

9 k2 ’
1
My3 = §k2(9G4 + Grele,7 — 2GTele Ty, ) 5 My91 = My3,
Mo — —iw [—k*My11 — (w? — k?) My13 + wMys | Mo — (k*My11 — wMys:)
V22 — k2 (w2 o k2) 9 V23 — w2 _ k2 b

Mys31 = %uﬂ€2 9G4 — Grete, 7 + 2 (9GTele, Tyee + GTele,Tuy )]+ Mvyss = wMy3,

Myso = —% (=k*My11 — w*My13) + (7
The matrix components have been expressed in terms of the components My11, Mvy13 and Mys3;
whenever possible. The gauge invariant mode Z;, where the pseudovector o; is present within
the definition of Z; given by Eq. (5.2a), appears only coupled with coefficients Gele, 7, and/or
GTele, Tye.- This aligns with the fact that pseudovectors are absent in metric-based theories like
Horndeski gravity, as the symmetry of the metric tensor excludes contributions from the Levi-
Civita tensor. Therefore, only within the teleparallel formalism can the pseudovector mode be
realised. Moreover, if Gree = 0 is applied to generate the standard Horndeski theory, the system
boils down to a single mode by combining 3; + ); as a single gauge invariant quantity. This
quantity would be coupled with G4 such that to obtain a solution corresponding to a theory with
a R contribution, G4 # 0 must be imposed. This would result in a case where 8; + Y; = 0 to

solve the field equation; the vector sector becomes trivial.

Tensor Modes: The tensor field results in a single equation corresponding to the only transverse-
traceless mode h;;. Eq. (4.37) is expressed for a Minkowski background with signature (+, —, —, —)

to obtain
Wis = (Ga = Graer) (his + K2his) (5.13)
which in matrix form is given by
— (G4 — Grae,r) (w? — k%) hyj =t MrYpr =0, (5.14)

where matrix Mt = — (G4 — Grele,1) (w2 — k‘2) and Y7 := h;; is the tensorial gauge invariant
variable. Following the success of tensor mode GW detection, it is crucial to ensure that any

gravitational theory considered could realise this result. Specifically, this is done by stating

G4 - GTele,T 7‘é 0. (515)
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Later in the dissertation, it will be shown that this result is given, in particular, by G4 —Grele 7 >
0 to circumvent ghost and Laplacian instabilities. More details about the stability of the theory
will be explored in Chapter 7.

The effect of teleparallel gravity can be seen through a characteristic plot for the propagation
of tensor modes in comparison to its GR and ACDM counterparts since these modes always
appear in these models. In particular, in the context of Minkowski background, the propagation
of the tensor modes changes for a model which is dependent on 7', such as f(7T') gravity. Fig. 5.1
illustrates different solutions corresponding to these models. The power law model, which will
be explored later in more detail in Sec. 6.4.1, is considered since the model has been well-studied
in literature [216, 217, 218, 275, 289]. The initial value of z = z; = 10% is taken to explore
a GW solution starting well within the radiation-dominated epoch. Therefore, h(z;) = 1 and

h(z;
W(=) = gy

ranges from z = 0 and z = 1 to show the behaviour of the model during matter and late-time

are the initial set of conditions for all models. Fig. 5.1 depicts only the

eras; the current detectable ranges. The f(7T) model remains with a higher amplitude across
all redshifts. The change in h(z) is highlighted with the plot for A'(z2) such that the GR model
can be seen to have an amplitude lower than f(7T) at early times but exceeds it at later times.
This shows that GR tensor modes diminish quicker than ACDM and f(7T) models. It should be
emphasised that this holds only for the tensor modes. An extra scalar or vector mode provided
by modified theories of gravity may result in more energy losses, and the propagation of GWs is
altered due to additional ingredients mixed in with the tensor modes. Further details regarding
additional polarisation modes are explored in Sec. 5.3.

Detection prospects of tensor polarisation deviations depend on the capabilities of the GW
detectors. Currently, A-LIGO operates in a high-frequency range and is sensitive to GR predic-
tions for binary blackhole and binary neutron star mergers [290]. Modified theories of gravity
would result in a deviation from GR through changes in amplitude and phase. In the case of
A-LIGO, this would require operations in conjunction with other detectors, such as Virgo and
KAGRA, to provide a network to break degeneracies between additional polarisation modes that
might be mixing with tensor modes which result in outcomes similar to GR. A-LIGO, Virgo,
and KAGRA are limited in sensitivity, due to their specific orientation and restriction of the
detector’s arms length. The proposal of the Einstein Telescope [291] could shed light on GWs in
modified theories of gravity due to its increased sensitivity through longer arms, triangular setup
(where each pair can be treated as an interferometer), and lower noise floor [292]. The future
mission carried out by LISA will result in higher sensitivity, explore lower frequencies (aiming
to reach 1 pm), and have arms lengths much larger than those possible for ground-based detec-
tors [293]. LISA would observe GWs stemming from supermassive blackholes and extreme mass
ratio inspirals, providing additional sources that are more sensitive to GR deviations. Further

details on polarisation modes will be explored in Sec. 5.3.
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Figure 5.1: Characteristic plots for the propagation of tensor modes to redshift, where z =
0 is the Universe currently. The plot compares the results for GR, ACDM models (Hy =
67.4 km s~ Mpc™!, Q0 = 0.315, Q0 = 8.4 x 107%) using Planck collaboration data [2], and
f(T) power law model introduced in Eq. (6.78) (Hy = 68.5 km s™! Mpc™!, Q,,0 = 0.35, Q,0 =
8.4 x 107°, 31 = —0.22) using data summarised in Table 6.1. The solution assumed k = 100Hp.
Eq. (5.14) is solved with initial conditions at z = z; = 10% such that h(z;) = 1 and h/(z;) =
— % The figure illustrates the solution for tensor modes h;;(z) and the change in solution
through the derivative h;j(z).

In the meantime, astrophysical electromagnetic counterparts of GW are an important tool
to independently measure source properties. The observations of GRB170817A, counterpart
to A-LIGO’s GW detection, provided a limit on the GW’s propagation speed to be almost at
the speed of light: |cqw — 1| < 107! [81]. Additionally, electromagnetic counterparts can
offer independent luminosity distance measurements that lead to breaking degeneracies in GW
observations, time delays, phase shifts, and identifying dampening effects, potentially giving
insight into deviations from GR [294].

The scalar, vector and tensorial systems given by Eqs (5.8,5.12,5.14) can be combined to

form a block matrix:

Mg 0 0 Ys
0 My 0 Yy | =MY =0, (5.16)
0 0 M Yo

where, since vectors and tensors have 2 DoFs for each mode, the system is slightly modified to

have

My — My ® 1y, and Mp — Mr®I,. (517)
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Here, I5 is the two-dimensional identity matrix such that a vector or tensor, say [3;, is expressed
as B; = {Bi1,Piz2}. Hence, in Eq. (5.16), there is a maximally independent system M with the
basis set {Yg, Yy, Yr}.

The characteristics of propagating GWs can be determined through the principal polynomial
of the block matrix [295, 296, 297|, to realise the relationship for the wave whose propagation is
expressed through differential equations provided by the field equations [296, 297]. The spatial
Fourier principal polynomial is set to vanish, i.e., the diagonal matrix’s determinant is equal to
zero. The result, expressed in terms of the wave covector k, determines the nature of the propa-
gation velocity; whether it corresponds to the speed of light or behaves as a massive object [298].

The principal polynomial in the case of BDLS is given by

P(k) := det(M) = det(Mg) det(Mvy) det(Mr)
= —2M37% (G4 — Greter)” Ghete 1o Gireto k12 (w? — ) [@ 46 (WP — k)], (5.18)

where constants ¢; and ¢ are given by

¢1 1= 2(Grele,pp + G2,6¢) (2 (G4 — Gele,7) + 3G Tele Tiee ) (5.19a)
¢ = =3 (Grele,1, — 2G4,¢)2
— 2(Gele,x + G2, x —2G34) (2(G4 — Grele,7) + 3G Tele, Tvee ) - (5.19b)

Thus, apart from the trivial solution of & = 0, P(k) = 0 provides two nontrivial solutions:
massless k = fw or massive k? = w? — m?, where m is the effective mass. Thus, the full BDLS
framework with a Minkowski background realises a maximum of 7 propagating DoF's.

The general case provided here shows that taking certain limits in Eq. (5.18), such as 0 =
G4 — Grele,rs 0 = Grele,Theey 0 = GeleTue, 0 = €1 + é2(w? — k?), or a combination of these
conditions would result in a trivial solution. Thus, some subcases of BDLS cannot be analysed
through Eq. (5.18). These scenarios require a separate analysis, starting at the block matrix
level. This iterative process is not included in this section but can be found in Sec. 5.4 and
results summarised in Table 5.1. As examples, the cases of GR and standard Horndeski are

included to ensure that the expected results are realised through BDLS.

5.2.1 | General Relativity

The GR limit can be obtained from Eq. (2.98) by setting G4 = 1 and all other coefficients are

set to vanish. This limit increases the number of linearly dependent equations. Thus, the block
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matrix in Eq. (5.16) reduces to

4k? 0 0 0 P
43w —k*) 4k* 0 0 Xy
McrYcr = ; (5.20)
0 0 —k? 0 Bi
0 0 0 —witk? hij

where ; = {fi1,08i2} and hyj = {hij1,hij2} to account for two DoFs of vector and tensor

modes. The principal polynomial becomes
Par(k) = —16k* (w® — k?)° (5.21)

wherein the only non-trivial solution for Pgr (k) is given by w? — k% = 0, implying the dispersion
relation for massless, speed of light propagation. Thus, for the case w = +k, substituting back
in Eq. (5.20) yields

412 0 0 0 W
8k —4k2 0 0 Xy
McrYgr(w — |k|) = . (5.22)
0 0 k2 0 Bi
0 0 0 0 hij

The nullspace of the linear transformation Mar provides a set of solutions for the invariants of
MGRYGR =0 [299]2

Yar(w) = {4, Xa, Biy, Bis, Rijis hijy ). = Yar([k|) = {0,0,0,0, A1, A2}, (5.23)

where A; € C are elements of the nullspace generated by Mggr. This procedure aims to obtain
the propagating DoF's and classify them according to their nature. Hence, the actual A; value
is unimportant. As expected, two propagating DoFs corresponding to the tensor modes give
nontrivial solutions. Therefore, despite {1, X3, 3;} modes are present in the field equations, they

are not necessarily propagating DoFs.

5.2.2 | Horndeski Gravity

BDLS, as a teleparallel analogue to Horndeski theory, provides a natural avenue to study standard

Horndeski by setting Gele = 0 and the rest of the arbitrary functions remain in the same form.
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This implies that terms associated with the pseudoscalar and pseudovector modes, which appear

in 0; and Z; modes, vanish and the block matrix is given by

My Mpo 0 0 0 S
Muz  Mus  Mno 0 0 0
MuYu=| Mys Myps —Mm 0 0 X | (5.24)
0 0 0 —iMg O Bi
0 0 0 0 My hij
where
My = —2G44k? My = —4G4k*
Mys = —2Migy — 6Gygw?, My = —Mus — 12G4w?,
Myus = Ga,pp + (Go,.x — 2G34) (—w® + k%) | Mye = —%MHz — Gyw?,

such that 8; and h;; are still considered to represent two DoF's each. Thus, the principal poly-

nomial simplifies to
Pu(k) = =16GTK® (w? — k)" |GaGigo + (—3G3 4 + G (2634 — Gax)) (W2 = k) | (5.25)

In line with the full BDLS principal polynomial given by Eq. (5.18), and in contrast with the GR
case of Eq. (5.21), a massive sector is realised in addition to the massless one. This is because

now there are two possible solutions for Py (k) = 0:

Case H.I: Gy #0,Gapp # 0,-3G] 4+ Ga(2G3,4 — Ga x) # 0
Case H.II: G4 #0, G2,¢¢ =0, —3Gi¢ + G4(2G37¢ — G27X> =0

Case H.I does not alter the general principal polynomial presented in Eq. (5.25), generating a

massless and massive solution. For the massless case, substituting w = £k obtains the nullspace
YH.I(W) = {5¢> wv X27 51‘1 ) /Bi,Qa hijla hljg }T — YHI(U{;D = {07 07 Oa Oa Oa Bl’ B2}T ) (526)
where B; € C for the nullspace of My for which two tensor modes can be seen to be propagating

DoFs. As for the massive case, substitution of w = +v/m? + k2 for which m is the effective mass

G4Go b

2

m° = — z R 5.27
—3Gi¢ + G4 (2G34 — G x) ( )
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which gives a nullspace solution of the form

Yi1(w) = {66, ¢, Xa, Bir, Bi2, hijys hijs }-
= Yiri(Jm|) = {2G4C1, —Ga,4C1, Ga,4C1,0,0,0,0}7, (5.28)

where C7 € C is also an element of nullspace of My.
Case H.II is obtained by substituting

3Gi P

GQ,X = — + 2G37¢ . (5.29)

The expressions obtained through this particular choice of substitution may differ in appearance
throughout the derivation, but the same result and solutions would be produced. The principal

polynomial reduces to
Puu(k) = —8G3G46k® (w* — k2)2 : (5.30)

giving a massless solution when w = £k, and a scenario that is independent of the functions Go

and G3. In the case of G4 4 # 0 the solutions are of the form

YiLi(w, Gag # 0) = {66,9, Bi, Big, hijy s hija -
= Yunu(|k|, G # 0) = {0,0,0,0, Dy, Do}", (5.31)

for D; € C, while for G4 4 = 0, the solution reduces to
Yin(|kl, Gag = 0) = {9, Biy, Bin, hijys hijp } = Yiy(Gag = 0) = {0,0,0, By, E2}T . (5.32)

where E; € C. Both cases show that only tensor modes propagate. In Ref. [300], the procedure
adopted to analyse GW propagation in Horndeski theory omits the latter subcase.

The branches of BDLS presented in Sec. 5.4 are obtained by taking all possible combinations
arising through the BDLS principal polynomial in Eq. (5.18). While these scenarios do not
explicitly result in the GR and Horndeski gravity cases depicted in this section, they can be
classified within the cases realised provided appropriate limits are taken. While the propagating
DoF's of the theory are identified, they do not necessarily act as a polarisation mode. The next

section will explore the procedure to show the nature of the polarisation modes.

5.3 | Polarisation Modes

For a weak, plane and nearly null GW propagating in the +z direction within a local Lorentz

frame with the delayed time v = t — z and the wave is travelling in the opposite direction
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described by the function of advanced time v = ¢ + z. These time functions are defined through
the Newman-Penrose (NP) formalism [301] where the gauge freedom depends on the choice of

tetrad based on a null basis rather than an orthonormal basis [302]. Therefore,

1
ly=—uy, M = 50 (5.33)

to obtain the four-vector fields

1

1 1
=2 -

NG (0,1,4,0) , m* = NG (0,1,-4,0) , (5.34)

with overbar m denoting the complex conjugate of m. The four-vector fields are classified as

I =(1,0,0,1), n*==(1,0,0,—1), m*

null, thus satisfying the orthogonality condition [3]
H1n = nf'n"nu, = mfm'n,, = mtm"n,, =0, (5.35)
and satisfy the normalisation conditions
Fn"nu, = —mtmn,, =1. (5.36)

A linear combination of these null tetrads basis constructs an additional GW vector

~ 1
b=, <z“ — n“) . and e =S -1, (5.37)
2 Vg
where €, accounts for the discrepancy between the speed of light ¢ and the speed of the GW
propagation v, [3], which vanishes in null scenarios. Thus, ! represents an observer oriented on
a spatial basis such that the null wave is acting in the same direction as the propagation.

The Riemann tensor in Eq. (2.9)* can be reexpressed as follows:

1

o o o o o o 1
R)\,upu = C)\upu - 5 (nApr/ - nupR)\V - "7)\VR,up + nuuRAp> + 6 (77>\p7’,u1/ - n)wn,up) R, (5-38)

o

where CO'AW,, is the Weyl tensor which represents the trace-free part of the Riemann tensor. Ten

independent components can be constructed from the five complex Weyl scalar [302]

Uy = —Coupl’m*lPm”, Uy = —Cyupl*nt1Pm” Uy = —Chupl*mtmPn”
U3 = —Chupl*ntmPn”, Uy = —Cyypn’minfm" (5.39)

along with the ten components from the Ricci tensor which are expressed in terms of the real
scalars {®gg, @11, P22, A}® and complex scalars {®ga, Pog, Po1, P10, P12, P21}. The twelve spin

coefficients which describe rotational effects in the NP formalism [301] have been omitted in

“Eq. (2.9) has been modified to for a Minkowski background and for a signature (4, —, —, —)
5The A scalar representing the Ricci tensor should not be confused with the cosmological constant.
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this work as their application is more within blackhole studies [302]. This is because GWs are
studied at regions far away from the source, and spacetime can be assumed to be flat, while for
blackholes studied in strong gravitational fields these coefficients help to describe the rotations
and twists stemming from warped spacetime . Thus, the electrical components of the Riemann

tensor can be expressed in terms of the NP formalism [301]:

Uy = éRnlnl + O(enR) (5=0), (5.40a)
o9 = — Roymnim + O(e,R) (s=0), (5.40Db)
Uy = ;Rnlnm (s=—1), (5.400)
U3 = ;Rnlnm (s=1), (5.40d)
Uy = — Rpmnm (s =-2), (5.40e)
Uy= R (s=2), (5.40f)

where s represents the helicity state. When €, = 0, these amplitudes become invariant and form

a subgroup of the Lorentz group F(2) [3| and result in the following classification:

HG \1127&0 HI5Z\IJQZO,\I/37EO,
N3 : Wy =V3=0,Uy#0,Pz #0, Ny : Wy = V3 =Py =0,V #0,
Olqugzg/g:\l’zlzo,q)QQ#O, 00!‘112:\1’3:\1’4:@22:0, (541)

such that the omission of an amplitude indicates there is an observer dependency [3, 288|. The
six possible polarisation modes of GWs travelling in the 4z direction are given by the variables
{Wq, Doy, RU3, I3, RY,, I, } and illustrated in Fig. 5.2. Mode classification can be deduced by
comparing the helicity of the electrical components of the Riemann tensor: Wy and ®99 are scalar
DoF's, U3 and its complex conjugate are related to the vectorial DoF's, and W, and its complex
conjugate is the tensorial DoFs. The breathing mode ®95 results in a circular pattern signifying
an isotropic expansion/contraction as particles move outwards/inwards while remaining perpen-
dicular to the wave. The longitudinal mode given by Wy represents the compression/stretching
along the direction of the wave. x and y modes, respectively introduced by the appearance
of R¥3 and SW3, represent transverse shearing through a stretch along one axis while moving
sideways along another axis. #W4 corresponds to the hy tensor mode that elongates spacetime
along an axis and compressed from another. YW, represents the hy tensor mode, whose effects

are similar to those of hy but at a rotation of 45° such that the stretching and compression
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occurs diagonally. Thus,

%(%\1’4 + (I)Qz) %%\1’4 —2RVU;
]O%Oin = %%\114 —%(?R\I&l — ‘I)QQ) 23Wg ) (542)
—2?}%@3 23\113 —6\1’2

is expressed in terms of NP variables.

P99 <> b mode ¥y <+ 1 mode RYs3 <> x mode J¥3 «+» y mode RY¥, < + mode J¥, <+ X mode
y T,y

z Y
O] — — >
/ ) H >
Pl S = = ' .
/. N z K 5 z | z | 2
. I R h \ N N
L —1> L ; —>» L >
\ J \ ! N \

W &}—/ C/‘ ; u \

AR e Ay - v v

' \

<< . < B

Figure 5.2: Sphere deformation from a free-falling test particle depicting polarisation modes of a
GW travelling in the 4z direction: scalar modes given by breathing b and longitudinal 1, vector
modes given by x and y, and tensor modes given by + and x. Illustration based on figure in
Ref. [3].

The SVT decomposition implemented in Sec. 5.2 can also be applied to the electric compo-

nents of the Riemann tensor through Eq. (2.9):
o 1
Roioj = 3 (0003690 — 00000g:j + 0;056900 + 0;00040:)
) — 3hy —3hx —3ik(Br + A1)
= —Lhy b+ Lhy —Lik(Br+A2) | (5.43)
—3ik(B1+ A1) —3ik(Ba+ Ao) Y —KA(X + @)

where hy = h11 = hog and hy = his = hoj, and }0301'0]‘ is expressed solely in terms of invariant
variables. The result holds for both massless and massive sectors, in contrast with the NP
formalism that only holds in the null scenarios of massless cases. Here, the GR and Horndeski
subcases are explored in this section. The analysis for other branches of BDLS have been fleshed
out in Sec. 5.4 and summarised in Table 5.2.

Before exploring branches of BDLS theory, it is important to note the phenomenological
implications of additional GW polarisation modes. In the discussion around Fig. 5.1 in Sec. 5.2,
the tensor modes stemming from the modified theory of gravity of f(7) were shown to have

higher amplitudes than their GR counterparts. The presence of additional modes, either scalar
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or vector modes, is expected to result in more GW energy losses from the entire system as more
channels are available to carry away energy. Signals containing a combination of modes may
result in degeneracies with the GR predictions, therefore it becomes crucial for GW detectors to
distinguish between the different modes.

Currently, ground-based GW interferometers are classified as second-generation detectors,
reaching redshift of z ~ 0.05 for binary neutron stars and z ~ 0.5 for binary blackhole merg-
ers [303]. While waveforms used in A-LIGO, Virgo, and KAGRA have shown to realise only
tensor polarisation modes, the detection of additional polarisation modes has not been ruled
out. Long duration GW sources, in particular the stochastic background, have been used to
search for possible deviations from GR. Ref. [304] showed that at least three detectors are re-
quired to separate the mixture of polarisation mode that the detector picks up. A-LIGO, using
its first three runs in collaboration with Virgo and KAGRA, albeit not able to detect the presence
of background for any polarisation modes, has been able to provide an upper limit for the energy
density of different components of the SVT sectors: Q(T;W < 6.4 %1077, Q\éw <T7.9x107?, and
Q2w < 2.1 x 1078 [305].

The upcoming third-generation of GW detectors are expected to improve the sensitivity of
over a factor of 10, reaching redshifts of z ~ 2 for binary neutron star mergers and z ~ 15 for
binary blackhole mergers [303]|. The Einstein Telescope and Cosmic Explorer have been proposed
as such interferometers. Despite the triangulation topology of the Einstein telescope, the orienta-
tion of the ground-based interferometer is still proven to be limited. Ref. [306] considers different
possible orientations and locations of the Earth, providing the analysis for tests of scalar-tensor
and vector-tensor theories. Moreover, space-based operations such as LISA have been theoret-
ically shown to provide a smaller upper limit for the detectable energy density: Q\éw ~ 10712
and Q2 ~ 10712 [307].

Branches of BDLS can predict additional polarisation modes. Identifying their nature is cru-
cial to map out how their signal will alter the waveform template. Here, the GW and Horndeski
subcases are explored in this section. The analysis for other branches of BDLS has been fleshed

out in Sec. 5.4 and summarised in Table 5.2.
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5.3.1 | General Relativity

The propagating DoF's in the GR limit of BDLS in Eq. (5.23) are solely the two tensor modes:

hy and hx. Both DoF's survive when analysing the electric components of the Riemann tensor:

_%7:1‘4* _%}.Lx 0 Aq Ao 0
o N . k2
Roioj (Yor(|k])) = —%hx %th 0 =% Ay —A; 0 |- (5.44)
0 0 0 0 0 O

5.3.2 | Horndeski Gravity

The Horndeski branch in Sec. 5.2.2 realised two major subcases. Case H.I has two tensor modes

{h4,hy«} as propagating DoF's in the massless sector and three scalars DoF's in the massive sector

{64, ¢, Xy}. Evaluation of éomj yields

—%fw _%hx 0 By By 0
Roioj Y (kD) = | —1he  1hy 0 =—'“; B, -B, 0 |- (5.45)
0 0 0 0 0 0
and
v 0 0
Roioy Yiy(qm) = 0 ¢ 0

0 0 v¥—kAX,

(m? + k?) Cy 0 0
= Guy 0 (m?>+k)C1 0 ; (5.46)
0 0 m2C}

respectively. Thus, the massive sector has an additional entry in the longitudinal and breathing
modes along with the tensorial modes in the massless sector, totalling to 3 polarisation modes;
in agreement with the results obtained in Ref. [300].

In case H.II, the solutions given by Eq. (5.31) and Eq. (5.32) both lead to the same electric
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Riemann tensor:

—5hy _%hx 0 , Dy Dy O
Roioj (Ya (IK)) = | —3hx  3hy 0 | == | D =D 0 |, (5.47)
0 0 0 0 0 0

where D; = E;, with two tensorial polarisation modes. Note, that this result is not realised in
the Horndeski analysis in Ref. [300] due to the limitations of the technique applied.

In Ref. [300], the polarisation modes were obtained through the investigation of the transverse-
traceless gauge method in Horndeski gravity, while in Ref. [295] the principal symbol method
was adopted in NGR. These methods have been performed in BDLS but omitted in this work
as the transverse-traceless method was seen to be limiting and fails when subcases of the theory
are considered which do not utilise the full extent of the theory. Additionally, the principal
symbol method employed through the principal polynomial under a different tensor decompo-
sition resulted in an extra DoF in comparison to the results obtained in the literature. The
latter procedure would require a Hamiltonian analysis to provide the necessary constraints due
to differences between linearised and non-linear portions in the theory, as done in Ref. [308] for
NGR.

5.4 | Branches of BDLS

One of the interests in BDLS is the ability to obtain several subcases corresponding to theories
of gravity explored in literature, such as those of GR and Horndeski analysed in Secs (5.2-5.3).
Additionally, many subclasses naturally arise within BDLS, each with a variety of propagating
DoF's and polarisation modes. All subcases are determined by initially considering the general
form of the principal polynomial given by Eq. (5.18) while also imposing G4 — Gele,r > 0
to ensure that the two tensor modes favoured by A-LIGO observations [45] are present. The
eight major subclasses of BDLS can be obtained through a combination of the terms Grele 15, ,
G'Tele, Tyee» €1 given by Eq. (5.19a) and é given by Eq. (5.19b). The procedure displayed in
Secs 5.2-5.3 for the GR and Horndeski cases is replicated to obtain all possible combinations of
the principal polynomial, in some cases producing their own subcases. All the results presented
in this section are summarised in Tables 5.1-5.2. Preemptively, some constants will be defined
here and used in later portions of the analysis:
_ 3(Grete, 1, — 2Ga6)? + 2(2(G4 — Grete,r) + 3GreleTvee ) (Gele,x + Ga,x)

Jy = , 5.48

: 1(2(G1 — Grator) + 3(Groem)) (548)
C3 = _GTele,dxi) — G2,¢¢ , (549)
Cq = GTele,X + G27X — 2G37¢, (5.50)
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while ¢, and é are given by Eq. (5.19a) and Eq. (5.19b), respectively. Throughout these cases,
the massless solutions are presented with A; € C and massive solutions are presented with
B; € C, where i € ZT. In the following subsections, the notation A; and B; will be used across
different cases. While this does not imply that the solutions are identical for each case, A; and
B, serve as placeholders to indicate the existence of a solution. The explicit forms of these
solutions are not crucial at this stage, as the focus is on identifying the propagating modes and

determining the polarisation states.

541 | Case 1: GTE|€,Tvec 7& 0 , GTeIe.,TaX 7& 0 , 51 7£ 0 , 62 7£ 0

Case 1 represents the full BDLS theory, meaning that no assumptions leading to vanishing

terms are applied, such that

GTele Tyee 7 0, GTele T, 7 0. &1 #0, ca #0. (5.51)

This case showcases the full extent of the theory in Minkowski background, where J; terms from
action (2.98) do not play a role. The principal polynomial corresponds to the one presented in
Eq. (5.18), i.e.

Py(k) = —18334(Gy — Grete,1)” (Gete, Thee ) (Gete, 1) k12 (WP — k2)8(81 + E2(w® — k%)), (5.52)

giving the non-trivial and non-degenerate solutions for the massless sector w? — k? = 0 and
the massive sector ¢; + ¢ (w2 — k2) = 0 where the effective mass m? = —% > (0. Thus, the

propagating DoF's are given by:

Vi(w) = {86,1, Xo, X4, 0, Bir, BinZirs Zins Vins Vi Bigr> Bijs ) (5.53)
R = el
Az, —Ag, — Ay, ilk| Az, ilk| Ag, Az, Ag, B A5, 2 A6} (5.54)
Yi(Im|) = {—2(2(G4 — Grete,r) + 3G Tele, Tyeo ) B1, —(Grele, 1, — 2Ga,¢) B1,
(Grele.t, — 2Ga,3)B1,0,0,0,0,0,0,0,0,0,0}" (5.55)

totaling to 7 DoF's, a maximum number generated through BDLS theory: 6 stemming from the
massless sector {Ay, ..., Ag} of which {A;, As} are from two scalars, {As, A4} from one vector,
{45, Ag} from one tensor, and 1 massive scalar B;. The massless case given by Eq. (5.54) further

emphasises that Grele 1,..- These solutions are employed to calculate the electric components of
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the Riemann tensor for each respective sector:

A1+ As Ag 0

-éO'in (Yi(|k|)) = A6 A1 — A5 0 ) (556)
0 0 0
(m? +k?) By 0 0
Roio; (Yi(Im])) = (Grrele,1, — 2Gig) 0 (m2+%)B, 0 |. (557)
0 0 m? By

As (Grele,1, — 2G4,¢) — 0, the massive scalar mode in Eq. (5.57) becomes undetectable by the
detector despite continuing to propagate. The massive sector indicates that the GW can exhibit
both breathing and longitudinal modes, which reflect the presence of a graviton with mass. The
breathing mode corresponds to a dilation of space perpendicular to the wave’s propagation, while
the longitudinal mode describes distortions along the direction of propagation of the GW. The
massless result of Eq. (5.56) realises the tensor modes through As and Ag, and A; specifically
comes from the 1 mode. Therefore, in addition to the tensor modes that appear in GR, a

breathing mode propagates at a relativistic speed.
54.2 | Case 2: GTeIe,T\,ec 7£ 0 , GTeIe,TaX 7& 0 , c1 =0 , co =10

By looking again at Eq. (5.18), a trivial solution can be obtained when setting
GTele, Tyee 7 0, GTele, Tux 7 0, ¢ =0, c2=0. (5.58)

Merely applying these limits to the final result presented in Sec. 5.4.1 would result in an incorrect
or undefined solution. Starting from the block matrix of Eq. (5.16) and applying the conditions

of Eq. (5.58), the vanishing principal polynomial gives rise to two additional branches: subcases
2.1 and 2.11.

54.2.1 | Case 2.l

The equations of ¢; = 0 and ¢ = 0 can be solved for different constants. For the choice of

substitution

Gele,Tvee = —2(G4 — Grete,1) » and Gi = 3GTele I, » (5.59)
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the determinant of the system corresponding to the principal polynomial is given by
PQ.I(]{?) = 2173_9(G4 - GTele,T)S(GTele,Tax)3k12 (w2 - k2)7<63 + 64 (w2 - k?2)) 5 (560)

where ¢3 and ¢4 are given by Eq. (5.49) and Eq. (5.50), respectively. Once again, two additional

subcases emerge: ¢3 # 0, ¢4 # 0 and é3 = ¢4 = 0.

Case 2.I.a  The first subcase for és # 0 and ¢4 # 0 does not alter the principal polynomial

presented in Eq. (5.60), hence the propagating DoFs arise in the massless and massive sectors:

YQ.I.a(W) = {6¢7 Xo, Xy, 0, 51'1 ) ﬁigv Zip Zi2v yil ) yiga hijlv hijQ}T ’ (5'61)

. . T
Y'Q.I.a(‘kD = {OvoaoaAla_AQa_A37Z’k‘A27Z’k‘A37A27A37k%A4ak%A5} ’ (562)
YZ.I.a(’mD = {Bla Oa 07 07 07 07 Oa Oa 07 07 07 O}T ) (563)

The remaining DoF's are {0, 5;, Z;, Vi, hij} in the massless sector and {d¢} in the massive sector.

The electric components of the Riemann tensor for the respective cases are given by

Ay As O 0 0 O
Roi; Yara(E)) = | 45 —44 0 |, Roioj (Yaza(m))=| 0 0 0 |. (5.64)
0 0 0 0 0 O

Hence, while the scalar o in the massless sector and the scalar d¢ in the massive sector are said to
be propagating DoF's, they do not contribute to the polarisation modes. Moreover, the massive
sector shows that no polarisation modes are detected in Eq. (5.64). Although their influence may
not be directly observable by GW interferometers, o and d¢ could still impact the cosmological
growth of structures, the overall expansion of the Universe, and the strong-field regime. This
result can mimic the behaviour of GR, although the amplitudes at which the tensor modes are

observed would not necessarily be identical.

Case 2.I.b  The other scenario arises when ¢3 = 0 and ¢4 = 0, which reduces the determinant

to

Poip(k) = BY2(Gy — Greter)® (Gretery )’ k' (w? — k2)7, (5.65)

where only a massless solution can be obtained with a nullspace solution given by

Ya1b(w) = {Xo, X, 0, Biys Bins Zir s Zins Virs Vi Piji hijn } - (5.66)
Yaorp(k]) = {0,0, A1, —Ag, — A, i|k| Ag,i|k| A3, Ag, As, , 5 Au, %A5}T :
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The only DoF which drops out from the system is d¢ but the massless sector appears identical
to Case 2.1.a explored in Sec. 5.4.2.1. While other DoF's are seen to propagate, only the tensor
modes leave an imprint on the polarisation of the system with the electrical component of the

Riemann tensor being

Ay A5 0
Rowo; Yarn(k)) = | 45 -4, o |- (5.68)
0 0 0

Therefore, the main distinction between Case 2.I.a and Case 2.I.b is that the former has an
additional DoF. In the field of GW studies, such a difference can manifest only when examining
the intricacies of the inspiral merger of two massive objects such as blackholes, neutron stars,

and pulsars. Both subclasses indicate no polarisation mode in the massive sector.

54.2.2 | Case 2.l

The other solutions ¢; = ¢ = 0 are given by
Gso =22 and  Gagp = —GTelego (5.69)

which allow for 2(G4—Gele, 1) +3GTele, Thee 7# 0 and Grrele, 1, —2G4,4 # 0, although not necessarily,

giving rise to two scenarios.

Case 2.Il.a  The first scenario is the Case 2.II without any further modifications such that
2(G4 — Grele,r) + 3GTele, 1o 7 0. The determinant becomes

8
P(k) = 188Gy — Greter)® (Grele 1vee)” (Gete ) (Grete, 1, — 2Ga0)k*2 (w? — k)", (5.70)

which, when set to zero, results only in a massless case of w = 4k such that the nullspace

solutions are

Yr?.H.a(w) = {6¢7 wa X47 ag, ,81'1 ) Biz? Zil ) Ziga yi17 yi27 hij17 hijQ}T ) (571)

_ 4(G4=Grele,7+GTele, Tyec) 1 i
Y2.H.a(|k\)—{— (Crrvte 1, 202,k A, =5z A1, 15 A1, Ag,

— A3, — Ay, ikAg, ik Ay, Az, Ay, B As, B A6} (5.72)

All modes available in the theory are DoFs. The denominator of Grele,s, — 2G4, should not

vanish as it would result in an undefined region. The polarisation modes which can be detected
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are

A+ As Ag 0
éOin (YVQIIa(“{:’)) = A6 A1 — A5 0 ) (573)
0 0 0

corresponding to the scalar 1) and the tensor modes h; and hy. In this case, a propagating GW
would cause matter to stretch and squeeze in orthogonal directions, as described by the tensor
modes, while the additional scalar mode manifests as an isotropic expansion or contraction.

Unlike Case 1, the breathing mode in this scenario arises solely from a relativistic mode.

Case 2.IL.Lb  On the other hand, if Grele,1, — 2G4, = 0, the determinant is altered. Provided

G4 — Gele,r + GTele, T 7 0, the principal polynomial and massless solution are given by

Pypa(k) = —18384(Gy — Graer)*
X (Gele Tyoe GTele Tor )2 (G4 — GTele. T + Gele T )2 (WP — K2)7, (5.74)
Yo (w) = { X2, X4, 0, By, Bigs Zir Zigs Virs Via» hiju s hij } (5.75)
Yorrna([k]) = {0,0, Ay, — Az, —As, i|k| Ag, i|k| A3, Ao, A3, 5 Ag, 2 A5} . (5.76)

Xy and Xy drop from the list of propagating DoFs, and only pseudoscalar, vector and tensor

modes contribute. If G4 — Gele,7 + GTele,The. = 0, the determinant further simplifies to

Pyiipa(k) = —28i(Gy — Grele,r)" (Grete 1, ) wk® (w?® — k)7, (5.77)
YZ.H.b.Q(w) = {X27 g, /6i1 ’ ﬁiz ) Zi1 y Ziz ) y’il P y’i27 hij17 hZ]z }T y (578)
Yarrba(k]) = {0, A1, —Ag, — As, i|k|Ag, i|k| A3, Az, As, % As, %As}T : (5.79)

When comparing to the latter two cases, the same propagating DoF's are present despite the
models being different. Moreover, both solutions Y5 7751 and Y5 7740 result in polarisation

modes similar in nature. The electric components of the Riemann tensor are given by

Ay As O
éOin (Youn(lk))) =1 45 —A44 0 |, (5.80)
0 0 0

with only tensor modes being detectable.
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543 | Case 3: GTe|e,Tvec 7§ 0 , GTe|e-,Tax =0 , 61 75 0 , 52 7& 0

The next branch sets the axial portion of the torsion tensor to vanish such that the model
has

GTele,Tyee 7 0, Gele, T = 0, & #0, 2 #0. (5.81)

Ounly o mode is eliminated from the block matrix in Eq. (5.16) while the rest of the coefficients
simplify slightly such that the resulting determinant is given by

. 3. .

P3(k) = —32i(G4 — Grote)” (GTele Tuee)* w2k (w? — k2)” (61 + & (w? — K?)) (5.82)
and when it is set to zero, attains a massless and a massive sector. Hence, the nullspace solutions
become

Y}’(w) = {5¢7 wa XQ) X47 /B’h 3 Biz ) Zil ; Zi27 hljl 5 hl]g} 5 (583)
2(G4—Grele, 7 +GTele, Tyee
Ys(|k]) = {07 B T
{(2(Ga—Grrete, ) +3GTele T
G e 41,0,0,0,0, Az, As | (5:84)
Y3(Im]) = {—2(2(G4 — Grele,r) + 3GTele, Tvee ) B15
—~(Grele,1, — 2Ga.) B, (Grete,1, — 2G4.4)B1,0,0,0,0,0,0,0}" (5.85)

emphasising Grele,7,.. 7 0 as it appears in the denominator in the nullspace solution for the

massless sector. The electric components of the Riemann tensor, respectively, are given by

A+ Ay Az 0

éOin (Yé(|k‘)) = As Al — Ay 0 ) (586)
0 0 0
(m* + k?) By 0 0
Roio; (Ya(|m|)) = (Grrete.r, — 2Ga.0) 0 (m?+ k%) By 0 . (5.87)
0 0 m?B;

The massive sector has contributions from the scalar modes {d¢, 1, X2} whose combination boils
down to a solution proportional to Bj. Both sectors appear to have an identical form as that of
Case 1 shown in Eqgs (5.56-5.57), including the same condition (Grele,r, — 2G4,4) = 0 to produce
a hidden massive scalar polarisation. Albeit similar, the number of propagating DoF's is less in

Case 3 as this case contains fewer propagating DoF's.
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544 | Case 4: GTe|e,Tvec 7§ 0 , GTe|e-,Tax =0 , 51 =0 , 52 =0

Case 4 resembles the Case 2 branch discussed in Sec. 5.4.2, except for the addition of the

extra condition T,y = 0, such that
GTele,Tyee 7 0, GTele, T = 0, 1 =0, 2 =0. (5.88)

The omission of T,y creates a great distinction in the number of DoFs contributing to the
polarisation modes. Analogous to Case 2, further subcases arise, and a similar procedure is

applied.

5441 | Case4.l

Without imposing any further conditions, hence corresponding to the general scenario that

Case 4 by Eq. (5.88) provides, constants ¢, = 0 and é; = 0 are rearranged to obtain the limits
Gele,Tvee = —2(G4 — Greler) and  Gup = 3GTele 1 » (5.89)
yielding a principal polynomial of the form
Pyi(k) = B55(Gy — Graer)wk'0(w? — k) (3 + & (w? — ¥?)) , (5.90)

resulting in another branch of solutions surrounding the behaviour of the constants ¢3 and ¢4.
The general solution of Py 1(k) = 0 provides both massless and massive sectors, but if ¢3 = ¢4 = 0

the entire system is transformed and the analysis would need to be done separately.

Case 4.I.a  Given ¢3 # 0 and ¢4 # 0, the principal polynomial in Eq. (5.90) becomes
Pyra(k) = Pyi(k). (5.91)

The propagating DoF's are identified for both the massless and massive sectors:

Yzl.l.a(w) = {5¢7 ¢, X47 /Bil 5 ﬁig 5 Zi1 ; Zi27 hljl ) h’bj2 }T ) (592)
T

Y4.I.a(’k’) = {07 07 07 Oa Oa Oa 07 k%Ala ]372142} 5 (593)

Yira(lm|) = {B1,0,0,0,0,0,0,0,0}" . (5.94)

In the massless sector, only the tensor modes h;; are seen to propagate even though scalar and

vector modes are present in the field equations. On the other hand, the massive sector is dictated
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by d¢ which stems from the scalar inclusion of scalar-tensor theories. Eq. (5.43) gives

Ay Ao 0 0O 0 O
Roioj Vara(E) = | 45, —4, 0o |, Roio; Yara(m))) =1 0 0 o |, (595
0 0 0 0O 0 O

for both sectors. While the massive sectors contain propagating DoF's, the electric components

of the Ricci scalar show that none of them contribute to the polarisation of GWs.

Case 4.I.b  Next, consider the subcase when ¢3 = 0 and ¢4 = 0. These two equations are
rearranged to obtain Gg 4 = %(GTele,X + G, x) and G249 = —Gele,¢p, for which the principal

polynomial becomes
P4.I.b(k) = 28i162(G4 - GTele’T)Skalo ((/.)2 — k2)2 s (5.96)
providing a solution for the massless sector only, such that

}/4.I.b (W) = {¢7 X57 /Bil ; ﬁig 3 Zi1 ’ Zi27 h’L]1 ) hljg }T ’ (597)
§/41b(|k;|) = {07070)0)0707 %A17 %A2}T ) (598)

since d¢ contribution drops from the field equations. The polarisation modes, determined

from é()i[)j in Eq. (5.43) shows a result similar in nature to Case 4.I.a on page 112 such that
Roio; (Yarn(k)) = Roioj (Yara(k])).

5442 | Case4.ll

Along with the conditions presented in Eq. (5.88), additional constraints are considered which

stem from the solution of ¢; = 0 and é = 0 not considered in Case 4.1 in Sec. 5.4.4.1:
G34 = 22, G2.66 = —GTele, o) 5 2(G4 — Grele,7) + 3GTele,Tvee # 0. (5.99)
The determinant alters to
Py11(k) = —32i(G14 — Greler)” (Gele Te ) (GTele, 1y, — 2G,6)w? k0 (w? — k:2)3 , (5.100)

immediately eliminating the possibility of having a massive sector. Now, only the conditions for

GTele,1, — 2G4, would dictate the subcases of Case 4.11 by further specifying constraints.
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Case 4.II.a  Provided Grele,1, — 2G4,4 # 0, the principal polynomial remains the same, i.e.
Py1ra(k) = Pyn(k), (5.101)
for which the nullspace solution can be obtained only for the massless sector:

Y4.HAa(w) = {6¢7 ¢) X47 /Bil ) 62’2 ) Zi1 ) Ziz) hijl) hZJQ} ) (5102)

G 7G ele G ele 3 T
Yima(lkl) = {—4( ?GTelTe,;’SGALT’;);;gV“)A17—k%AhﬁAhO?O?O, 0, 2% A, ,37143} - (5.103)

The form of this branch is very distinct from Case 4.1.a in Sec. 5.4.4.1 as both scalar and tensor
modes are propagating DoF's. Specifically, all scalar modes {d¢, 1, X4} present in field equations

contribute. The polarisation modes which persist are

A+ Ay As 0
Roioj (Yirra(lk]) = Az Ai—4 0 |- (5.104)

0 0 0
such that in addition to the tensor modes, there is a scalar mode propagating which sets it apart
from other subcases obtained through Case 4 (Sec. 5.4.4). Only the print of scalar ¢ appears

in the system, as it cancels out the contributions of X4 in the longitudinal contribution which

corresponds to the last entry of the matrix.

Case 4.I1.b  Adding the condition GTele,Ig — 2G47¢ = 0 while G4 — GTele,T + GTele,Tvec #0

leads to

Pyiipa(k) = 32iw?k0(w? — k?)?
X (G4 — GTele,T)4(GTele,Tvec)3(04 — GTele,T + GTele,TVeC) s (5105)
Vit (W) = {8, X5, Bir, Bins Zivs Zins hijis hijn ) (5.100)

But, if G4 — Grele,7 + GTele, Tve. = 0, the invariant Xy is eliminated from the possible solution as

given by

Piiipa(k) = —8(Gy — Graer) wPkS (w? — k%)%, (5.107)
Yirba(W) = {0, Biy, Bin, Zirs Ziys hijes hijs ) (5.108)

While the setups of these two scenarios appear different, both realise the same nature of propa-

gating DoF's:

Yarn (k) = {0,0,0,0,0, 241, 2 4,}" (5.109)
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and the polarisation modes

A Ay 0
Roio; Vamn(K) = | Ay, -4, o |, (5.110)
0 0 0

replicating the behaviour similar to Case 4.1.b in Sec. 5.4.4.1

5.4.5 | Case 5: GTeIe7Tvec =0 ) GTeIe.,TaX 7é 0 ) 1 7é 0 ) Co 7é 0

The following cases will be carried out with the omission of the vectorial torsion tensor

contribution. The first of such cases is given by the conditions

GTele, Tyee = 0, GTele,Tux 7 0, 1 #0, 2 #0, (5.111)
where the determinant from the respective block matrix is given by
. 3/~ ~
P(k) = —28i(Gs — Grote1)® (Grele )’ Wk (w? — k2)” (61 + 2 (W? — ), (5.112)

The massless sector for w? — k? = 0 and massive sector for &; + ¢ (w2 — k:2) = 0 provide possible

solutions of the nullspace to determine the propagating DoF's:

Y5 (W) = {5¢7 wv XQ? g, ﬁil ) Biz 3 Zil ’ ZZ'27 hljl ) hljg }T ) (5113)

Y5(’k‘) = {07 07 07 Alv 07 07 07 07 %A% k%A3}T 5 (5114)
\ - _ _ _AGa=Grele,T) _ _ T

5(|m|) = (GTele,12 2G47¢) (GTele,12—2G4,¢)Bl’Bl’ 31,0,0,0,0,0,0,0 . (5.115)

The denominator present in the massive sector for mode §¢ is balanced out by the common factor
of Grele,1, — 2G4 4, allowing to have cases where this expression is zero. The electric components

of the Riemann tensor are given by

Ay A3 0
Roioj (Ys([E)) = | 43 —4, 0 (5.116)
0 0 0

for the massless sector. This shows that X5, the only propagating DoF, does not contribute to

the polarisation imprint. For the massive sector, the result changes to

(m?+ k) B, 0 0
Roioj (Ys(|k)) = (Grete,r, — 2Ga,p) 0 (m?>+k)B; 0 ;o (5117)
0 0 m? By
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implying that now there is a dependency on the condition Grele,7, — 2G4, 7 0 to realise polar-
isation modes. Unlike Case 1 and Case 3, the breathing mode appears alongside the longitudi-
nal mode in the massive sector only, meaning a non-relativistic graviton is responsible for the

isotropic expansion /contraction.
5.4.6 | Case 6: GTele’Tvec — 0 3 GTe|e_/TaX # 0 5 61 — O 5 62 — O

Similar to other cases which include the vanishing ¢; and ¢a, explored in Case 2 in Sec. 5.4.2

and in Case 4 in Sec.5.4.4, numerous subcases emerge. Case 6 starts with the conditions of
GTele, Tyee = 0, Gele, T, 0, ¢1 =0, ¢o =0, (5.118)

where the latter equations are chosen to be recast in the following equations

3(Grele, 1, —2G4,)?
G = (8(TG15%¥T516,??) +3(Greex +Gax),  Gogo =—Celegs - (5.119)

The subject of the formula does alter the appearance of the results but ultimately attains the same
nature of results, which is the interest of the analysis. Regardless, the substitutions suggested
here are favoured as the relationship G4 — Grele 7 # 0 has already been imposed to attain tensor
modes, ensuring the equations do not result in undefined scenarios. The principal polynomial

becomes
. 3
Ps(k) = —28i(Gy — Greter)” (Grete 1) (GTote 1y — 2Ga,0)w*k™ (w? — K?)” (5.120)
leading to several solely massless solutions corresponding to a variety of limits.

5.4.6.1 | Case 6.1

By imposing Gele,;, — 2G4,4 # 0, the generalised solution for Case 6 can be determined such
that

Po(k) = Py(k). (5.121)

The nullspace solution obtained by setting the determinant to zero is given by

}/6-1((")) = {5¢7 1% g, sz ; Big: Zil, ZiQy hij17 hzgg }T y (5122)
YGI(‘k‘) = {07 07 A17 07 07 07 07 %A27 k%A?)}T ; (5123)
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which holds for the massless case. Apart from the two tensor modes, the only other propagating

DoF is contributed by the pseudoscalar ¢. The Riemann tensor is given by

Ay As 0
Roio; Yer((ED)) = | 45 -4, 0 |, (5.124)
0 0 0

such that only the tensor polarisation modes remain. As expected, due to the Riemann tensor
being constructed through the perturbation of the metric dg,, in Eq. (4.26), the pseudoscalar o
stemming from the antisymmetry of the tetrad, does not contribute to the electric components

of the Riemann tensor since by definition it is symmetric.
5.4.6.2 | Case 6.l
The next subcase is for Grele,r, — 2G4,¢ = 0, modifying the principal polynomial to
. 3
Psni(k) = 28i(Gy — Greter)’ (Greeny)’ w?kS (w? — k%) (5.125)

From this polynomial, no further subcases can be obtained unless a different branch is considered
where T, = 0. This case eliminates the d¢ scalar as a possible contributing factor as shown in

the nullspace analysis given by
Yoar(w) = {9, 0,81, Bis, Zir» Ziy, hijy hijQ}T , (5.126)
T
}/GH(V{:D = {0714170’0’0’0’ I%QA%]C%A?)} . (5127)

This omission does not contribute to any additional polarisation modes, thus the }Oﬁol-oj remains

the same as Case 6.1:
Roio; (Ysai(|k])) = Rowj (Ys1(|kl)) - (5.128)

It should be noted that the equivalence between the two results only holds for the nature of
the polarisation modes, and the actual expressions for these modes will change according to the

expressions of the gravitational theory being represented by the particular subcase.
547 | Case 7: GTe|€,Tvec =0 , GTeIe,TaX =0 , C1 7& 0 , Co 7£ 0

The remaining cases investigate the cases for gravitational theories independent of T,, and

Tyec, starting with the particular case

GTele,Tyee = 0, GTele,To = 0, & #0, é #0, (5.129)
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giving the principal polynomial of the form
Pr(k) = —4(G4 — Graer)’ (W — k)%k® (61 + &2 (w? — k?)) | (5.130)

where separate solutions are attained for the massless sector when w = £k and massive sector

with mass m = f%.

}/7((")) = {59{)71/}7X276i17/6i27hij17hij2}T ) (5131)

Yz(lk) = {0,0,0,0,0, ZA;, 2 Az}, (5.132)
_ T

Ve(|ml) = —(Grete,r, = 2Ga0) { G- S29e2) By By, —B1,0,0,0,0} (5.133)

where the massless sector provides the two tensor modes as propagating DoFs, and the massive
sector produces one DoF appearing for the scalars d¢, 1, Xs scalars. The respective Riemann

tensor components are

Ay Ay 0
Roio; (Y=(k]) = | Ay -4, 0 |, (5.134)
0O 0 0
(m?+ k%) B 0 0
Rojo; (Yr(Iml)) = (Grete,r, — 2Gla,) 0 (m2+k) B, 0 . (5.135)
0 0 m? By

In this case, all the propagating DoF's realised from the theory also appear as contributing
polarisation modes of a GW. In the previous cases explored, the symmetric properties of the
Riemann tensor have eliminated at least one of the DoF's. This is largely because the majority of
constants have been set to vanish, corresponding to the terms that appear in the antisymmetry

of the field equations such as Gele,7,, and GTeleTvec'

548 | Case 8: GT‘3|e,Tvec =0 , GT6|E-,Tax =0 , 51 =0 , 62 =0

The final case is given by the combination
GTele, Tyee = 0, GTele 1o, =0, ¢ =0, e =0. (5.136)

The solutions of ¢, = 0 and é; = 0 are written as

G 3(Gele,1, — 2G4 4)*
3,6

1
_ LG G Gop = —Grretes - 5.137
: 8(Gs — Crroer) + 3(GTele,x +G2,x) 2,60 Tele,¢¢ (5.137)
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For these solutions, the principal polynomial expression (5.18) simplifies to
2
Ps(k) = 4(G4 — Grote 1) (Gele, 1, — 2Ga,0)k® (w® — k)" . (5.138)

Setting the determinant to zero results in two additional subcases dictated by the expression
Gele,1, — 2G4,¢-

5.4.8.1 | Case 8.1
The first of these cases leaves the principal polynomial unaltered
Pyi(k) = Ps(k), (5.139)

by imposing that Grele,r, — 2G4,¢ # 0. The nullspace solution of the block matrix containing a

large number of vanishing terms is given by

Yai(w) = {60,%, By, Biy, hijy hijQ}T , (5.140)
Ysa(kl) = {0,0,0,0, 2 A1, 2 45}" (5.141)

generating only a massless solution with tensor propagating DoF's, and present themselves as the

only polarisation modes:

A Ay 0
}030@'0]' (Ya1(Jk]) =1 Ay —4; 0 |- (5.142)
0 0 0

Once again, a large number of vanishing terms result in the omission of antisymmetric contribu-

tions, thus all propagating DoF's correspond to the polarisation modes.

5.4.8.2 | Case 8.ll

Finally, when Grele,7, — 2G4, = 0, the principal polynomial becomes
Psqi(k) = —4(Ga — Grerer) kS (w? — k)7, (5.143)

whose solution is solely dependent on the terms G4 — Gele, 7. In contrast to the previous cases,
the subcase of G4 — G'tele,r = 0 is not considered as this would result in a system without tensor

mode DoF's, thus contradicting the observations obtained in GR and the tensor mode natures
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detected in the A-LIGO experiments detailed in Ref. [45]. Hence, G4 — Grele,r # 0 results in

the nullspace solution of

Yarr(w) = {8, Birs Bins hiji, hijs} ' (5.144)
Yar([k]) = {0,0,0, 241, 24237 (5.145)

where d¢ is omitted from the system by nature of the limits from even being a possible DoF' in
comparison with Case 8.1 evaluated in page 119 but results in similar electric components of the

Riemann tensor:
Rojo; (Ysi(|k])) = Rowj (Ya1(|kl)) - (5.146)

The results for the different branches of BDLS presented here have been obtained by checking
the mathematical restrictions when solving the principal polynomial (5.18) which is set to vanish.
While these branches may not directly correspond to theories of gravity that have been studied
in the literature, they can be obtained by taking appropriate limits within the best-fit result.
Table 5.3 offers a short list of gravitational theories and their corresponding BDLS cases as
classified by the procedure in this chapter. These results only apply to a Minkowski background
and constant background scalar field. Here, GR and f(7") can both be described by Case 8
where only the tensor modes propagate. This is a good example to point out that if an FLRW
background is considered the two theories would not have the same results. In Chapter 7 it
will be shown that f(T') can realise an additional scalar propagating DoF when considering a
cosmological perturbation. The Horndeski case falls within category 7, with a total of 3 DoFs.
While subcases of Horndeski gravity can be adequately placed in this category, like BD and GBD,
others would be better suited within a different part of the branches, such as GR. Additionally,
noting the drop in the number of DoFs when comparing Horndeski gravity to a case where Grele
is the only function, shows how much the teleparallel portion of BDLS contributes. While not
subclasses of Horndeski gravity, the likes of Generalised Teleparallel dark energy, Generalised

Teleparallel Scalar Tensor, and Tachyonic Teleparallel Gravity share the same category.
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Sectors
Cases Conditions Massless Massive DoF
S \% T S m?
1 Grele, Tyee 7 0, GTele,1,, # 0,61 # 0,62 #0 2 1 1 1 —% 7
2 Grele, Tyeo 7 0, GTele,1,, 70,61 =0,62 =0
2.1 Grele, Ty # 0,63 0,64 # 0
2.1a GreleT,, 7# 0,83 #0,64 #0 1 1 1 1 -2 6
2.Lb Grreteray # 0,85 = 0,64 =0 1 1 1 - - 5
2.11 Gs,p = Z2, G2,¢ = —Grele, 0
21La Grreto., — 2Ga.p # 0 2 1 1 - - 6
2.1Lb Grrele,1; — 2G4, = 0 1 1 1 - - 5
3 Grele, Tyee 7 0, GTele, 7o = 0,61 # 0,62 #0 1 - 1 1 —% 4
4 Grele,Tyee 7 0, GTele,1,, = 0,61 =0,62 =0
4.1 Gele, Tyoe = —%(G4 — Grele,7), Ga,¢ = %GTele,Iz
4.la Gs #0,84#0 - - 1 1 -& 3
4.I.b 3 =0,c4=0 - - 1 - - 2
4.11 Gs.6 = Z2, G2,6¢ = —Grele g6
41La Grreto.r, — 2Ga.6 # 0 1 - 1 ; - 3
AILb Grreto., — 2Ga.p = 0 - - 1 - - 2
5 Grele,Tyee = 0, GTele, Tnr 7 0,61 # 0,82 #0 1 - 1 1 —% 4
6 Grele, Tvee = 0, Grele, 1, 70,61 =0,62 =0 1 - 1 - - 3
7 Gele, Tve. = 0, Gele, 1, =0, ¢1 # 0,82 #0 - - 1 1 7;—; 3
8 Grele, Tvec = 0, GTele,Tax = 0,61 = 0,62 =0 - - 1 - - 2

Table 5.1: Branches of teleparallel analogue of Horndeski theory with their respective propagating
DoFs. Each scalar represents 1 DoF', each vector represents 2 DoF's, and each tensor represents
2 DoFs. Quantities ¢1, ¢a, €3, ¢4 are defined respectively in Eqs (5.19a), (5.19b), (5.49), (5.50)
and Z, defined in Eq. (5.48).
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Polarisations
Massless Massive
Cases Conditions S AV T S
b 1 X y + X b 1
1 Grele,Tyee 7 0, GTele, T 70, C1 #0,C2 #0 Voo - - VIV V|V
2 Grele, Tyee 7 0, Grele, 1, 70,61 =0, =0
2.1 Gele,Toy 7 0,63 #0,864 #0
21a Grete,Tax # 0, 83 # 0, G4 # 0 i N R N VA VA R
2.Lb c#0,83=0,61=0 o N I VAR IRV | N I
2.11 G3,¢ = Z2, G2,¢ = —GTele,p¢
2.11.a Gele,1; — 2Ga,¢ #0 Vv - - - VARV - -
2.1L.b Grele,1, — 2G4, =0 - - - - VARV - -
3 Grele, Tyee 7 0, GTele,T =0, 1 #0, é2 #0 Vv - - - vV NV
4 Grele, Tyee 7 0, Grele,1ay =0, 61 =0, =0
4.1 Gele,Tyee = —2(G4 — Grele,r), Ga,6 = 2Grele 1,
4la & # 0,870 i N I VAR IRV | B I
4.1b 83 =0,61=0 o N N I VAR IRV | R I
4.11 G3,6 = Z2, G2,6¢ = —GTele, ¢
411.a Grele,1; — 2Ga,¢ #0 v |- - - NV - -
4.11.b Gele,1; — 2G4, =0 - - - - VARV - -
5 Grele,Tyee = 0, GTele, Ty 70, €1 #0, 2 #0 - - - - v oIV NV
6 Gele, Tyee = 0, GTele,Tay #0, €1 =0, C2 =0 - - - - VARV - -
7 Gele,Tvee = 0, Grele, 1, =0, &1 #0, é2 #0 - - - - v oIV NV
8 Gele,Tvee = 0, Grele,1, =0, ¢ =0, =0 - - - - v oIV - -

Table 5.2: Branches of teleparallel analog of Horndeski theory with their corresponding polari-
sations. Quantities ¢1, ¢2, €3, ¢4 are defined respectively in Eqgs (5.19a), (5.19b), (5.49), (5.50)
and Zy defined in Eq. (5.48).
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Theory Case | DoF Lagrangian Density £; (Si = ﬁ fd4xe£i)
GR or f(T) 8 2 Ror f(T)
Horndeski 7 3 Eq. (2.24)
G'rele 1 7 Grete (9, X, T, Tax, Tvec, I2, J1, J3, J5, J6, Js, J10)
Generalized NGR 2.1.b 5 F (T, Tax, Tvec)
Generalized Teleparallel Dark Energy 7 3 —A(9)T — %(%(;38“(;3 — V()
Generalized Teleparallel Scalar Tensor 7 3 F(¢)T + P(¢, X) — G3(¢p, X)Oo
Tachyonic Teleparallel Gravity 7 3 f(T, X, )

Table 5.3: Categorisation of literature models within the branches of Teledeski found in Table
5.1. The models are a particular scenario that falls within the case indicated. Additionally,
standard Horndeski includes Brans-Dicke and f(R) theories.

5.5 | Summary

Considering the full BDLS cases, where no terms of the action (2.98) are omitted, the maximum
number of propagating DoFs is 7: 2 scalar modes, 1 vector mode, and 1 tensor mode in the
massless sector, and an additional scalar mode arising from the massive sector. This result has
been fleshed out in Sec. 5.4.1. Across the branches stemming from BDLS the tensor modes h
and hy always appear as per the imposition of the condition G4 — Grele,r # 0. Within the
massive sector, provided that 1) and X5 are nontrivial DoF's, realises a scalar propagating DoF.
Two distinct categories can be established from the analysis carried out in Sec. 5.4: propagating
DoF's in the massless sector only containing a combination of scalar-vector-tensor modes or an
amalgamation of massless and massive sectors. The propagating DoF's subcases obtained from
the generalised BDLS model have been summarised in Table 5.1.

By calculating the electric components of the Riemann tensor one can determine which of
the propagating DoFs appear as a polarisation mode to describe the nature of GW propagating.
While the tensor polarisation modes consistently appear in the massless sector, four subcases
(Cases 1, 2.11.a,3, 4.I1.a) also include an additional breathing scalar mode. As for the massive
sector, scalar polarisation modes appear in four cases (Cases 1,3, 5, 7) contributing to the
breathing and longitudinal portions. Polarisation modes have been summarised in Table 5.2.

While additional scenarios can be explored, the nature of the results presented in Tables 5.1-

5.2 remains unaltered. Thus, theories of gravity explored in the literature that fall under the
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BDLS formalism, can be classified under these subcases. In fact, GR can be categorised within
Case 8 (Sec. 5.4.8) and Horndeski within Case 7 (Sec. 5.4.7). Hence, the gravitational theory
of BDLS, and the methodology of determining the propagating DoF's and polarisation modes
presented in this chapter can retrieve results for other established theories, some of which have
been listed in Table 5.3, while also providing results for other subclasses that fall under the

standard Horndeski model and second order tetrad-based theories.
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Growth of Structures in Teleparallel
Gravity

The current structures in the Universe have originated from gravitational instabilities, responsible
for matter accumulation which has led to the large-scale structure formation including clusters
of galaxies. The expansion rate of the Universe affects how the growth of structure behaves.
Slow growth is experienced during the radiation epoch in comparison to the matter-dominated
era, and growth slows down again as dark energy takes over and the Universe undergoes an
accelerated expansion. Additionally, baryons and photons exert pressure, thus as gas migrates
to lower pressure areas, baryons are unable to accumulate as much as the pressureless counterpart
of dark matter [88|.

Cosmological evolution of perturbations can be split into three parts [88, 309]:

B Superhorizon: The large scales, where long wavelength modes are initially outside the
horizon such that k < aH, contribute to the conditions that shape the large-scale structures

of the early Universe.

m Horizon entry: Wavelengths start to enter the horizon and the Universe shifts from a
radiation epoch where a < ae¢q to a matter-dominated one where a > aeq, given aeq
represents the point when radiation and matter densities are equivalent; linking the large

and small scale regions.

B Subhorizon: Deep within the matter-dominated era, the growth of matter perturbations
overtakes that of radiation density, such that dark matter continues to evolve and the
radiation becomes negligible. Here, small-scale modes are represented by the relationship
k> aH.

In this chapter, the main focus is the growth of CDM but it should be noted that other

constituents of the Universe play a role, somewhat small, which results in the small structures
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observed today. Within the horizon, baryon densities are suppressed as they are still tightly
bound to photons at early times. Post decoupling, the now free-moving baryons fall within the
gravitational wells that dark matter had time to create, ultimately also contributing to structure
formation [36, 37, 38]. Additionally, BAOs influence the transfer function and can be detected,
despite them being a small portion of the total matter [310]. Massive neutrinos, still retaining a
relatively high velocity, smooth out density perturbations, hence resulting in a dampening of the
growth of small structures [311, 312]. As the Universe enters a dark energy-dominated epoch,
the growth of perturbations is directly affected by the Hubble rate. Thus, the growth factor
behaviour is altered in accordance to the dark energy model used [313, 86, 269].

The chapter is split up as follows: Sec. 6.1 elaborates on the matter sector; Sec. 6.2 provides
a general overview of obtaining the Mészéaros equations; Sec. 6.3 introduces the growth factor,
growth index, fog, and Sg parameters; Sec. 6.4 provides the cosmic growth structures of gravi-
tational models of f(T") and modified GR; and all results summarised in Sec. 6.5. The following
work is based on the published work in Refs [314, 315|. In this chapter, the signature is changed

to (4, —, —, —) since data values are obtained from literature where this signature is utilised.

6.1 | Matter Perturbations

In the BDLS action given by Eq. (2.98), the matter has been introduced but not thoroughly
explored, as up to this point the systems were considered to be in a vacuum. As gravity interacts
with matter, it becomes important to understand the dynamics of gravitational theory to ensure
consistency with a viable Universe. It becomes crucial to make predictions and comparison with
observations such as gravitational lensing [316, 317, 318, 126], CMB [319], large scale structures
and BAO [310, 320, 321], and GWs [45, 80, 276]. The energy-momentum tensor O for a perfect

fluid can be written in terms of the fluid four-velocity u# [9]':
O := (p+p)ut'u” — pg"” — T, (6.1)

where p is the energy density and p is the pressure which are solely time-dependent, and IT#* is

the anisotropic stress tensor with the properties
% =% = w11, =0, (6.2)
where u* is given by

u* = (1,0,0,0), (6.3)

LThis relationship has been introduced in Eq. (2.12). The minus sign in the second term arises due to the
opposite sign convention. Additionally, the anisotropic stress is included.
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which yields the property
wuy, = gputu’ =1. (6.4)

Note, under gauge transformation the background values of p and p maintain their functional
forms. The energy-momentum tensor O is symmetric and can be obtained from the ac-
tion (2.98) through the variation with respect to the tetrad of the matter sector L,,:
_10(e L)

0, = —F 6.5
C € aec’y 9 ( )

which can be contracted with the tetrad and inverse metric to obtain Eq. (6.1). The conservation
of the energy-momentum tensor implies [9]
V0" = 8,0M + T 0™ +TY ek =0, (6.6)
which at the background level results in the continuity equation
V0" = p+3H(p+p) =0, (6.7)

while the component @MG’”’, corresponding to the Euler/velocity equation, gives a trivial result
at the background level.
The perturbation of the energy-momentum tensor up to the first order in the scalar sector is

given by

+0 +p)d’
0, - p+dp (p @ v‘ | (6.8)
—a*(p+p)ov  —((p+ 0p) &) + 0;097%)

where §p is the perturbation of the energy density, dp is the pressure perturbation, v is the scalar

component of the velocity vector

v = —, (6.9)

and 7° is the scalar component of the anisotropic stress [322]. The perturbations are taken to be
of both temporal and spatial coordinates. The gauge transformations of these additional matter

scalar perturbations are checked through the Lie derivative notation
0,/ =0," 4020, + 0,£°0," — 0.£"0," (6.10)

where ¢# = {£°, %8%} for the scalar transformation, analogous to the procedure presented in

Eq. (4.40) and Eq. (4.41) for tetrad and scalar, respectively. Hence, the transformations are [271]

o0p =dp+ p<°, (6.11a)
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op = op+p¢°, (6.11b)

7 =7, (6.11c)
1

b=v— ggo : (6.11d)

where 7° is the only gauge-invariant quantity. The remaining variables can be combined to

construct other gauge-invariant quantities:

I =op— %5;;, (6.12a)
3p + a2
5 Op+aiv (6.12b)
p
2. F . "
A, = e T P (6.12c)
p pp

where I is the entropy perturbation for which g—g is referred to as the effective speed of sound
and % is the adiabatic speed of sound, §,, is the comoving gauge density perturbation, and
A,, is the pressure perturbation. The conservation of energy-momentum relationship given
by Eq. (6.6) can be extended to the perturbative level to obtain the continuity and velocity

equations, respectively:

0=30p+(p+p) (—821) + 30— a%) +3H <<5p Y op— a?;s) , (6.13)
0=06p— 87"+ a’[(2H(p+p) + p)v + (p + )0l + (p + p)[w + aH (b — B)] . (6.14)

The addition of Eq. (6.8) to Egs (3.19-3.21) and Eq. (4.29) extends the scalar sector to include

matter contributions for a perfect fluid, such that

W, 0 = 2k%p, (6.15)
Wi = —2x%p, (6.16)

where the background equations W% and W, are given by Eq. (3.19) and Eq. (3.21), respectively,

and
SW,05 = 2x%6p, (6.17a)
oW, = 2k%(p 4 p)Ojv, (6.17b)
oW,;%8 = 2k%(p + p)oyv, (6.17¢)
SW; 1S = —2k2%6p, (6.17d)
W5 =0, (6.17¢)

wherein the background equations have already been applied. The gravitational portion of the
field equations (5WOOS, 5W0is, 5Wios, 5Wiis, 5Wij S) is given by Eq. (4.29). Thus, along
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with the conservation of momentum equations (6.7, 6.13-6.14), provide the tools to construct

the Mészaros equation.

6.2 | Mészaros Equation

The Mészaros equation can describe the growth of density perturbations originating in the early
Universe as they evolve during the matter-dominated eras. Through the lens of linear perturba-
tion theories, it combines the gravitational equations of motion with the dynamics of fluids to
understand small homogeneities grow at later stages due to gravitational instabilities. First, the

tools used throughout this section are introduced. The effective equation of state is given by
p
Weff 1= o (6.18)

such that upon substitution of Eq. (6.15) for p and Eq. (6.16) for p, one retrieves an expression
in terms of the modified part of the theory. A similar relationship can be obtained for the
perturbative portions dp and dp, in which Egs. (6.17a,6.17d) are utilised to define the effective

sound speed as

2. 0p

= 6.19
&= (619)
The entropy perturbation given by Eq. (6.12a) is set to zero; it is said that there is adiabaticity
i.e.
5 .
r=0— 22 (6.20)
op p

By using the continuity equation (6.13), velocity equation (6.14) and the gauge-invariant variables
dm and T given by Eq. (6.12b) and Eq. (6.12a), respectively, the variables v, dp and dp can be
eliminated and replaced by gauge-invariant variables.

When studying the subhorizon epoch, it is assumed that the evaluation is being applied

within a deep matter era, such that only CDM is considered. Hence,
p=0p=0, (6.21)

such that weg = 0, 2 — 0, and subscript m is now associated with CDM only. The anisotropic
stress is excluded as it is associated with quadrupole contributions whose role is mainly within
the radiation epoch and are negligible when considering CDM in the matter epoch. Additionally,
longitudinal gauge? is applied such that

b=23, and h=0. (6.22)

2Refer to Eq. (4.44) for a summary of different gauge choices which can be applied instead of the longitudinal
gauge.
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The gauge choice removes any residual freedoms, resulting in gauge-invariant field equations.
This implies that physical quantities are independent of arbitrary choices of coordinates or in-
ternal symmetries, reflecting only the underlying physics.

Due to the linear relationship between the perturbations, the field equations can be rewritten
to express gravitational perturbations as functions of matter perturbations. Given that the
antisymmetric Wj;;) given by Eq. (4.33) corresponds to the {0, d,5} terms in the W;; expression

in Eq. (4.29d), the 0 mode can be eliminated. The remaining field equations are

Wy F1(56,00,¢,8,8,1,%) = G1(3m, om) , (6.23)
W' Fo (86,60, 0,0, B, B, 10, 0) = Ga(bm) , (6.24)
SW;° F3(8¢,00, ¢, 8,4) = G3(dm) , (6.25)
SW,7 Fi(66,¢,8,8,4) =0, (6.26)
SW;* Fs5 (36,060,060, 0,0, 8, 8,9, 9, 9) =0, (6.27)
Wy F6(3¢,00,00, 0,0, 8, B, B,1,1,%0) = G6(6m dm, Om) . (6.28)
W' - Fr(60, 00,00, 0,0,3, 8, 8,8, B ,1,4,9) = Gr(Sym, 0m) , (6.29)
SW;° - Fs(56,00,80, 0,0, 8, 8,1,%) = Gs(8m, 0m) (6.30)
W, Fo(3¢,80, 0,0, 8,5, 8,0, ¢) =0, (6.31)
5W¢ : f10(6¢? 9076 '¢15¢7 9075 wa5¢ w) 7 (632)
5W(02) : ‘Fll <5¢)5¢7 ®, 9b767/87ﬁ)¢71/}> = gll <5m) ) (633)
oWl : J12 (5¢7 86, 0,¢, 8,8, 8,1, @w) = (6.34)
AU Fis (00,¢.8,6,0) =0 (6.35)
W) Fia (39,00, ,.8,8,8,0.9) = 0 (6.36)
cast in matrix form

Fx=9, (6.37)

where F is a matrix of coefficients arising from functions [Fy, Fi4] corresponding to the gravita-
tional perturbations given by x = {d¢, 8080, 0, ¢, 8,8, B, B, 4, 1/)}, while each row of matrix G
is given by a linear combination of matter contributions {d,,, Sm, 5m} corresponding to functions
{G1,G2,Gs,Gs,G7,Gs,G11}. The number of equations in the system is larger than the number of
modes for which a solution is required. In the general case of BDLS, it is ideal to eliminate (5W0i
in Eq. (6.29) to avoid introducing higher order derivatives. It may be that the expression comes
in useful when dealing with subcases of BDLS where 9Grele 7o + 2X (—2GTele, s — 5GTele,Js +

vec

3G Tele,J5 +2X Grele, s ) = 0 since these higher order derivatives are not present. Additionally, the
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choice of eliminating equations relies upon ensuring that the matrix F is constructed completely
with linearly independent equations, such that det(F) # 0 and is invertible. By obtaining the

inverse of matrix F, the solution for y is obtained:
x=F"1G, (6.38)

giving a solution for each gravitational quantity.

Next, the initial form of the Mészaros equation can be obtained through the continuity and
velocity equations (6.13-6.14). These equations simplify upon applying Eq. (6.21), Eq. (6.12b)
and longitudinal gauge, yielding

. . . k2 .
O=5m+3H®+3H®—¥6+3¢, (6.39)
0=0+¢. (6.40)

2

where ¥ = a”v, and expressed with a spatial Fourier transformation. Substituting Eq. (6.40) in

Eq. (6.39), an expression for v can be obtained from

. . 2 .
0 =6, —3Hp+ 3¢ <IZ2 - 3H) B (6.41)

Taking a time derivative, and substituting Eq.(6.41) and Eq. (6.40) results in the following:
O:5m+3(Hf1+H{1)—3(H¢+Hgb)+—2(2aHz7—@)—|—3w. (6.42)
a

All gravitational potentials present in Eq. (6.42) can be substituted by the solution x in Eq. (6.38)
where all modes are solved and expressed solely in terms of matter perturbation &,, and its

derivative. Therefore, the Mészaros equation can be written in the form
. . 1
0="0m+2Hv(t)0m — 5/{2pu(t)5m, (6.43)

where v and p are time-dependent functions on the gravitational theory considered. Through
this equation, the evolution of CDM can be obtained when considering the matter-dominated
era by solving the second-order differential equation. This solution provides an avenue to study
growth parameters: growth factor D, growth index v, fog, and Sg. Eq. (6.43) resembles the form
of the Mészaros equation for the ACDM model. All the effective contributions from gravitational

potentials are encapsulated in the p and v coefficients.

6.3 | Cosmic Growth Parameters

Solving the second order differential equation given by the Mészaros equation (6.43) results in

the solution of the matter perturbation d,,. By switching the equation to be dependent on the
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evolution scale of the scale factor a or redshift z, one can obtain an understanding of growth
structures assisted by observable data. The former notation has been adopted in this project.
The Mészaros equation is constructed under the assumption that the system is within the matter-

dominated era, hence the energy density is given by

3H2Qmo _
plt) = 200, (6.44)
where (2,0 is the current matter density parameter. Additionally, the matter density parameter

can be derived to be

Qmoa_3
Qn(a) = ———, A4
(@) = sy (6.45)
where h is the normalised Hubble parameter
H(a)
h(a) = . 6.46
(@)= (6.46)

The evolution of the Hubble parameter can be obtained through the Friedmann equations (3.19-
3.21), provided a gravitational theory is supplied to substitute for the arbitrary functions G; for
i € [2,5] and Gee. At a later point, the relationship

3Q,(a) 2ah’(a)
Q =— 1 A4
iy = =220 (14 20 (6.47)
becomes useful. Casting Eq. (6.43) in terms of a results in

3

0= —5m(a)u(a)dm(a) +a <2V(a> ISR

h(a)

where v and p are now dependent on a, and primes (") derivatives with represent to scale factor.

> & (a) + a*d!l (a), (6.48)

Next, derivations of the growth factor solution, growth index relationship, fog and Sg parameters

using Eq. (6.48) are presented.

6.3.1 | Growth Factor

Growth is defined as a ratio of the matter perturbation amplitude at a scale factor a against its

value at scale factor a; when the deep-matter era begins [275]:

Dla) = if((;j) '

The solution of d,, is obtained by solving Eq. (6.48), which requires setting some initial conditions.

(6.49)

To ensure that a > aeq and in the matter-dominated era, the range 0.1 < a < 1 is considered

where a; = 0.1. The following initial conditions are imposed throughout the analysis [88]:
Om(a;)) =1, 6, (a;) =10, (6.50)

which implies that D(a) = 0,,(a) since the denominator is unitary.
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6.3.2 | Growth Index

The growth factor equation in Eq. (6.49) can also be expressed in terms of the variable growth

index y(a) through the equation [313]

a a)7(@)
D(a) = exp (/1 2 (@)77 dd) , (6.51)

where the limit a = 1 is included to represent the current time in the evolution of the Universe.

ISH

Therefore, the growth rate clustering [323]

dIn 6y, a
g(a) = g = Qpn(a) @) (6.52)

This relationship can quantify the growth of structure g as it shows that a small fluctuation in the
matter distribution influences the growth, linking the growth of matter to the expansion of the
Universe. As the solution for the function g arises from the solution of the Mészaros equation, the
growth index is useful to differentiate between different modified theories of gravity. Eq. (6.52)

yielding a restructuring of Eq. (6.48) as
3 (@)
0= —i,u(a)Qm(a) + Qo (a)?
h'(a)
Qi 1—-2
+2,(0) (a1 - (@) 1%

The growth index is considered to be a constant value, hence making it sufficient to analyse

+2v(a) — 3v(a) + av'(a) In Qm(a)> . (6.53)

Eq. (6.53) at current time a = 1 only. Regardless, the linear parametrisation of a dynamical
growth index [313, 323, 324, 325]|

Y(a) =7+ (1 —a)n, (6.54)
is applied to be able to replicate the expected ACDM result by adjusting the ; value. Therefore,
Eq. (6.53) at a = 1 is given by:

3
0= —iﬂ(l)QmO + erjg + Q1% (=370 + 2v(1) — 1 In Qo + (1 — 270)R/ (1)) , (6.55)

where h(1) = 1 as per definition in Eq. (6.46). This equation can be solved for v; in terms of
vo. The constant growth index value depending on the gravitational theory can be determined

when v; = 0.

6.3.3 | fos

The growth factor encapsulates the evolution of matter density perturbations and the growth in-

dex provides a good picture linking the evolution of matter to the formation of cosmic structures,
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but fog provides a link with observable quantities as a measurable quantity. The parameter fog

is obtained through the combination of the growth clustering function given by Eq. (6.52) and
Om(a)

Ug(a) = 0'870% N (656)
where 03 is the current value of og(a) yielding [326]
/!
fos(a) :== g(a)og(a) = aa&o(% . (6.57)

The og parameter is the root mean square fluctuations of matter density at the scale of 8 Mpc;
a scale at which the internal structures of galaxies can be averaged out but still small enough
to study galaxy clustering [327]. Apart from moving due to the expansion of the Universe,
galaxies experience motion due to peculiar velocities giving rise to distortions in the redshift
observed [328]. Measurements of Redshift Space Distortions (RSDs) provide direct observation

to these peculiar velocities which are linked to fog [329].

6.3.4 | S

An alternative to describe the amplitude of matter fluctuations is given by parameter Ss, given

by

0.5
Ss(a) := os(a) (Q’g_;a)) . (6.58)

This parameter takes into account both og and 2, quantities; a middle-ground between the
growth index relation given by Eq. (6.55) and that of fog in Eq. (6.57). Ss tackles the de-
generacy that can arise when using og and €2,,, as several combinations of these values yield
observational effects which appear identical [317]. Additionally, it is closely related to weak
lensing measurements of the distortion of light from distant galaxies, providing a direct observa-
tion [317, 318|.

6.4 | Cosmic Growth in Teleparallel Gravity

The procedure introduced in the previous sections differs slightly from the method typically
adopted to analyse cosmological growth structures. Typically, when considering only the growth
of CDM, subhorizon limit k£ > aH is applied at first principle when deriving the Mészaros equa-
tion within a theory of gravity. Within the teleparallel framework, this is exactly the procedure
taken in Refs [275, 322]. In the case of f (R) gravity, it was noted that the two approaches

(the method where the subhorizon limit is assumed throughout the calculations and the other
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method with a generalised approach as the one presented in Sec. 6.2) may result in inconsisten-
cies, yielding a different final result. Application of the subhorizon limit in the field equations,
as done in Ref. [330, 222], results in ignoring the time derivatives of potentials present in the
theory, providing a simplified system of equations to work with. Albeit being more appealing to
work with, especially when dealing with more complicated gravitational theories, it may result
in an oversimplification, in contrast to the quasi-static result obtained in Ref. [331]. To avoid
running into these issues, the generalised approach presented in Sec. 6.2 is favoured, allowing an
investigation of k-scales.

An important feature when determining viable k values is to ensure that they fall within
the expected values of the matter-dominated era. Hence, the k£ value at the radiation-matter

equality is determined as a comparative value. This is done by considering the energy densities

of radiation p, oc a~* and matter p,, o a3, and equating them to obtain
Pro Qo
Qeq = = 6.59
o Pmo QmO ( )

and expressed in terms of current density parameters, where Q.0 = Q,.(a = 1) = 8.4 x 1075. By

determining Heq from the Friedmann equation (6.15), it is used to determine k using
ki ~ o Heg (6.60)

at radiation-matter equality.
Along with the comparison between different k& values and the subhorizon limit, the deviations
from the ACDM are also taken into account. This is obtained by taking a Lagrangian of the

form f = —T + ¢, where ¢ is a constant. The Planck collaboration results are given by
Qo = 0.315, Hy=674kms ! Mpc!, os0 = 0.811, (6.61)
yielding the growth index value of
yacpMm = 0.5595 (6.62)

up to 4 d.p.

6.4.1 | f(T) Gravity

The study of growth factor in f(7T') gravity has already been performed in Refs. [275] through
the application of the subhorizon limit throughout the analysis. In this section, the main focus
is to verify that such a procedure is sufficient within the realm of f(7') by ensuring that there

are no spatial dependencies when considering growth structure studies.

135



Chapter 6. Growth of Structures in Teleparallel Gravity

The action is of the form

1
Syry = 52 /d4xef( )+ /d4xe£m, (6.63)

yielding the background Friedmann equations from Eqs (3.19-3.21) for the case Gree = f(T)

and the remaining terms vanish:
262p = f+12H?fr, (6.64)
—2k%p = f +4(3H? + H) fr — 48H*H frr, (6.65)

from which the GR limit can be obtained for the case when f(7T) = —T, such that additional
terms stem from the modified theory and contribute to the effective dark energy density and

pressure. The effective portions are given by

262 pe = —2k%p — 6H? | (6.66)
—2k%pet = 26%p — 2(3H> + 2H) | (6.67)
such that the effective equation of state is

—A(H fr — 12HH frr + H)

Wet = —1 + f+12H2fr + GH? (6.68)

The linearised field equations (6.23)3 simplify to
§Woo : Fi(p, B,0,4) = G1 (8, Om) , (6.692)
SWo; - Falip, 0, 4) = Ga(Om) , (6.69b)
Wi - Fa(, 8,4, %) = G3(0m) , (6.69c)
SWij - Falp, B,4) =0, (6.69d)
SW;t Fs(p, @, 8,8,4,1p,9) =0, (6.69¢)
§Woo : Fo(, 4,8, 8,0, 4, %) = G6(8ms o, Om) , (6.69f)
SWo; - Fr(0,4,,9,9) = G1(Om, 0m) , (6.69g)
SWio : Ts(p, @, 8, 8,4, ) = gs(ém,m (6.69h)
SWij - Folp, ¢, 8, 8,0,4) = (6.691)

The expressions obtained for W;* in Eq. (6.69¢) and §W;o in Eq. (6.69h) are omitted as they are
linearly dependent on other equations in the system, totalling to 7 linearly independent equations
corresponding to the variables {¢, ¢, 3, B , U, @Z.), 1/1} Additionally, the scalar field equation natu-

rally vanishes since there is no dependency on the scalar field ¢. Since functions F; and G; are

3The detailed expressions of these functions have been omitted. Only the portions relevant to the derivation
are expressed at a later point.
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a linear combination of the variables associated with the function, a matrix can be constructed

as follows:
I f L 1] X 1 I g 1
Fu 0 Fiz 0 Fis Fi6 0 @ G1
For O 0 0  Fas Fa6 0 @ G
Fzi 0 Fzz 0 0 F36 0 B G
Fu 0 Fuig 0 Fus 0 0 B =1 o (6.70)
Fiu Fu Fiz Fiz Fis, Fis+Fie Fie (0 Gi
For Fau 0 0  Fos Fos+Fas Fao W Go
Fu Fa Faz Faz Fus Fus 0 ) 0
where

2 2 ks k?

Fi =3H? (Fos + 12H? fpp) , Fiz = 12;H Jrr, Fi5 = EfT,
1 )

Fie = —E}_n, For = —HFs, Fos = 12HH frr,

352;) 1 1
Fog = —fr — F31 = —=—=F Fazg = ———F
2 fr ,%_3[{7 31 Y 33 s’ 18

1

F36 = *37H}-16, Fu=—fr, Faz = —aFos,

1 2 3H - /q;zp .
Fas = Far, 91:_2”P<5m+§§_3}15m>, g2:_w5771'

Solving for matrix x results in the Mészaros equation being solely dependent on the matter

perturbations d,,:

0= 6m + 2Hv(t)d,, — =5 1(t)om (6.71)
where
189 ((2H2 + HH + 2H2H) frfrr — 12H2H2 fr fror + 6H2 H? f%T>
v=1+ o , (6.72a)
fr (fr =365 H>H frr)
1 364
n = FERTTY — alf 2T fTT(gHQH—i-QHQ—i—HH)
fr—360zH?H frr  fr(fr —365zHH frr)

. 2
12H?H? (- frrr + ];TT> ) : (6.72b)

T
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The subhorizon limit is set in the matter-dominated era where

H =K1 H?,

a(t) octs = { . (6.73)
H = koH?,
where k1 = —% and kg = %. By rewriting Eq. (6.71) in terms of the variable £ = %
186*H? 2 2772 6k1H? f7.7
=1 2 2 —12k7H —_— 6.74
Ve (fT - 36§2ﬁ1H2fTT> <( Wit e 2 frr wLHC frrr fr (6.74)
1 3662 H? 5
= — 3Kk1 + 267+ K
M= =36em B2 frr fr(fr — 3682k H2 frr) (fTT( ! 1F )
f2
12H%H2 <_fTTT + ‘]CET) , (675)
T

and performing a Taylor expansion of £ about 0 up to the first order, the possibly oversimplified

subhorizon limit is obtained such that
1
fr’

corresponding to the result obtained in Ref. [275]. As the Universe enters into a dark energy-

ysub -1 , Msub

(6.76)

dominated era, it is of interest to ensure that these results hold up when considering a de Sitter

phase where
a(t) oc eflast (6.77)

given Hygg is a positive constant. Substitution within Eq. (6.72a-6.72b) gives the same result as
the subhorizon limit. The subhorizon and de Sitter results will be used to compare the results
obtained when considering the generalised Eq. (6.71) for different & values.

The Mészaros equation (6.71) along with the expressions (6.72a-6.72b) are recast in terms
of a to obtain a result in the form of Eq. (6.48). The growth factor given in Eq. (6.49) and
growth index result given in Eq. (6.55) are utilised to illustrate possible k-dependencies that
arise within f(7') gravity. The models considered here have been chosen to ensure that the
dependency on torsion scalar 7' is recovered at late times while GR limits can be attained at early
times to be in accordance with CMB constraints and primordial nucleosynthesis observations.
f(T) offers a plethora of viable models, but here are presented five models which have been
thoroughly studied in the literature: Power Law (6.4.1.1), Linder (6.4.1.2), Exponential (6.4.1.3),
Logarithmic (6.4.1.4) and Hyperbolic Tangent (6.4.1.5). For each model, the parameters Hy,
Qo and S; constant (i € [1,5] where the value of i corresponds to the different models) have
been obtained from different combination of observational data sets [289] based on the following

assumptions:
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m Cosmic Chronometers (CC)*: Massive passively evolving galaxies, which rapidly ac-
cumulate their mass at high redshift and deplete their gas reservoirs early on, can serve
as cosmic chronometers. By examining two such galaxies with a slight redshift difference,
the age difference can be calculated [332]. The compilation of data sets [333, 334, 335,
336, 337, 338, 339| covers various redshift ranges up to z < 2; some use the differential age
method, while others employ the differential D4000 technique, which necessitates stellar

population synthesis models for calibration.

m Supernovae Type Ia (SN)>: These supernovae, distinguished by the absence of hydrogen
lines in their spectra, exhibit exceptional brightness and a consistent peak luminosity,
making them ideal standard candles for measuring distances in the Universe. Notably, the
Pantheon compilation of Type Ia supernovae (SNela), which combines data from multiple
surveys measuring relative luminosity distances in the redshift range of 0.01 < z < 2.26 (93],

is utilized.

®m Baryon Acoustic Oscillations (BAO): Remnants of sound waves that travelled through
the early Universe leave a distinctive imprint on the large-scale structure, creating char-
acteristic peaks in galaxy clustering at the sound horizon scale. BAO data sets utilise
several sources: the Sloan Digital Sky Survey (SDSS) Data Set 7 [340], the Six-degree
Field Galaxy Survey (6dFGS) [320], Lya-forest flux transmission from the complete SDSS-
IIT [341], the Baryon Oscillation Spectroscopic Survey (BOSS) [321], and the extended
BOSS Data Release 14 quasar (DR14Q) survey [342].

The Hj priors are obtained from

® Supernova Hj for the Equation of State (SHOES): Estimates of Hy (R19) are derived
from observing 70 long-period Cepheids in the Large Magellanic Cloud (LMC) using the
Hubble Space Telescope (HST) [102].

m Hjy Lenses in COSMOGRAIL’s Wellspring (HOLiCOW): Measurements of Hy using
gravitational lensing are conducted by determining the time-delay distance Da¢, which is
sensitive to Hy [104].

m Tip of the Red Giant Branch (TRGB): The TRGB occurs when stars on the red giant
branch reach maximum luminosity, just before they transition to helium core burning. At
the TRGB point, stars are bright and red, offering an independent method to determine
Hy [343].

4The acronym CC is reserved for Cosmic Chronometers throughout this chapter, not to be confused with the
acronym previously used for Cosmological Constant.

5Typically, acronym for Supernovae Type Ia is SNela. Since these are the only type of supernovae used, the
acronym has been shortened to SN.
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The remaining parameters introduced for each model can be obtained through the background
equations and the different constant values from the data sets provided. Note, future analysis
should also consider results stemming from weak gravitational lensing: slight distortion of light
from distant galaxies as it passes through the gravitational field of matter. These distortions are
affected by the large-scale distribution of matter, allowing for the mapping of matter and testing
modified theories of gravity on a cosmological scale. While HST [344]| and Dark Energy Survey
(DES) [124, 345] have provided weak lensing maps to constrain dark matter and dark energy, the
upcoming Euclid [95] and LSST [8] will have higher precision. Modified theories of gravity alter
the matter power spectrum, which is closely linked to the shear power spectrum, and higher-
precision observations from missions like Fuclid and LSST will be able to detect these deviations
from ACDM. Additionally, recent observations of BAO by DESI [94] have pointed towards a

time-varying equation of state which is supplied by some modified theories of gravity [346].

6.4.1.1 | fi(T): Power Law Model

The first model considered is the Power Law model [216], able to produce the elements of late-

time accelerated cosmic expansion through the function
f(T) = =T + a1 (-T)°, (6.78)

where o1 and 31 are constants. This is the torsionful analogy to the modified Einstein-Hilbert
Lagrangian f (R) = —apRP where ag and Sy are constants. The power law model in f (R)
provides one of the simplest forms of models to study fourth-order field equations but does not
recover a matter-dominated era before the Universe reaches the status of an accelerated expan-
sion [347|, diverging from the known cosmic history. Eq. (6.78) within the torsion framework,
can provide a linear relationship of matter density contrast provided «a; and (; parameter are
suitable [275]. In addition to this, the power law model in f(T") gravity has been well-studied,
retrieving promising results with solar system regime [348, 349, 350, 351], galactic realms [352]
and on a cosmological scale [353, 354]. The ACDM limit can be obtained directly from the func-
tion by setting 51 = 0 and mimicking GR at early times. The case of §; = % result in function
corresponding to the higher dimensional theory of Dvali-Gabadadze-Porrati (DGP) gravity [355].
The parameter «q, being itself a constant throughout time, can be obtained by evaluating the

first Friedmann equation (6.64) at current time ¢y such that a(tg) = 1, which gives

(6Hg)' 1 (1 — Qo)
281 —1 ’
and Eq. (6.64) can be rewritten using the relationship of Eq. (6.79) and Eq. (6.46) to obtain

a1 = (6.79)

h(a)® = Qmoa™ + (1 = Qo) h(a)*" . (6.80)
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The restrictions on the 8 parameter are determined through observations at the current time,
which show that the power law model fits for 8; < 1, implying that f; 7 < 1 during the matter
era [217] and further derivatives of the f; function are even smaller.

In Ref. [275], the growth factor was considered to be k independent. Next, it will be demon-
strated that only for high growth index precision, of order 10~% and lower, do k dependencies
come into play. Assuming a constant 7 value by setting 73 = 0 in Eq. (6.55) and substituting
the solution of h through Eq. (6.80), the growth index value v = 79 can be obtained for different
Qo and Hy values provided by different data set, tabulated in Table 6.1. These results tabulate
the k values at which the v value matches with that expected from the subhorzion limit up to 4
d.p. For the Power Law model, it is crucial to identify where the subhorizon condition k > aH
starts to apply, as not all £ values larger than the matter-radiation equality keq necessarily fall
within the subhorizon regime. The highest v value is given by the CC+SN-BAO set at 0.5718,
while the lowest value is for CC+SN at 0.5284. At face value, there seems to be a correlation be-
tween the growth index value and 5y value, as smaller model indices yield a smaller v constant.
Additionally, the CC+SN+R19 case has the highest k value for which the subhorizon results
match up to four d.p.

Power Law Model

Data Set b1 Ho Qmo keq/Ho k/Ho v
CC + SN —0.22 68.5 0.35 54.0062 > 411.89 0.5284
CC + SN + R19 —0.13 71.3 0.326 50.3029 > 1130.40 0.5398
CC + SN + HW —0.16 71.0 0.329 50.7658 > 1422.26 0.5361
CC + SN + TRGB —0.20 69.1 0.344 53.0803 > 327.57 0.5308
CC + SN + BAO 0.06 67.1 0.294 45.3652 > 204.17 0.5718
CC 4 SN + BAO + R19 —0.14 69.9 0.305 47.0625 > 176.48 0.5400
CC + SN + BAO + HW —0.12 67.7 0.304 46.9082 > 565.63 0.5424
CC + SN + BAO + TRGB —0.01 68.1 0.298 45.9824 > 123.77 0.5585

Table 6.1: Power Law model results for different data sets constraints. The first column gives
the data set combination considered, the second column corresponds to the 8; parameter value,
the third and fourth columns give the result of Hy and €2,,0, respectively. For each set, the fifth
column gives the keq value, and the sixth column shows the minimum value of k for the Mészaros
equation to behave like the subhorizon limit as determined by the constant value of v obtained
up to 4 d.p. given by the sixth column.
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The variations with k£ are further illustrated in Fig. 1 when solving for the growth factor
D(a). In all cases, the values of keq and k = 100H are further from the subhorizon limit as they
fall below the required regime. However, the value given in the sixth column of Table 6.1, denoted
as kimit, approaches the subhorizon limit. Any value above kjjn;; coincides with the subhorizon
curve and hence is not visible. Discrepancies are mainly observed when considering changes to
five significant figures (in the last 10~ of the scale factor range). When considering growth at
0.1 < a < 1, the subhorizon limit from Ref. [275] suffices, as shown in Fig. 6.1a. For most of
the sets considered, the growth factor increases with the k value, as illustrated by the specific
case of CC+SN in Fig. 6.1b. The only exception to this pattern is the case of CC+SN-+BAO in
Fig. 6.1c, primarily due to the positive nature of 51 in the CC+SN+BAO constraints.

6.4.1.2 | fo(T): Linder Model

The Linder model [217] given by the function

fg(T) =T+ a1y <1 — exp <—62\/?0>> , (681)

where Ty = —6H§, and ae and [ are constants, was originally constructed in the context
of late time cosmological issues but has shown to be more broadly applicable. The model
was motivated by the f(R) model with an exponential dependency on R to allow for small
variations in gravitational coupling [217]. The ACDM limit of function (6.81) can be obtained
when 3 — +00. When looking at the equation from weg given by Eq. (6.68), B2 determined
the amplitude deviation from equation of state around weg = —1, specifically allowing for values
satisfying weg > —1 [217]. The g parameter is obtained from the current expression of the first

Friedmann equation (6.64) and normalised to obtain

652(1 — Qm[))
Qg = m , (6.82)
resulting in
1 — e Bhla)(] h
h(a)? = Qmoa 2 4+ (1 — Qo) ° U+ foh(a)) (6.83)

1-— 67ﬂ2(1 + 52)

where the solution of h is obtained numerically. The results associated with the Linder model
are shown in Table 6.2 and Fig. 6.2. Across the data sets, the growth index ranges from 0.5601 <
v < 0.5659, with the CC+SN+BAO model contributing to the upper end of this range when
considering up to 4 d.p. For the k values where the subhorizon limit applies, most are below
the radiation-matter equality value keq, except for the CC+SN+BAO model. These results

correspond to the growth factor behaviour where, in many cases, the growth factor at keq is not
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B CC+SN B CC+SN+R19 M CC+SN+HW [ CC+SN+TRGB M ACDMpjscc B CC+SN+BAO M CC+SN+BAO+R19 M CC+SN+BAO+HW M CC+SN+BAO+TRGB

D(a)

(a) Growth factor plots for all models at the subhorizon (solid line), the ACDM limits at 81 — 0 (dotted
line), and the result obtained in the Planck collaboration (ACDMpianck) [2].
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(b) CC + SN growth factor solution at radiation-
matter equality keq (....), at k = 100Hy (._..),
just before the subhorizon limit kiimit (. — . ),
and the subhorizon solution (—_).
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(c) CC + SN + BAO growth factor solu-

tion at radiation-matter equality keq (....), at
k = 100Ho (.-.-), just before the subhorizon
limit Kiimit (.—.—), and the subhorizon solu-
tion (—_).

Figure 6.1: Growth factor solution of the Power Law model.
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visible in the plot as these values are well within the subhorizon regime given by Eq. (6.76). In
Fig. 6.2b, all values satisfying k& < 119.26 Hy exhibit a slight deviation from the subhorizon limit.
Values larger than kjjni, are encapsulated within the subhorizon plot. Additionally, the model

results are lower than the ACDM Planck collaboration result, as seen in Fig. 6.2a.

Linder Model

Data Set é Hy Qmo keq/Ho k/Ho vy
CC + SN 0.101 68.7 0.298 45.9824 > 15.79 0.5603
CC + SN + R19 0.088 71.4 0.283 43.6679 > 15.05 0.5609
CC + SN + HW 0.096 71.0 0.285 43.9764 > 16.82 0.5608
CC + SN + TRGB 0.088 69.2 0.296 45.6738 > 24.25 0.5603
CC + SN + BAO 0.220 66.9 0.294 45.3652 > 119.26 0.5659
CC + SN + BAO + R19 0.079 68.71 0.300 46.2910 > 6.64 0.5601
CC + SN + BAO + HW 0.076 68.58 0.300 46.2910 > 5.61 0.5601
CC + SN + BAO + TRGB 0.128 67.7 0.297 45.8281 > 45.00 0.5606

Table 6.2: Linder model results for different data sets constraints. The first column gives the
data set combination considered, the second column corresponds to 1 parameter value, the
third and fourth columns give the result of Hy and 2,0, respectively. For each set, the fifth
column gives the keq value, and the sixth column shows the minimum value of k for the Mészaros
equation to behave like the subhorizon limit as determined by the constant value of v obtained
up to 4 d.p. given by the sixth column.

For the remaining datasets, the subhorizon limit can be considered to be appropriate given
k > keq, as the growth index listed in Table 6.2 can be attained for these values. The growth

factor solution for the radiation-matter equality can be described by the subhorizon limit where
Geg _ 1
& =7
a solution closer to the ACDM limit. This can be seen in the absence of deviation in the growth
factor on a larger scale, in contrast with the CC+SN+BAO model in Fig. 6.2b. For the data
of CC+SN+BAO-+TRGB in Fig. 6.2¢, ksubhorizon = keq, making it difficult to differentiate the

different k£ modes from the subhorizon plot without considering very small orders of magnitude.

as shown in Eq.(6.76). Due to the large values of fa, its exponential behaviour yields
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(a) Growth factor plots for all models at the subhorizon (solid line), their corresponding ACDM limits at
B2 — +oo (dotted line), and the result obtained in the Planck collaboration (ACDMpianck) [2].
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Figure 6.2: Growth factor solutions for the Linder model.
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6.4.1.3 | f5(T): Exponential Model

Building on the exponential nature of the Linder model, the Exponential model is given by

f3(T) = =T + a3Th <1 —exp (—53]%;)) ; (6.84)

where a3 and B3 are constants. The absence of the square root on the torsion scalar provides a
distinct cosmic evolution while keeping the important features that the exponential form provided
in the Linder model. Additionally, the form given by Eq. (6.84) is analogous to the exponential
model in f(R) gravity [217]. The Friedmann equation (6.64) at current time gives

633(1 — Qmo)

yielding
1 — e Psh(@?(1 4 253h(a)2))
1-— 6_53(1 + 2033)

h(a)? = Qmoa ™ 4+ (1 — Qo) (6.86)

The ACDM model is approached as 33 — +00.

For the results obtained from the data set combinations, the subhorizon limits given in
Eq. (6.76) are appropriate for any value k > keq. This is evident from the low k values in
the sixth column of Table 6.3, which yield « values accurate up to 4 d.p. Consequently, the
k dependencies are only noticeable at very low orders of magnitude. Additionally, the growth
index values fall within the range 0.5603 < ~ < 0.5613.

In Fig. 6.3, the subhorizon limits of different data sets presented in Table 6.3 are compared.
The distinction in the growth factor for various data set combinations is amplified by the inclusion
of the different 83 constant parameter. This amplification can be seen in the differences between
the subhorizon plots and their corresponding ACDM plots. Notably, the greatest deviation from
the ACDM model is shown by the CN+SN-+BAO-+HW model, particularly when compared to
its respective model without the BAO result.

6.4.1.4 | f,(T): Logarithmic Model

The Logarithmic model [356] has similarities with self-accelerating cosmologies in DGP braneworld

models [355], and is given by

T BaTp
T)=-T Ti In | —— .
fa(T) + asTp B4Ton( T > (6.87)
with constants ay and 4. The former constant is given by
VBa(1 — Q.
oy = VBa(1 = o) ’ (6.88)

2
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Exponential Model

Data Set Bis Hy Qo keq/Ho k/Ho ~
CC + SN 0.067 69.6 0.286 44.1308 > 0.66 0.5607
CC + SN + R19 0.042 72.0 0.273 42.1248 > 0.06 0.5613
CC + SN + HW 0.070 71.5 0.275 42.4334 > 1.31 0.5613
CC + SN + TRGB 0.048 69.7 0.285 43.9764 > 0.30 0.5608
CC 4 SN + BAO 0.043 67.35 0.289 44.5937 > 0.35 0.5606
CC + SN + BAO + R19 0.059 68.7 0.293 45.2109 > 1.19 0.5604
CC + SN + BAO + HW 0.034 68.52 0.295 45.5195 > 0.01 0.5603
CC + SN + BAO + TRGB 0.074 67.79 0.292 45.0566 > 2.34 0.5605

Table 6.3: Exponential model results for different data sets constraints. The first column gives
the data set combination considered, the second column corresponds to 81 parameter value, the
third and fourth columns give the result of Hy and €0, respectively. For each set, the fifth
column gives the keq value, and the sixth column shows the minimum value of k for the Mészaros
equation to behave like the subhorizon limit as determined by the constant value of v obtained
up to 4 d.p. given by the sixth column.

through the Friedmann equation (6.64) which becomes
h(a)? = Qmoa™® 4+ (1 — Qo )h(a) . (6.89)

It should be noted that the model does not retrieve ACDM cosmology but corresponds to
the DGP at a background level [355, 357], while this correspondence does not necessarily hold
at a perturbative level because the Geg value is expected to evolve differently on a subhorizon
level [353]. For this reason, it would be interesting to see whether tension in the data is realised
when performing the analysis throughout the deep matter-dominated era, despite having stable
perturbations, and whether the model can describe the cosmic history, as observed in Ref. [353].

In the logarithmic case, a different approach will be taken as no constraint was obtained
for the B4 parameter in Ref. [289], given its lack of influence on the Friedmann background
equation (6.89). However, the investigation of the growth factor and growth index still relies
on this value. Regardless of the B4 value, the background equation of state remains within the
non-phantom phase weg > —1 until it approaches the phantom divide line weg = —1 [358]. Some
constraints on the 4 value can be determined from the model and definitions of the growth

factor and growth index themselves. From Eq. (6.87), the logarithm must be positive definite.

Ty

Given the positve nature of 72, it is necessary to impose that 34 > 0. Next, consider the
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B CC+SN M CC+SN+R19 M CC+SN+HW [11 CC+SN+TRGB M ACDMpjzcx M CC+SN+BAO M CC+SN+BAO+R19 M CC+SN+BAO+HW M CC+SN+BAO+TRGB

12

0.1 0.2 0.5 1
a

Figure 6.3: Growth factor solutions for the Exponential model at the subhorizon (solid line),
their corresponding ACDM limits at 83 — 400 (dotted line), and the result obtained in the
Planck collaboration (ACDMpjanck) [2]-

Mészéros equation (6.71), where both its general (6.72a-6.72b) and subhorizon limit (6.76) forms

are undefined at fr = 0. Thus, an undetermined result is obtained, holding for when

Ba # h(a)? exp (2 — 14_h(§;?m)) , (6.90)

when the condition 1 — €,,,0 # 0 is consistent with the data set values listed in Table 6.4. The
dependency on a indicates that this 4 value is undefined for a range of values as the Universe
evolves during 0.1 < a < 1. The solution of h and the value of €0 depend on the data set
considered. Thus, the constraints for Hy and 2, listed in Table 6.4 can be applied. It should
be noted that the range of 4 values is undefined when Eq. (6.90) does not hold, as such values

correspond to negative constant growth index « values in Eq. (6.55).
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Logarithmic Model

Data Set Hy Qo Ba=01 < g, < ga=1
CC + SN 68.8 0.207 6.45814 x 1073% < B4 < 0.0476374
CC + SN + R19 71.4 0.194 1.90723 x 10728 < 4 < 0.0516751
CC + SN + HW 71.0 0.195 1.47207 x 1072% < B4 < 0.0513575
CC + SN + TRGB 69.2 0.205 1.09022 x 107%% < B4 < 0.0482458
CC + SN + BAO 60.89 0.252 3.50098 x 1073% < B4 < 0.0351689
CC + SN + BAO + R19 62.77 0.261 2.81590 x 10736 < B4 < 0.0329515
CC + SN + BAO + HW 62.77 0.260 3.37274 x 10736 < B4 < 0.0331934
CC + SN + BAO + TRGB 62.02 0.257 8.67071 x 1073¢ < B4 < 0.0339258

Table 6.4: Undefined regions of 84 values determined through Eq. (6.90) which do not hold in
the Mészaros equation (6.71) in the general form (6.72a-6.72b) and in its subhorizon limit (6.76).

When taking into account the constraint fr < 1, small deviations from the ACDM model
are expected. Additionally, this scenario works if the coupling condition Geg — G is viable.
Therefore, the constraint in Eq. (6.90) is restricted further through the requirement of

By < h(a)?exp (2 + m) . (6.91)
The results, deep in the matter era (e.g. a = 0.1), correspond to 34 values of a large order of
magnitude, which exponentially decrease as the current time is approached (a = 1). To ensure
that the same 4 value remains adequate as the Universe evolves, the minimum value obtained
for current times, where (4 is much smaller, is listed in Table 6.5. Eliminating the < symbol
yields to v values using Eq. (6.55). Hence, the result obtained through Eq. (6.91) is required to
be smaller than that listed in Table 6.5.
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Logarithmic Model

Data Set Hy Qmo Ba v
CC + SN 68.8 0.207 < 1146.12 < 0.6908
CC + SN + R19 71.4 0.194 < 1056.57 < 0.6860
CC + SN + HW 71.0 0.195 < 1063.10 < 0.6863
CC + SN + TRGB 69.2 0.205 < 1131.67 < 0.6900
CC + SN + BAO 60.89 0.252 < 1552.46 < 0.7089
CC + SN + BAO + R19 62.77 0.261 < 1656.93 < 0.7127
CC + SN + BAO + HW 62.77 0.260 < 1644.85 < 0.7123
CC + SN + BAO + TRGB 62.02 0.257 < 1609.34 < 0.7110

Table 6.5: Restrictions arising from the constraint fr < 1. The fourth column gives the 34
values obtained through Eq. (6.91). The fifth column contains the 7 values given the exact value
of the fourth column utilised (inequality ignored). The inequality symbol in Eq. (6.91) indicates
that significantly smaller values of 4 result in smaller v values. Thus, the inequality symbol <
is introduced in the fifth column.

The growth index equation (6.55) in its subhorizon form for the logarithmic model is given

by

2y 6Qm0
M0 (1 + Qo) + (1 — Qo) In By

0=9 + Q)0 [2+ 0 (1) —v(3+20/(1))] (6.92)
where v = 79 is a constant and is undefined if 2(1 4 ,,,0) 4+ (1 — Qo) In B4 = 0. Since Eq. (6.92)
is considered at a = 1, following the restriction given by Eq. (6.90), the 4 values at which the
growth index is undefined in the differential equation is given by the upper bound of the fourth

column in Table. 6.4. Solving Eq. (6.92) for 84 gives:

—6Qm0 + 2027 (1 4 Qo) — 2974 (1 + Qo) [—2 + 37 + (=1 4 27)1/ (1))
Qro(=1 4+ Qmo) [2+ Q)0 + 1/ (1) = v(3+ 2h/(1))] ’

By = exp (6.93)

where h(1) = 1 has already been substituted. Another undefined region is obtained as the
exponent in Eq. (6.91) approaches 400, i.e.

24+Q),+ 1 (1) —~v(3+2K (1) =0, (6.94)

where the value of h'(1) changes with different data sets upon solving the Friedmann equations.

Hence, the constant « also varies depending on the data sets. Solving Eq. (6.94) for « gives the
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values for which the logarithmic model does not hold, as summarised in Table 6.6. Next, v is taken
to be within the range 0 < v < 1, consistent with studies carried out in f(R) [359, 360], running
vacuum models [361], DGP gravity [362, 363, 364, 365, Finsler-Randers type cosmologies [366]
and the GR result of v = 1%. B4 values at v = 0 are given in Table 6.6. (4 is noted to increase to
large orders of magnitude as 7 increases, until they reach the undefined range given by ~undefined
obtained when solving Eq. (6.94). Immediately after y™defined - 3, values drop to zero. Hence, the
spike in value and sudden drop corresponds to discontinuities due to the undefined expressions.
Once again, as the v value continues to increase beyond ~v"defined 3, increases. While the range
64:0 < By < ﬂzzl coincide with the condition given by Eq. (6.91), the v = 1 results are not

viable as per growth index values given by Table 6.5.

Logarithmic Model

Data Set Ho Qmo ’yundeﬁned ZZO Zzl
CC + SN 68.8 0.207 0.880459 0.0894568 7.57215 x 1071
CC + SN + R19 71.4 0.194 0.866199 0.0918131 3.67027 x 10712
CC + SN + HW 71.0 0.195 0.867282 0.0916297 2.81499 x 10712
CC + SN + TRGB 69.2 0.205 0.878239 0.0898153 1.47126 x 10713
CC + SN + BAO 60.89 0.252 0.933138 00817573 2.4102 x 10726
CC + SN + BAO + R19 62.77 0.261 0.944366 0.0802988 4.48921 x 10732
CC + SN + BAO + HW 62.77 0.260 0.943106 0.0804596 2.55792 x 10731
CC + SN + BAO + TRGB | 62.02 0.257 0.939345 0.0809438 2.99871 x 10~2°

Table 6.6: The first column gives the data set considered, the second and third columns give the
corresponding Hg and §2,,,¢0 values, the fourth column contains the v value obtained when solving
Eq. (6.94) and giving an undefined value for 4 determined by Eq. (6.93). The fifth column gives
the S4 value when v = 0: BZZO. As 7y increases, 4 increases to large orders of magnitude until
it reaches undefined values corresponding to y*defined " Beyond this value, 84 drops to zero and
increases once again to the value of /Bzzl listed in the sixth column.

All the constraints for 54 have been summarised in Table 6.7. Next, a more restricted range
of v is considered: 0.5 < v < 0.6 as it is a significant range presented in the literature for
different models and gravitational theories. The (4 value is determined for both ends of the
range, tabulated in Fig. 6.4, along with the k values at which the subhorizon limit is replicated.
The v = 0.5 case results in the range 1.74 < B4 < 1.99, while v = 0.6 gives higher values with

a range of 15.51 < 4 < 16.31. Any k value well above keq can recover the subhorizon limit;
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k < 2.2keq is the minimum value to recover the subhorizon limit with the assumption of v = 0.5,
in the case of CC+SN+BAO-+R19. Irrespective of the growth index value within the range
0.5 < < 0.6 it is sufficient to consider k& > 34.78k.q across all data sets considered in Table 6.4.

Logarithmic Data Set B4 Range v Range
CC 4 SN 0.0476374 < B4 < 1146.12 v < 0.6908
CC + SN + R19 0.0516751 < B4 < 1056.57 v < 0.6860
CC + SN + HW 0.0513575 < B4 < 1063.10 v < 0.6863
CC + SN + TRGB 0.0482458 < B4 < 1131.67 v < 0.6900
CC + SN + BAO 0.0351689 < B4 < 1552.46 v < 0.7089
CC + SN + BAO + R19 0.0329515 < 4 < 1656.93 v < 0.7127
CC 4 SN + BAO + HW 0.0331934 < B4 < 1644.85 v < 0.7123
CC + SN + BAO + TRGB 0.0339258 < 4 < 1609.34 v < 0.7110

Table 6.7: B4 parameter and growth index 7 constraints obtained from restrictions of Eqs (6.90),
(6.91) and (6.94). The minimum growth index constraint is either negative or undefined.

Fig. 6.4 illustrates the growth factor solution for the logarithmic model for different data
sets. Fig. 6.4a shows the subhorizon limit when v = 0.5, for which all data sets result in curves
above the ACDMyjoge1 (obtained through the values of the respective data set for a constant
function for f(7)). As for the 7 = 0.6 results seen in Fig. 6.4b, they yield slower growth curves
in comparison with ACDMpianek (value corresponding to the Planck collaboration data [2]). The
models without BAO data sets give a slower growth than the ACDMpj,ncc case. When the BAO

data is considered, an overall faster growth is noted in comparison to the other plots.

6.4.1.5 | f5(T): Hyperbolic-Tangent Model

The last f(7') model examined here is the Hyperbolic Tangent model [367], characterised by

asymptotes that align with the expansion profiles inferred from measurements of the Universe:
8 To
f5(T) = =T + a5(—T)"° tanh T ) (6.95)

where a5 and 5 are constants. The background Friedmann equation at current time provides

an expression for as:

(6HZ)' % (1 — Q)
a5 —

 tanh(1)(285 — 1) — 2sech?(1) ’ (6.96)
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Logarithmic Model
Data Set Hy Qmo keq/ Ho =05 | k=05 Hy | B0 | k0% H,
CC + SN 68.8 0.207 31.9410 1.75 > 119.20 16.16 > 921.40
CC + SN + R19 71.4 0.194 29.9350 1.69 > 107.44 16.31 > 1041.72
CC + SN + HW 71.0 0.195 30.0893 1.69 > 82.62 16.30 > 808.05
CC + SN + TRGB 69.2 0.205 31.6324 1.74 > 107.14 16.18 > 569.75
CC + SN + BAO 60.89 0.252 38.8846 1.96 > 98.93 15.62 > 785.53
CC + SN + BAO + R19 62.77 0.261 40.2733 1.99 > 88.75 15.51 > 628.97
CC + SN + BAO + HW 62.77 0.260 40.1190 1.99 > 266.85 15.53 > 645.22
CC + SN + BAO + TRGB 62.02 0.257 39.6561 1.98 > 128.87 15.56 > 848.85

Table 6.8: Logarithmic model results for different data sets constraints. The type of data set
combination is listed in the first column, with the second and third columns listing the Hy and
Q.o values, respectively. For each set, the & cutoff value is listed in the fourth column to show
the k value at which radiation-matter densities are equal. The fifth and sixth columns give the
B4 and minimum k value required to obtain subhorizon limit results at v = 0.5, and the seventh
and eighth columns represent the same quantities but for v = 0.6.

B CC+SN M CC+SN+R19 M CC+SN+HW [ CC+SN+TRGB M ACDMpjscx M CC+SN+BAO M CC+SN+BAO+R19 M CC+SN+BAO+HW M CC+SN+BAO+TRGB

a a

(a) Subhorizon solution at v = 0.5 (b) Subhorizon solution at v = 0.6

Figure 6.4: Growth factor solutions for the Logarithmic model at the subhorizon (solid line), their
corresponding ACDM case, and the result obtained in the Planck collaboration (ACDMpjanck) [2].
Fig. 6.4a corresponds to the solution when the growth index v = 0.5, while Fig. 6.4b illustrates
the result for v = 0.6.
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such that Eq. (6.64) becomes

h(a)? = Qmoa™>
(1 — Qo) h(a)2(—1455) (-2 sech?(h(a)™2) + (=1 + 2f5)h(a)? tanh(h(a)™?%))

* tanh(1)(285 — 1) — 2sech?(1)

(6.97)

The ACDM limit is not attained by the hyperbolic tangent model. Regardless, it provides a model
behaving as a possible phantom divide line crossing the f(7") model [367]. While, in line with the
logarithmic model, the lack of ACDM limit is expected to be in tension with observational data
as per results in Ref. [353|. Through the study of growth factor and growth index behaviour, the
tensions might materialise when considering the data set explored in Ref. [289]. The ACDM limit
is considered by setting f(7T') = —T + ¢, where ¢ is a constant, for different data sets. Analogous
to the power law model explored in Sec. 6.4.1.1, the k values at which the subhorizon limit
is resolved when considering v value up to 4 d.p., are always larger than the radiation-matter
equality value keq. In Table 6.9, subhorizon limit plays a role when & > 3.7k.q at a minimum
for the CC+SN-+BAO case and k > 8.39k¢q at a maximum for CC+SN+HW. The subhorizon
growth index when taken to be a constant, appears in a lower range when compared with the
rest of the models: 0.4905 < v < 0.5193. The sets containing BAO data result in negative (5
values resulting with values v < 0.5. On the other hand, the rest of the data sets have a positive
b5 value with corresponding v values at v > 0.5.

The distinction within the model when considering BAO values is also highlighted in the
growth factor solution plots in Fig. 6.5. Case CC+SN in Fig. 6.5b has faster growth than
the BAO counterpart of CC+SN+BAO in Fig. 6.5¢c. Additionally, when the BAO results are
considered, the ACDM limit given by f(T') = —T +c is close to the result obtained by the Planck
collaboration [2].

From the f(7') cases considered here, it suffices to conclude that the application of the
subhorizon limit at first principle provides an adequate result when considering precision up to
2 d.p. for the growth index value. Higher index precision can come into play as future surveys
realise improved analysis of the growth index, possibly becoming sensitive to k dependencies.
Table 6.10 shows the k requirement to produce the subhorizon ~ value up to 2 d.p., all of which
correspond to scales smaller than those considered to evaluate the growth evolution of CDM.
Only four cases are listed, as for the rest of the models and data sets any value above keq holds;
lower values of k would not yield an adequate range to consider in the first place.

While f(T) gravity does not result in a significant discrepancy among k values and the
subhorizon limit, this is not necessarily the case when considering broader classes of teleparallel
theories. One such class is that of scalar-tensor theories, in which the effects of a scalar field ¢

can contribute to a richer phenomenology towards more physically viable models.
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Hyperbolic Tangent Model

Data Set Bs Hy Qo keq/Ho k/Ho ~
CC + SN —0.36 69.2 0.369 56.9379 > 327.98 0.4905
CC + SN + R19 —0.28 71.8 0.349 53.8519 > 403.54 0.4946
CC + SN + HW —0.29 71.3 0.353 54.4691 > 456.95 0.4939
CC + SN + TRGB —0.35 69.5 0.366 56.4750 > 383.85 0.4911
CC 4 SN + BAO 0.144 68.4 0.302 46.5996 > 172.47 0.5193
CC + SN + BAO + R19 0.079 70.6 0.308 47.5254 > 217.63 0.5142
CC + SN + BAO + HW 0.039 70.2 0.308 47.5254 > 293.25 0.5118
CC + SN + BAO + TRGB 0.115 68.9 0.304 46.9082 > 275.94 0.5170

Table 6.9: Hyperbolic Tangent model results for different data sets constraints. The first column
gives the data set combination considered, the second column corresponds to 51 parameter value,
the third and fourth columns give the result of Hy and €2,,9, respectively. For each set, the fifth
column gives the keq value, and the sixth column shows the minimum value of k for the Mészaros
equation to behave like the subhorizon limit as determined by the constant value of v obtained
up to 4 d.p. given by the sixth column.

Model Data Set ~v (2 d.p.) k/Ho
Power Law CC + SN + R19 0.54 > 79.9281
Power Law CC + SN + R19 0.54 > 49.1356

Hyperbolic Tangent CC + SN 0.49 > 94.5143
Hyperbolic Tangent CC + SN + TRGB 0.49 > 66.8440

Table 6.10: Models which attain the subhorizon growth index v match up to 2 d.p. at k& > keq.
The remaining cases reach 2 d.p. precision of all values above keq.

6.4.2 | Modified GR

An easy introduction of the scalar field is through the consideration of modified GR, given

by the action

Stod GR = d'ze(~T +V(9) + P(¢)X) + / dael, (6.99)

22
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B CC+SN M CC+SN+R19 M CC+SN+HW [I CC+SN+TRGB M ACDMpjzcx B CC+SN+BAO M CC+SN+BAO+R19 M CC+SN+BAO+HW M CC+SN+BAO+TRGB
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(a) Growth factor plots for all models at the subhorizon (solid line), their corresponding ACDM limits
when f(T') = —T+c (dotted line), and the result obtained in the Planck collaboration (ACDMpianck) [2].

CC+SN CC+SN+BAO
----- keq === k=100Hy s kg =r=r= k=100 Ho
s = Kimit Subhorizon s == Kimit Subhorizon
8.8065}" ' ' '
8.8060
© 8.8055
Q
8.8050 i
8.8045) .-
1-107 1

(b) CC + SN growth factor solution analyzed
at radiation-matter equality keq (. ...), at the
case k = 100Ho (._._), at the point just before
the subhorizon limit applies Kiimit (. —. ),
and the subhorizon solution ().

(¢) CC + SN + BAO growth factor solution
at keq (....), at k = 100H, (._._), just before
the subhorizon limit Kiimit (.—._), and the
subhorizon solution (___).

Figure 6.5: Growth factor solutions for the Hyperbolic Tangent model.
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where V' and P are arbitrary functions of the scalar field ¢. Such theories have been typically
used to explore inflationary models [368, 369], where the scalar field drives the expansion at very
early stages of the Universe to smoothen out spacetime, yielding a homogeneous and isotropic
Universe. Alternatively, the scalar field can be attributed to the effective portion of the theory,
driving the accelerated expansion at late times of the Universe.® Through the BDLS action (2.98),
this can be attained for Go = V 4+ PX, Grae = —1 and the rest of the terms vanish. While
the action is expressed in terms of tetrad notation, it can be modified to the curvature-based
formalism with the changes e — /=g and —T — R. Now, limits from the BDLS action are
attained for Go =V + PX, G4 = 1, and the rest of the terms vanish. While at the action level,
there are distinctions, on a dynamical level the two actions are considered to be identical up to
a boundary term, as noted in Eq. (2.66).

The appropriate limits to the Friedmann equation (3.19-3.23) result in the background equa-

tions
26%p = 6H> -V + PX , (6.99)
—2k%*p = 6H%* 4+ 4H — V — PX, (6.100)
0=V~ XPs+3HP)+ Pg, (6.101)

such that the effective energy density peg and the effective pressure peg are defined by Eqgs (6.66-
6.67) modified for the system in Eqs (6.99-6.100). The effective portions peg and peg stem from
the additional contributions of V' and P, such that

Deft 2PX
_Peff _ 6.102
Yol = et V - PX’ ( )

where the ACDM limit weg = —1 is obtained by elimination of P or X. The linearised field
equations (6.17) are given in the form presented in Eq. (6.23)

§Woo - F1(86,60,,4,9) = G1(8m, m) (6.103a)
SWo; - Fo(5¢,0,4) = Go(0m) , (6.103b)
Wi - F3(50,0,4) = G3(0m) , (6.103c)
oWij Fi(p, ) =0, (6.103d)
SW;t F5(06, 00, 0, ,1,1,4) =0, (6.103e)
§Woo - F6(06,60,06,0,%,%,9,9) = G6(6m, Om, dm) , (6.103f)
SWo, - Fr(86,60,,¢,0,%) = Gr(dm, o) , (6.103g)

5Tt is worth noting that the same scalar field can be associated with both the inflationary and accelerated
expansion periods, though its behavior varies across different epochs. Alternatively, two distinct scalar fields can
be introduced to independently account for each phenomenon.
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5VVZ'O : fS (6¢7 5¢> 2 §b7 Qj)v d)) = g8(5m7 5m) 9 (6103h)
Wi : Folp,,0,9) =0, (6.1030)
5W¢7 : ]:10(6¢7 5¢7 6¢7S07S07¢) = Oa (6103.])

of which 8 equations are linearly independent. By omitting §Wjg given by Eq. (6.103c) and SWio
given by Eq. (6.103h), the remaining equations can be used to solve for the eight gravitational
perturbation modes {0¢, 8¢, 00, v, gb,?/),qﬁ,d}}. These equations can be expressed as a matrix
system of the form Eq. (6.37)

. F — g :
Fi1 F12 0 Fuu 0  Fis Fiz 0 0 C1
For 0 0 For O 0 For 0 3¢ C
0 0 0 1 0 —1 0 0 6o 0
fm —%Pé 0 f54 24H 56 72H. 24 e | _ |0 (6104
Fu Fu+Fie Fiz Fuu Fuu Fie Fie+Fir Fir @ 0
Fo Fa1 0 Fou Fou 0 For For (0 Gy
0 0 0 0 1 0 ~1 0 " Cs
Fio1  Fio2 P 2V, —P$ —3Pd  Fior  Fuos (0 0
where
Fii = L2V + Pyé?), —6F19 = 3Fa1 = =3P,
Fuu=—HFi7 + ¢Fi2, 4F16 = Fs6 = 8’% ;
~3HFyr = HFp = For, For=4- ,f”;H :
Bss = —85 1 6(12H? + 8H + P§?),  Bsi = 3(2Vy — Psd?),
Bioy = (3HP + Py), Bioy = 3 (2’;% 4l Fy 2V + P¢¢q52) ,
CL = —K2pbm — 2, Co= — 20 b
3K 3K
Solution of x, and its substitution in the Mészaros equation (6.43) gives
0= Om + 2Hv(t)dy, — %ﬁ2y(t)p5m, (6.105)
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where
H+3HP¢ + 12H
=148 +32 ot : (6.106)
2H (4% + 3P¢?)
4P§?
p—14 2P (6.107)
Ak, — pg?

implying that the growth of CDM is not explicitly dependent on the potential V(¢), but the
solution for the Hubble parameter H through the Friedmann equation (6.99) is. The conditions

of matter dominated era given by Eq. (6.73) simplify Eq. (6.106) to v = 1 + @Lﬂ. The
2(473+3P¢?)
magnitude of the scalar field ¢ in comparison to the k contribution is unknown, hence application
of the subhorizon limit at the field equation level would yield a superficial result. To contrast
with the solutions obtained for different values of ¢, this superficial subhorizon estimate is still

included, which is given by

sub_l
=1,

v P =1, (6.108)

corresponding to the GR limit. The Mészaros equation (6.105) and Eqs (6.106-6.107) are ex-
pressed in terms of the scale factor to obtain the form in Eq. (6.48). The growth factor in
Eq. (6.49), growth index in Eq. (6.55), fog in Eq. (6.57) and Ss in Eq. (6.58) are used to inves-
tigate the k dependencies for the modified GR model. The three cases considered have P = 1,
with different potentials: Quadratic in Sec. 6.4.2.1, Quartic in Sec. 6.4.2.2, and Exponential in
Sec. 6.4.2.3.

Next, it will be shown how the growth index result is independent of the potential function.
Eq. (6.55) is an evaluation at current time, where (1) and u(1) are independent of the potential
V. Additionally, h(1) =1 as per definition in Eq. (6.46), and ¢(1) and ¢/(1) are set constraints.
The first Friedmann equation evaluated at the current time gives an equation for the current

value of the potential:
1
V(1) = 6H§ (1 = Qmo) — 5 HF' (1), (6.109)

which when substituted into the equation of state (6.102) at current time results in

¢'(1)?
)=-14 —"-+-—. 6.110
By imposing that the current equation of state value recovers the result weg = —1, then
#'(1)=0 (6.111)

is the nontrivial solution and leaves only the choice of ¢(1). In these cases considered, the P

function is given by the same constant, making only h’(1) a case-dependent constant. Regardless
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of the different background equations provided by different potentials, no alterations to the main
result are obtained. Fig. 6.6 illustrates the behaviour of a dynamical growth index at a = 1,
illustrating the balance between the 7y and v; constants of Eq. (6.54) to obtain the ACDM value,
vYacDM- As k increases, the results move towards the subhorizon solution, previously noted to
be obtained through an overlook of the magnitude of ¢ and ¢'. In the f(T) case, the majority of
the cases were seen to behave well into the subhorizon limit for modes £ > 100H at a precision
of 4 d.p. The result presented here, hence, implies k£ dependency. Table 6.11 gives a summary of
coordinates (79, 1) for different k values and at the subhorizon limit to obtain the ACDM limit,
Y0 = 0.55 and g9 = 0.56, as it is the main range of interest.

-------- k=100Hy ----- k=300H, ------ k=500 H, Subhorizon

0.001!

0.000!

Y1

~0.001"

~0.002 § ]

_0003; \ . . . | . . . | R . | . . . | . . . |
0.5590 0.5592 0.5594 0.5596 0.5598 0.5600

Yo

Figure 6.6: Growth index plots for cases of the form —7 + V(¢) + X comparing 1 to 9. The
ACDM limit yaocpm = 0.5594792 can be obtained using different & values, depicted by a vertical
dashed line.

Up to this point, the value of ¢9 = ¢(1) has not been used. The value becomes crucial when
solving the background equations, which are substituted in the matter perturbation solutions.
The goal is to illustrate k dependencies that arise from the inclusion of a scalar field, but the
choice of ¢y has been determined through constraints on background equations, and detailed for

each case separately in the respective sections.
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(70,71)

Y= ACDM solution at Y0 = 0.55 Y0 = 0.56
Y=

k= 100H, | (0.559884,0) | (0.5594792, —0.001299) | (0.55, —0.031657) | (0.56,0.000370)
k = 300H, | (0.559524,0) | (0.5594792, —0.000144) | (0.55,—0.030503) | (0.56,0.001525)

k = 500H, | (0.559495,0) | (0.5594792,—0.000052) | (0.55,—0.03041) (0.56,0.001617)

Subhorizon | (0.559479,0) | (0.5594792,2.8 x 10~16) | (0.55, —0.030358) | (0.56,0.001669)

Table 6.11: Growth index with the dynamical relationship v = 9 + (1 — a)y; at different k
values and at subhorizon limit for models of the form —7" 4 V(¢) + X depicted in Fig. 6.6. The
second column gives the result at which the growth index is taken to be a constant such that
~v1 = 0. The third column corresponds to a v value at which the growth index is constant at the
ACDM limit. The fourth column and fifth column give the coordinates to obtain v9 = 0.55 and
~v0 = 0.56, respectively.

6.4.2.1 | Quadratic

The first case in modified GR considered is for a quadratic potential [368| given by
Vi(¢) = Vog(a)?, P=1, (6.112)

mimicking a simple harmonic oscillator potential where V{ is a constant. Evaluation of the first

Friedmann equation (6.99) with functions in Eq. (6.112)

o 2(6H§Qmo + Voa’g(a)?)
Ma) == s mz(2 = 2g(ap)

(6.113)

where Vj is determined by setting the above equation to current time along with the equation

of case constraint of Eq. (6.111):

~ 4HZ(1 — Qmo)

Vo , 6.114
7 o
where ¢o9 = ¢(1) is an unknown constant. The scalar field equation (6.101) is given by
0=12(1- Qmo)(bgig) + ah(a)((4h(a) + ah’(a))¢'(a) + ah(a)d” (a)) . (6.115)
0

Given a choice of ¢9 and using Eq. (6.111) as the initial condition for ¢'(1), Eq. (6.113) and
Eq. (6.115) are numerically solved simultaneously for h and ¢. Fig. 6.7 illustrates the changes
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in the equation of state weg when changing the value of ¢y. But, the field equation itself pro-
vides some constraints on the constant. The scalar field equation (6.115) resembles a damped
harmonic oscillator with a linear restoring force. Imposing an overdamped scenario by setting

the discriminant for real roots yields the constraint at a = 1:

o> m ~1. (6.116)
Values ¢g = 0.1 and ¢9 = 1 result in an underdamped scenario, and are still considered through-
out the analysis to see the behaviour reflected within the Mészaros equation. In Fig. 6.7, the
¢o = 0.1 case gives an equation of state which oscillates with a decreasing period at late times
are approached. The oscillatory nature for weg is not a favoured behaviour as it implies that
the matter-dominated era experiences periods of accelerated and decelerated expansion, which
would otherwise result in different large-scale structures observed today. ¢¢ = 1 exhibits a stiff
behaviour such that peg ~ peg before setting the path the reach weg = —1, as imposed. These
evolutions show the interplay between different components. Setting weg = —1 at the final stage
of the scale factor’s evolution ensures a transition in the model from a matter-dominated era to
a dark energy-dominated era. The damped oscillator solution results in weg ~ 1 at ¢ = 0.1, im-
plying a high pressure-density state and deviating from the expected radiation or matter epochs.
Hence, it can be attributed to the kinetic energy of the scalar field dominating over its potential
term.” The cases for ¢9 = 10 and ¢o = 100 give a dynamical behaviour, thus favoured over the
oscillatory and stiff plots, in accordance to the constraint given by Eq. (6.116).

Fig. 6.8 illustrates the growth factor for the quadratic model. Each quadrant depicts the
results for different ¢y values, in which the deviations of the growth factor solutions for different
k values and subhorizon from the ACDM limit are considered. For large values of ¢g, such as
¢o = 100 in Fig. 6.8d, the k solutions are closer to the subhorizon and ACDM solutions, in
comparison with the other ¢ values. For ¢y = 0.1, shown in Fig. 6.8a, the deviations from the
ACDM solutions are more significant while for k£ > 100Hj results almost replicate the subhorizon
limit.

fog given by Eq. (6.57) and Sg in Eq. (6.58) provide another avenue to observe how k
dependencies manifest in growth parameters. The cases satisfying the condition in Eq. (6.116)
are evaluated further, i.e. cases ¢g = 10 and ¢g = 100. In Fig. 6.9 for ¢9 = 10, the difference
between k values and ACDM are presented for both parameters. In comparison with the ACDM
result, the solutions for fog grow faster as point a = 1 is approached, while Sg solutions are
observed to be smaller throughout the matter-dominated era. For both cases, the subhorizon
results give the largest deviation. The results for ¢g = 100 were noted to be of deviations at the

order of 1074, and not presented here as the plots appear to behave identical to ACDM. As ¢

"This point holds for all models considered in this section, as seen in Figs 6.10, 6.13, and 6.16.
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Figure 6.7: Effective equation of state weg for different values of ¢ for V(¢) = Vod?. weg ~ 1
implies that the kinetic energy of the scalar field dominated at earlier stages of the Universe.

values increase, the results appear closer to ACDM values along with less significant distinction

between the different £ values.

6.4.2.2 | Quartic

Adjacent to the quadratic potential considered in Sec. 6.4.2.1, is the quartic potential, previously

studied as an inflationary model wherein the expansion of the Universe initiates at earlier times:
Va(¢) = Voo, Py=1. (6.117)

The Friedmann equation (6.99) alters to

2 2(6HFQmo + a®Voo(a)?)

h(a)? = SH12— 5 (a)) (6.118)

for which

6HZ(1 — Qo)
‘/0 - 0 5
o4

is obtained when Eq. (6.118) is set to a = 1. For this case, the scalar field equation (6.101)

becomes

(6.119)

p(a)
o

0=—-12(Qpo — 1) + ah(a)((4h(a) + ah/(a))¢'(a) + ah(a)d” (a)). (6.120)
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Figure 6.8: Difference in growth factor from the ACDM solution for the case V(¢) = Vo¢?. Each
quadrant presents the solution for the set boundary condition of ¢g. Each plot compares k values
and the subhorizon limit result obtained through the immediate assumption of & > aH. Plot
(b) requires a very large value of k to approach the subhorizon limit. The subhorizon limit can
be obtained, within an order of 1072: (a) at k > 300, (c) at k > 400Hy, and (d) at k > 30Hj.

Again, solutions for h and ¢ are obtained through Eq. (6.118) and Eq. (6.120) when a ¢ value
is assumed.

Fig. 6.10 illustrates the behaviour of the effective equations of state weg for a range of ¢q
values. ¢g gives an oscillatory pattern, with a shorter period in comparison with the quadratic
counterpart in Fig. 6.7. This is because the potential has a higher-order index. In fact, for the
quartic potential, the case ¢g9 = 1 exhibits a stiff behaviour, whereas ¢9 = 10 and ¢y = 100
display dynamical behaviour. Consequently, the latter two boundary conditions are more viable.

For a small ¢ value, the scalar field equation (6.115) can be expanded up to first order to

obtain

2(11 — 12Q0) (3¢(a) — 2¢0) + adh(a)[(4h(a) + ah'(a))¢'(a) + ah(a)¢”"(a)] =0,  (6.121)
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Figure 6.9: Afog = (fos)acpm — fos and ASg = (Ss)acpm — Sg solutions for the case V(¢) =
Vop? when ¢g = 10.

giving a result mimicking a linear harmonic oscillator analogous to the form obtained in Sec. 6.4.2.1
with an additional constant driving force. The discriminant for an overdamped system still holds
as the additional constant term would only affect the particular solution of the differential equa-
tion. The discriminant now becomes

96(11 — 12€0)

~ 10. 6.122
(5= 3002 (6.122)

9
b >

While ¢g > 100 values are not excluded through the discriminant, the equations of state illus-
trated in Fig. 6.10 indicates that these cases would give a sudden drop to weg while still in the
matter-dominated era. Hence, 10 < ¢g < 100 is still the most relevant range.

Evaluation of the Mészaros equation (6.105) for different values of ¢g, considering a range of
k values, gives the solutions illustrated in Fig. 6.11. The results are similar to those obtained in
Fig. 6.8 with the exception of ¢g = 10 in Fig. 6.11c. Overall, quartic potential cases yield slower
growth than their quadratic potential counterparts in Fig. 6.8. Fig. 6.12 illustrates the faster
growth for ¢y = 10 in comparison to the rest of the quadrants within the quartic case through
the deviations of fog and Sg results. Additionally, the discrepancies between the different k
values become more prominent. Once again, as the values of ¢ increase, the deviations become

significantly smaller across all the solutions.

6.4.2.3 | Exponential

The final model within modified GR is given by the exponential potential for which the scalar

field drives the inflationary expansion at early Universe [369]:

Vs = Vye?, Py=1, (6.123)
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Figure 6.10: Effective equation of state weg for different values of ¢qg for the case V(¢) = Voot
weft ~ 1 implies that the kinetic energy of the scalar field dominated at earlier stages of the
Universe.

where Vy and A are constants. The background equations given by the first Friedmann equa-

tion (6.99) and Klein-Gordon scalar field equation (6.101) for this model are given by

9 2(V()a3e)‘¢(“) + 6Hng0)

h = 6.124
e e (0129
0 = VoAe @ 4 aH2h(a)((4h(a) + ah'(a))¢ (a) + ah(a)d" (a)) . (6.125)

The constant Vj is determined by solving Eq. (6.124) at a = 1 to obtain
Vo = 6Hge (1 — Qo) , (6.126)

where the condition in Eq. (6.111) has been applied, and ¢¢ is an unknown constant.

Consider A = 1 to focus on the growth factor evolution at different k£ values. The numerical
solutions for h and ¢ are determined simultaneously by Eqs (6.124-6.125), such that the effective
equation of state (6.102) is illustrated in Fig. 6.13. All the ¢y values seemingly give identical
results. It should be noted that there are in fact differences but are of a small order of magnitude
(< 11078)) for the scale considered.

Difference in growth factor solutions, between particular k values and ACDM solution is

shown in Fig. 6.14. The plots appear to have identical behaviour. k& = 100Hy gives slower
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Figure 6.11: Difference in growth factor from the ACDM solution for the case V(¢) = Vyot.
Each quadrant presents the solutions for a set of boundary conditions of ¢9. Each plot compares
k values and the subhorizon limit result obtained through the immediate assumption of k& > aH.
Plot (b) requires a very large value of k to approach the subhorizon limit. The subhorizon limit
can be obtained, within an order of 1072: (a) at k > 430, (c) at k > 870Hy, and (d) at k > 60H,.

growth than the ACDM limit. Higher values, such as k = 300Hy and k = 500H, give a higher
result than ACDM, with the subhorizon being the fastest growth within each subcase. Since
the ¢ dependency appears in the exponential portion of the function, the difference among the
quadrants appears in the last 1076 of the scale. When comparing the results with the quadratic
and quartic case, shown in Sec. 6.4.2.1 and Sec. 6.4.2.2, the fog and Sg result in larger deviations
from ACDM for the exponential case. This is illustrated in Fig. 6.15 for the same boundary
condition of ¢g = 10.

As the different ¢y values alter the system slightly, it would be interesting to see how the

growth function behaves for different A values in the exponent. To obtain an estimate of the
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Figure 6.12: Afog = (fog)acom — fos and ASs = (Sg)acpm — Sg solutions for the case
V(¢) = Voo* when ¢g = 10.
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Figure 6.13: Effective equation of state weg for different values of ¢ for the case V(¢) = Vpe?
when A = 1. All cases of ¢y considered overlap. weg ~ 1 implies that the kinetic energy of the
scalar field dominated at earlier stages of the Universe.

viable \ value, the scalar field equation (6.125) is expanded to

0= 61 )1+ A60) — ool + (o | (34 5D ) s+ @) . (612)

a

to obtain a harmonic oscillator form, provided ¢ is small. The discriminant at current time gives
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Figure 6.14: Difference in growth factor from the ACDM solution for the case V (¢) = Vpe*® when
A = 1. Each quadrant presents the solutions for a set of boundary conditions of ¢g3. Each plot
compares k values and the subhorizon limit result obtained through the immediate assumption
of k> aH. The subhorizon limit corresponds to values of £ > 2000H.

a restriction on A of

5 (=314 12Q,,0)?

~1, 6.128
384HZ(Qymo — 1) ( )

indicating that negative values yield the same results. The sign changes in Eq (6.124-6.125)
are accounted for by the constant Vjy in Eq. (6.126). Additionally, ¢9 = 1 is set as per the
minute differences noted in Fig. 6.13. weg for different A values is given in Fig. 6.16. A = 0
gives a constant value of weg = —1. Albeit the result appears to be identical to that of GR, the
Lagrangian would be given by —T + V5 + X and also distinguishable from ACDM. Additionally,
breaking the constraint given by Eq. (6.128) would result in an effective equation of state with
stiff-like behaviour.

The growth factor solutions for different A values are illustrated in Fig. 6.17, each quadrant

169



Chapter 6. Growth of Structures in Teleparallel Gravity

-------- k=100Hg ----- k=300H, ------ k=500Hq, Subhorizon
0.4r
0.04 .
o 0.3}
0.02 .
= 0.00—
O E 0.2}
g—&wf g
-0.04f 0
-0.06}
-0.08} 0.0l
0.1 0.2 05 1 0.1 0.2 0.5 1

a a

Figure 6.15: Afos = (fos)acpm — fog and ASg = (Sg)acpm — Sg solutions for the case
V(¢) = Vpe*® when A =1 and ¢ = 10.
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Figure 6.16: Effective equation of state weg for different values of A for the case V(¢) = Vpe'?
when ¢g = 1 and ¢/(1) = 0. weg ~ 1 implies that the kinetic energy of the scalar field dominated

at earlier stages of the Universe.

corresponding to a different k value. For A = 0, the result is consistently replicating the ACDM
limit. Figure 6.17a illustrates that in the case k = 100Hy, the growth factor increases with .
This is in contrast with the rest of the k and subhorizon results in Figs 6.17b-6.17d, where an
increasing A gives a slower growth. Additionally, the latter cases result in solutions closer to each

other for different A values.
While the f(7T) models have shown k independency, the additional scalar mode indicates
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Figure 6.17: Difference in growth factor from the ACDM solution for the case V(¢) = Vpe?
for varying A values when ¢9 = 1. Each quadrant corresponds to different k values, including
the subhorizon limit result where k > aH is assumed. The subhorizon corresponds to different
k values for different A\ values; within order of 1072: k > 520H, for A = 0.25, k > 1080H, for
A=0.5, k > 1590H, for A = 0.75, and k > 2000H, for A = 1. A = 0 corresponds to the ACDM
model.

possible significant deviations that are detectable through observations of large-scale structures.
The current work by DESI aims to map the three-dimensional dark matter distribution, covering
larger volumes than previous missions. Among other scientific goals, DESI can be used to
detect deviations from the ACDM model. In the recent results summarised in Ref. [94], it
has been shown that a dynamical equation of state is favoured over a constant dark energy
constant. Additionally, the mission has the capabilities of detecting k-dependencies through
precision measurements of the matter power spectrum, BAO features in clusters of galaxies, and
RSD; all measurements which would be appearing for different k values at redshifts z < 2 [370].

The upcoming missions by Euclid and LSST aim to achieve similar goals, focusing on redshift
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Deviation from ACDM k Dependency Deviations
Model
8 fos Sg 8 fos Sg
Instruments 1072 1072 1072 1072 1072 1072
Quadratic 1073 1073 1073 1073 1074 1074
Quartic 1073 1072 1073 1073 1073 1073
Exponential 1073 1072 107! 1073 1072 1072

Table 6.12: Order of magnitudes at which deviations from ACDM and from different k values
can be observed. The first row of results lists the limitations of the instruments for v, fog, and
Sg. The instruments considered are DESI (z < 2) [4, 5], Euclid (0.5 < z < 1.5) [6, 7] and LSST
(z ~ 1) [8]. The rest of the results are estimates from the models presented in Figs 6.6, 6.9, 6.12,
and 6.15, with a focus around 0 < z < 1 (0.5 < a < 1). The k dependency deviations listed take
into consideration the largest deviations. Ideal instruments should operate within smaller orders
of magnitude.

ranges 0.5 < z < 1.5 [371] and z ~ 1 [372], respectively. The current instruments’ precisions are
around (v, 03, fos, Sg) = (1072,1072 —1072,1072,1072) [6, 7, 4, 5, 8], where the lower range of
1073 order of magnitude for og measurements is provided only by Euclid mission proposal [7].
Table 6.12 is a list of orders of magnitude at which deviations from ACDM model and
deviation between different values of k can be detected. The estimates from the quadratic,
quartic, and exponential models are considered for initial conditions ¢(1) = 10 and ¢'(1) = 0,
corresponding to the plots given by Figs 6.6, 6.9, 6.12, and 6.15. Only the range 0.5 < a < 1
are considered, since these are the common redshifts that DESI, Euclid and LSST will operate.
The current proposed instruments would not be able to detect such deviations, except for the
Exponential model when measuring the Sg value. Ideally, the instruments used would also have
precision at a lower magnitude than those presented in the table. This is because only the largest

deviations are provided within the model. Smaller deviations would require better precision.

6.5 | Summary

The Mészéaros equation (6.43) summarises the behaviour of matter perturbations governed through
gravitational perturbations, whose solution gives an understanding of the growth profile of struc-
tures. The subhorizon realm k > aH, specifically, gives an insight into the behaviour of CDM.

In this chapter, a generalised approach to obtaining the solution of d,, is presented. Matter
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is treated as non-relativistic, consistent with the conditions under which the subhorizon regime
occurs. The derivatives of potentials and k& dependencies are not ignored, as they may contribute
significantly to certain gravitational theories. This allows the opportunity to construct an entire
system without any oversimplifications while providing an avenue to study spatial dependencies
and at which order of magnitude these come into play.

In Sec. 6.1, the matter sector is introduced in further detail, modifying the field equa-
tions (6.17), with the additional continuity (6.7-6.13) and velocity (Euler) (6.14) equations stem-
ming from the conservation of the energy-momentum tensor given by Eq. (6.6).

Sec. 6.2 provides an overview of obtaining the Mészaros equation. Assuming that subhorizon
limit applies deep within the matter-dominated era where relativistic matter is attributed mainly
to CDM, such that Eq. (6.21) applies. Moreover, the Newtonian (longitudinal) gauge (6.22) pro-
vides a gauge choice, while matter perturbations are reduced to the comoving gauge density
perturbation d,, (6.12b), such that the entire system removes redundant DoFs. Expressing grav-
itation perturbations y in terms of the matter perturbations given by Eq. (6.37), provides a sys-
tem to solve for x. Hence, the CDM Mészaros equation (6.43) results in a second order ordinary
differential equation of d,,. With the solution of d,,, a variety of parameters/functions correlating
to growth structures can be explored, as introduced in Sec. 6.3: growth factor D (6.49), growth
index (6.55), fog (6.57) and Ss (6.58).

While gravitational theories such as f(R) [330, 222], f(T) [275] and f(T,T) [322] have been
studied with the application of the subhorizon limit at each step of the Mészaros equation,
Ref. [331] showed that in the case of f (R), a generalised approach to obtaining the Mészaros
equation followed by the application of the subhorizon limit results in discrepancies in the result
often quoted from Refs [330, 222]. Hence, the question becomes whether or not the procedure
previously adopted to study the growth of CDM suffices, and if the subhorizon limit holds at
certain scales during the matter-dominated epoch. Within the realm of teleparallel gravity, f(T')
has been studied in Sec. 6.4.1 to compare with the established result in Ref. [275] and in modified
GR in Sec. 6.4.2 as a subcase of f(¢,T') to explore how introducing a scalar field modifies this
behaviour, both theories explored through a variety of models. While the case of f(T") concluded
that the result in Ref. [275] suffices, it is not the case when introducing ¢, mainly due to the
fact the choice of boundary conditions of ¢ and ¢’ do result in k& dependencies, with some cases

pointing towards slight deviations from the subhorizon limit result.
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Ghost and Laplacian Instabilities

When considering modified theories of gravity, it is crucial to ensure that the models falling
within the formalism can realise physical viability. In the previous chapters, BDLS and its
subcases have been analysed as possible resolutions to the CC problem (Chapter 3), obtaining
the number of propagating DoF's and the polarisation modes of GW (Chapter 5), and the growth
structures of simpler models (Chapter 6). Another check is that the gravity theory is stable, as
understanding these instabilities limits pathological branches, in particular ghost and Laplacian
(gradient) instabilities.

Typically, ghost instabilities emerge when considering higher order derivatives gravitational
theories, where Ostrogradsky instabilities occur [222|. The Ostrogradsky theorem states that
non-degenerate higher-order derivative Lagrangians have a Hamiltonian without a lower bound [110].
Hamiltonian, which encapsulates the total energy, requires a lower bound as this correlates with
the ground state. As a result, certain DoFs may have a kinetic energy term associated with them,
implying that a system can produce a nonphysical negative energy [110, 111|. The construction
of BDLS (see Chapter 2) is by design free of higher order derivatives [78|. Even so, some sub-
cases of BDLS can be eliminated by studying the limits imposed by ghost stability. Laplacian
instabilities occur when the square of the propagating speed c? is negative. This value has been
introduced in Sec. 6.2 as it is linked to the growth of perturbations when dealing with scalar
and matter perturbations. Thus, gradient instabilities influence the dynamics of perturbation at
early times in the Universe, as a negative value implies that small fluctuations result in rapid
and uncontrolled growth [112].

In this chapter, ghost, and Laplacian instabilities are investigated within BDLS gravity.
Sec. 7.1 illustrates the construction of an action expanded up to the second order. The action
is split into scalar, pseudoscalar, vector, and tensor sectors, and each sector can be expressed in
terms of gauge-invariant quantities. In Sec. 7.2, the ghost and Laplacian stability conditions are

obtained and summarised in Sec. 7.4. This work is based on an extension of Ref. [373].
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7.1 | Gauge-Invariant Action in BDLS

Up to this point, only first-order perturbations have been utilised. Preemptively, Chapter 4
presented the perturbations of each BDLS ingredient up to second order, with a summary given
by Tables 4.1, 4.2 and 4.3. The extension of the BDLS action given in Eq. (2.98) up to second-
order perturbations correlates with the linearised field equations listed in Sec. 4.3 and utilised in

Chapters 5 and 6. By compiling all these perturbations, the action becomes of the form

528 = 2—; /d4x{626 [GQ — ¢ Gs+ Gy R+ Gux(0)2 —U) + G5 Gy VIV
. é G x ((C19)2 — 2V — 3W)} } +de [5G2 — G36(01) — G301 + G 6 R
+ 0G4 R+ G x (200 6(0¢) — 0U) + 6Ga x (D)2 — U) + G5 (G 8(VAV¢)
18 VIV S) + 6Gs Gy VIV — é G x (3(C16)25(C1) + 25V — 36W)
- é 3G x ((¢)? + 2V — 3W) + 5GTe1e} +e [52G2 — G38%(0¢) — 6G3 x 5((06)?)
— 82G30¢ + G4 8°R + 0G4 6RS*Gy R+ Gy x (5(0¢)? + 209 6*(0¢) — 6°U)
+0Gy x (20¢8(06) — 0U) + 82°Gax (0)? —U) + G5 (G 6*(VAVY )
+ 0G0 8(VIVYG) + 82Gl VIV ) + 6G5 (G S(VEVY ) + 8G ., VAV 9)
b 82Gs Gy VIV — é [3Gs.x [0 ((6(51))2 + Blg 62(C6)) + 2G5 62V — 3Cs.x W
+ 0G5 x (3(C16)2 6(C1g) + 20V — 36W) + 62G5.x ((Cg)® + 2V — 3W)] + 62GTele] } :
(7.1)

where the superscript of § determines the perturbative order to the quantity attached to it: ¢ is

first order and 82 is second order. This action holds in a vacuum and

U=V, V,6V'V'¢, (7.2a)
U = 85(V V) VIV 6+ V,uV,6 6(VIV6) (7.2b)
0PU = (V) V,9) VIVY ¢+ 3(V,V,8) 8(VIVY ) + ViV, 8 (VIVY ), (7.2¢)
V=V, V6 V,V}¢V Vi, (7.2d)
5V =38(V,V0) V,V o VaVHe, (7.2¢)
52V = 302(V, V" 9) V,V o VaVHG + 35(V, V) (V,V ¢) VAV e, (7.2f)
W =0oU, (7.2g)
oW =0 dU + 6(0p) U, (7.2h)
52W = 0o 62U + 6(0¢) U + 6* () U . (7.2i)
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SVT decomposition can be applied to this action, allowing sectors of scalars, vector, and tensor
modes to be treated separately as they do not interact with each other. Moreover, from the
gauge transformations given in Eq. (4.42), the pseudoscalar o is gauge-invariant and can be
detached from the rest of the scalar quantities. This cannot be said for the pseudovector o; as it
can be expressed as a linear combination of b; and h; perturbations. The following explores the
perturbations of these actions for different sectors in their simplest form. Additionally, whenever
required, the action is transformed in terms of gauge-invariant quantities obtained in Eq. (4.45).
The results are presented in spatial Fourier transformation form as shown in Appendix B while

maintaining time derivatives unless stated otherwise.

Scalar: The scalar action governed by the scalar modes {d¢, , 5, b, 1, h} presented in Eq. (4.27)
and the additional scalar field in Eq. (4.3) while excluding pseudoscalar o, is given by

5= oL dt(;i;a (B (o= ah) = (o ah) (A2¢+,43¢+,445¢+,455¢)

5 (Aop + Asdo + Aob + Argth + Arzi) + A1sB) + S (Aro + Au)

B(
k : k2 : K2
+¢ (—2A14¢ + A159 + A1666 — 7A175¢ + AISM)) < 5A19 + A20> L4
12
"2

+ «4211/1 + Ago1)? + «4231/f 8¢ + Asadp + Ao + ( Ase + A27> 5¢°
+A2500 } ; (7.3)

where coefficients A; for i € [1,28] are listed in Appendix C. The {A;, A7, A19, A11, A13, A19}
coeflicients are purely due to the teleparallel contribution, and all coefficients are of linear order
of BDLS contribution. All coefficients do not realise quantities with derivatives higher than two,
in line with the construction of BDLS presented in Sec. 2.4. The coefficients reduce significantly
when standard Horndeski gravity is considered, as obtained in Ref. [112|. This limit is discussed
further in Sec. 7.3. A gauge choice can be applied at this stage. For the scalar sector, the choice
is between the flat gauge, unitary gauge, longitudinal gauge, and synchronous gauge, whose
conditions are listed in Eq. (4.44). Depending on the choice, different coefficients are no longer
contributing, with the flat gauge and unitary gauges providing simpler actions upon application,

thus one of the reasons why the latter is favoured to perform theoretical calculations. The gauge
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choice actions are given by

1 &Pk g [k (K '
gt = L [ g Lﬂ (QQ At — b (Asp + Aabd + A550) —  (Asp
)2

. . ) k2 .
+Agdp + A95¢) + A38% - A?ﬁ@) +@ (A165¢ - 9-4175(}5 + A185¢>

k2 .
+ (a2A19 + ./420) ( Ase + A27> (5¢2 + A285¢2] s (7-4)

nitar; 1 d3k k k
528éj tary — @ dt (271-)% a |:2 <2A1b —b <A2g0 + A3¢) ﬁ (AGQD =+ ,A10¢

. . . 2 .
+A12¢) + A13ﬂ2> + %5 (A7 + A1) + ¢ <—§2A141/1 + A15¢>

k? L 2 2
+ ¥A19+A20 © —1-7«421?/1 + Axny”| (7.5)

ongitudinal 1 dgk ]{32 k
grsgoreinl = o [t w[ ( A1 = B (s + Agth + Aub + As0)

2K2 (27)2 a?
-0 (A()'QO + Agdp + Agdp + A10v + A121/J) + ./41352) + /Bﬁ (Ao
k2 . k2 .
+A11¢) + @ <—a2./414¢ + ./4151/1 + A16(5¢ — EAN(SQZ) + A185¢))
k2 5 ]{72 5 ‘g k‘2 .
+ 9«419 + Az ) ” + ?-Aﬂw + Agtp” + ?-AQB"ﬂ dp + A24007

- k2 .
+A2s09) + <2A26 + A27> 5¢% + A285¢2] : (7.6)

3 2 . . .
prgSynctonons _ 1 [, K [k (a2 Ai(8 = ah)? = (8- ah) (Asih + Audo

2K? (27‘()% a?
. . . ) k2 .
+A55¢) -3 (»A85¢ + Agdp + A1ov + -/4121[1) + A1352> + ?-’411 B
k2 . k2 . .o
+¥A211/J2 + Agth? + ?«423 Y 6¢ + A24001) + A5 1)
k2 .
+ <QQ,426 + A27> 5% + Agg(;qf)z] . (7.7)

Not only can the linearised field equation be expressed in terms of the gauge-invariant quan-
tities, but so can the action. This is done by applying the gauge-invariant variable definitions

given in Eq. (4.45) and substituting in Eq. (7.3) to express the action in terms of the variables
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{X1, Ay, A, Xy}

1 &k . I . S .
§28g = 5,2 dt e )é a’ {Al XZ + po) (Az/'\.’g +A3X32> + AgXF + A5 X7+ Ag X7
)2
k? _ _ k’2 _ . k,2 ~ - - .
+? (A7 AP+ Ag a2X42) + Ag Ao X3 + ﬁAlo Xy Xza® + Apg XXy + A1 XX
k2 /. - - - k2 -
+? <A13 Xo X1 — A1y /1’2)(4) + Ai5 A3 X + Arg X3 + ﬁfll? X3 X
k2 - - -
—ﬁ/ﬂ (Als X3 + A9 X1 + Az Xl) } , (7.8)

where coefficients A; for i € [1,20] are listed in Appendix C. The spurious DoFs are {Xa, Xy}
and the expressions remain as a linear combination of functions in BDLS. The non-dynamical
modes are removed by minimising the action with respect to them. This is done to obtain an
action that is only expressed in terms of dynamical modes. Taking variations with respect to Xs
and Xy, respectively, yields the constraints

- - L. L. k2 /- - - -
0 =2A1X + A11 &1 + Ag A3 + A2 X7 + 2 (A13X1 + 240X + Ao s — A14X4) ; (7.9)

k2 . - - . L.
0= Q?ASXAL — Ao — A14 X + Agp Xy — A1gds. (7.10)

Substituting Eqs (7.9-7.10) back into Eq. (7.8) gives an action expressed in only the dynamical
gauge-invariant modes:
52 1 d3k

Ss = 27/4‘2 dt W a? [/il-)(f + AQX]_X]_ + A3X12 + A4X32 + AE)XBXB + A6X32
)2

+A7X1X3 + AleXg + Ag/l’l/t}, + Am)&l/’\"g} , (7.11)

where coefficients A; for i € [1,10] can be found in Appendix C. These coefficients highlight
the k dependencies within the action which become important when evaluating the Laplacian
instabilities. &k dependencies appear in both the numerator and the denominator and their
influence is dictated by the coefficients stemming from the gravitational theory, hence cannot be
eliminated without imposing some sort of limits, be it on the scale of k£ or from the theory. After
performing integration by parts, the action is simplified to

1 d3k . 1 d . .. . 1 d .
2 3 3 2 2 3 2
Yo =0a | Vigm” [(Al ~ g A?)) A (A4 s 0 A5>> &

1d

+A6X32 + (./i7 — Ea ( 3/18)) X1 X3 + (Ag — Ag) X1X3 + Alo.)el/fg] . (7.12)

The action has two interesting terms which could require further investigation. The first term

is given by (Ag — Ag)é\ﬁ)&g, which can have a complex value upon introducing temporal Fourier

178



Chapter 7. Ghost and Laplacian Instabilities

transformation. The other term is that of Algél?lél?g which indicates that there is a mix kinetic
term contribution, making it ideal to diagonalise the kinetic portion of the action to obtain the
ghost stability conditions. This portion of the analysis will be delved into in Sec. 7.2.

The result in Eq. (7.12) holds provided a # 0, where equation for a is given by Eq. (C.3). If
this is not the case, the result would need to be reevaluated, starting from Eq. (7.8) and applying

the substitution of

Ay = 5 — A (7.13)

The procedure is quite repetitive and the entire derivation is not shown here, but the key points
are highlighted. While the variation with respect to X, provides a solution for it, variation with
respect to Xo gives a relationship in terms of X7 and X3 and their derivatives. Whether the
variation is solved for X; or X3, the number of DoFs reduces to a single dynamical mode, and an
additional undefined region is identified, represented by A1 Asg + 245419 = 0 when eliminating
Xl and ./2114/\18 — 2./218./219 = 0 when eliminating Xg. The dynamical part of the mode eliminated
through this step requires performing an additional variation with respect to it as now it is a

superfluous mode, and eliminated from the action.

Pseudoscalar: Since the pseudoscalar in Eq. (4.27) is gauge-invariant (see Eq. (4.42)), it can
be treated separately from the rest of scalar modes. The expansion of Eq. (7.1) results in

1 &3k ad k2
2 _ 2 2 2
0“Sps = 2.3 dt7(27r)% 5 k [810 o) Boo ] , (7.14)

where

Bl = 4GTele,Tax + 9AXG’Tele,J5 - 12AXGTele,Jm )
BQ =4 (C;"T<alva,7“ax - 2)(GYTele,Jl) .

Fourth-order derivatives appear, as indicated by k%, as per the definition of the pseudoscalar in
the tetrad. All coefficients appearing in this action are purely teleparallel. This shows that the
pseudoscalar does not contribute in subcases of standard Horndeski, in line with the fact that
such theories are constructed by a symmetric metric tensor. Specifically, o comes into play for
gravitational theories with non-vanishing terms {T,x, J1, Js5, Jio} with the exception of the case

Bi =0.
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Vector: The vector sector governed by modes {f;, b;, hi,o;} in Eq. (4.34), this time including

the pseudovector mode, is given by the action

1 d®k k2 k4 N 2 4
628\/2@ dt( )3 [ C1 b; b + CQh ]’Ll k2C3hih3+ﬁC4alai+C5&ldi
2m)2

T . k2 .o k2 R k2 .
+CeBi B+ 5Cr B+ —Csbih' + 5Cobi 5+ ——Cro fi h' + —Cufi b
zgk k ijk k
+e . (C12 b &i + C13Bk 0i + Cra 0; By, + C15 6 5k) — i€ kk*Cm ogjhi|, (7.15)
where coefficients C; for i € [1,16] are listed in Appendix C. Due to common coefficients, the

action can be simplified further to

1 3k
(528\/ - 272 dt 3
g (2m)2

.. 1 . ks k2 . k2 .
+ k2C3h’ (hi - abz') +C50; (ﬁl +i€”ki bk) + 3 (CrBi +Co by) B* + ;Cllﬁih

a [’;2 (Clb b+ Cs (/-c% Wi+ o o — 2i€T kg, o) hy )) 4 Co i B

k2 i . ik kj i kk]
+Cuo (= Bl +4ieH LB g ) + e (4012 o; B + Cus 6 5k) , (7.16)

and only coefficients {Co,Cs,Cg,C7,C15} contain purely teleparallel terms. At this stage, while
some terms contain standard Horndeski theory contributions, it does not necessarily mean that
vector modes propagate in Horndeski gravity. Investigating these particular cases would require
performing further analysis with the appropriate limits, as explored in Sec. 7.3.

While 3; is gauge-invariant, the vector modes {b;, h;, 0;} can be expressed as a linear combi-
nation to form other gauge-invariant quantities. Therefore, by setting any one of the non-gauge-
invariant quantities to zero, the action is gauge fixed, which reduces the number of redundant
DoFs that can be altered without affecting the physical content of the system. In the case of
tetrad-based theories, where antisymmetries of the tetrad result in the pseudovector contribu-
tions, dealing with the Levi-Civita tensor ¢;;; may lead to cuambersome calculations due to having

additional indices to deal with. For this reason, the gauge o; = 0 is favoured, where

3 2 . ..
5253i=0=i dt dk3 kclbb—i—kCgh R + K2Csh? h—1 )+ Ce 5
2K2 (27)2
2 . . . . .
+ = (07 B B+ Co bi B + aCioB; b + aCirf; hZ) . (7.17)

Moreover, in the metric-based theories, the vector sector is not included in the calculations and
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is regarded as trivially zero. Moreover, the remaining possible gauge choices are presented here:
2 bi=0 _ 1 &Pk |k 27 1 i - ijk 20 i e
(58 — | dt T a 7202<k h; h' + o' o; — 21e¥ kkajhi>+k63hhi+65aia
- 2k (27)2 a

3. At K i k? i ~i'l~ckj K X
+Cs 3 8 +¥C75i5 + Cio Zﬂih + 4ie” Eﬁkai +;Cllﬁz’h

k;
+ eIk <4C12 g; ﬁk + Ci506; ,Bk) ] , (7.18)

1 4’k
2k2 (21)2

k2 k oL
a [a (Clb b + Cyo® O'Z)—i-C50', <O’ —l—ZéUk ]bk> +Cq 3; B*

2 . . Iy )
+ = (Cr BB +Cobi B7) + z'e”kgj (40105k 0; +4C12 0 By + C15 4 5k> ] , o (7.19)

The vector portions of Eq. (4.45) are solved to obtain equations for b; and o; in terms
of {Vi, Zi, h;}. When these equations are substituted back into the action (7.16), the terms
containing h; cancel each other out such that the action is only expressed in terms of the gauge-

invariant quantities {);, Z;}. The fully gauge-invariant action is given by

1 Bk k% 5 k2
525V:/dt [ GV Y — JCQy 2V 4 32 29 + C4zwzw

2K2 (27r)2
ik 2, L . ...
M Gpzi v )+ G (GaY 1 G ) +GRE], (120

where C; for i € [1,9] are detailed in Appendix C. ); the only non-dynamical variable. All
coefficients are expressed in terms of a linear combination of functions from the BDLS action.
Additionally, the imaginary contributions of 4 do not imply that the action is complex. It should
be noted that the gauge-invariant Z;; is imaginary, thus it always appears coupled with 4 such

that the action is real. Taking a variation with respect to ); results in the constraint
0= —2ikjélyi + a@QZij — ik‘jéﬁﬂi s (7.21)

providing a solution for }; which is substituted back into the action in Eq. (7.20) to obtain the

final form of the action

1 3k ~ C2 k:2
T

. (2 1 ik, - (oG
+(Cs— L )88 d ,Kc —)Z”Jrc Z”]
<8 4C1>/BB] —f . 5

1

(7.22)

such that the only quantities present are {3;, Z;;}, and the coefficients are a product of the
arbitrary functions of BDLS. The action holds provided C; #0. If Ci =C =0, Eq. (7.20)
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d3k ki~ C 2 .
5 a’ [ - %Cz YiZU+Cs 227 + 5C1 25 27
(7.23)

2

becomes
1
/ ! (2m)2
(@ﬁizij +é7ﬁizij) + % (éGBiyi‘FéSﬁiBi) +695'i5} ;

2 _
0°Svei=0 = 3,2
_iky
a
and ) is still the only non-dynamical quantity. Variation with respect to ); gives the relationship
(7.24)

0= —ikjaéQZij + k2é6ﬂi .

oF ((o GG Gl
2 G

a?

In order not to introduce higher order derivatives, Eq. (7.24) is solved for Z~Z-j and substituted
> BiB' + Ca Zi; 2V + 2Co i yl’)

back in Eq. (7.23) to obtain
a3k
(7.25)

2;1-;2/ (27)2

2
0 Sv,c]:o =
ik - .
- TJC5 Bi 2 + Co B BZ] ;
where ); is still not eliminated and Z;; is also non-dynamical. Hence, taking variations with
(7.26)
(7.27)

0 = 2Csf3; ,

respect to ); and Z;; results in the constraints
k? ik; =
—LCsp; .

or Cg = 0. Hence, substituting Eq. (7.26) back into the action, gives
. S
BB i +cgﬁi/3]

The former constraint is solved by either setting 5; = 0 such that all modes are non-dynamical
d3k K25
a® chgﬁ,ﬂl — (7.28)

4

1
2 —
N A=
with f3; being the only propagating mode. From Eq. (7.23) the case Ci = Cy = 0 crops up.
Starting again from Eq. (7.20), the action becomes
1 A3k k2. »
/dt 3 (IS Cs Zij A 72(:’4 Z’L’j Z4
(2m)? a
- L k2 /. L ) .
(CB 2T +CrBi27) + = (CoB V' +CsBi ) +Cafi | . (7.29)

2 . _
o SV,C1=(22=0 - 252
_ ik

Varying with respect to V; gives two possible solutions: Cg = 0 or 8; = 0. If 8; = 0, then Z;; is
the only dynamical mode in the system, while if Cs = 0 the action has two propagating modes
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Moreover, if the ACDM case is considered, the coefficients {C~2,C~3,C~4,C~5,C~7,C~g} are killed out
and 2C; = —Cg = 2Cg = 1 such that Eq. (7.20) simplifies to
1 A3k a3 k?

2
0°Sv,AcDM = 7 —

952 2m)} 52 Vi—8:) (V' =8, (7.30)

where all modes are non-dynamical, which when minimised by varying with respect to the aux-

iliary mode Y; — f8; and substituted back into the action yields a trivial vector mode.

Tensor: Finally, the tensor sector constructed through the mode h;j;, as seen in Eq. (4.36),

yields the gauge-invariant action of

/6‘2

a2

1 43 3 L
&—%&Q%W—

5281 = —
T7 9k2 (21) 2

Dghﬁhﬁ}, (7.31)

where

. 1
Dy = Gy — Greler + X (= 2G4 x + G546 — HGs5 x + 2Gele, 15 + §GTe1e,J5) ;

Dy = Gy — Graer — X (G546 + ¢G5 x) .

When taking the Horndeski limit Grele — 0, the result corresponds to that obtained in standard
Horndeski in Ref. [112]. It is essential to require that D; # 0, as a vanishing kinetic term could
result in strong coupling of the graviton. In this case, graviton interactions would become non-
linear, causing perturbation theory to break down. In Chapter 5 this condition was emphasised
throughout the analysis to ensure that the tensor modes are always present in the theory. In the
propagating DoF's analysis through GW this condition appeared as G4 — Gele,7 7# 0 because the
derivation was done in a Minkowski background and for a constant scalar field. In Sec. 7.2, the
instability conditions will be calculated in detail. There, the excess speed of the tensor sector
for BDLS can provide a better comparison with the Horndeski gravity results.

Eqs (7.12, 7.14, 7.22, 7.31) give the actions for all sectors expressed in terms of gauge-invariant
quantities. To show how this formalism of BDLS can be easily adjustable to other theories, the
next section explores different branches of BDLS which have been studied in literature with a

particular gauge choice.
7.2 | Ghost and Laplacian Instabilities

The procedure to obtain the inequalities required to avoid ghost and Laplacian instabilities

is presented here. First and foremost, it is required to have an action that has been perturbed
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up to the second order. Any auxiliary / non-dynamical modes are identified and eliminated, by
substituting the result upon varying with respect to the auxiliary mode. In general, the action

is of the form

1 d3k . o (k2 L -
25— oy [ar ik o {XT K(t, K%+ 01 (a2G<t, K) + M. k)) £ Q. k)x] . (132)

where k is the co-vector obtained from spatial Fourier transformation, and matrices K, G, M,
Q correspond to coefficients to the dynamical modes in X [374, 375].
The kinetic matrix K here is a diagonalised matrix. It is not the case that the action obtained

is of this form, hence extra steps are required. Consider a Lagrangian of the form
L=xTK k)X +XTM (k)X +xTQ(t, k)X, (7.33)

where the kinetic term K’ is a non-diagonal matrix and x’ represents the dynamical modes to

obtain a new Lagrangian of the form
Luew = XTK(t, k) X + X" M(t, k)X +xTQ(t, k)X (7.34)

Additionally, matrix K’ is a real symmetric matrix that can be diagonalised using orthogonal
matrices. This would require obtaining the eigenvalues and eigenvectors of the matrix K’ and
extending the transformation to the rest of the matrices. This may give rise to complicated
expressions upon diagonalisation, introducing square roots in the system. Since there are a large
number of contributions in BDLS, as shown in the scalar and vector sectors in Sec. 7.1, an
alternative method is applied. One of the simpler methods is to transform the modes in y’.

Assume K’ is a (2 x 2) matrix and ' is a vector with two modes of the form

K11 K , X!
X = . (7.35)
Ko Koo Y’

K =

A transformation of the scalar fields is given by
X' =X, Y=Y - _""X. (7.36)

where now xT = {X,Y} are the new modes in the system. The modification stems from the
triangulisation of a (2 x 2) matrix. In this work, the maximum number of dynamical modes is

two, so the above expressions suffice. In the case of a larger matrix, these transformations would
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need to be altered accordingly. The kinetic term transforms to

K
2
Kin—%2 0
MKy —
X =X X
0 Ko

d Ko 2 d Ko 2

i (5 (R2)) 0 20 (5 (1)) 0

T x+x' x. (7.37)
0 0 0 0
portion contributing to M portion contributing to Q

Extending transformations in Eq. (7.36) to the rest of the action gives

portion contributing to M

Q K Qnd (K
| @9 || Ceer )R (R) % ()
XTQX =X X =x

Qn Qu -9 (1) 0

Qu — KjQ <Q12 + Q21 — K22 Q22) Q12 — K22 2Q22
+xT X (7.38)

Q21 — K22 2Q22 Q22

portion contributing to Q

and

o / M1 Mo
X' =T X

Mo Moo

My + % K” ( 2Mio + KlQ) Mo — K22M22
=XT X (7.39)

Mo — K22 2 Mo Mso

resulting in the Lagrangian (7.34). Additionally, by performing a temporal Fourier transforma-

tion of the action in Eq. (7.32), the determinant of this system becomes

k’2
det <w2K +iwQ + ﬁG + M> =0, (7.40)
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which can be solved to obtain the Laplacian condition through c?, since w? = Ié—zc2. When

considering stability conditions, the high-k limit is considered. At the small scales, where k has
a large value and wavelengths are short, small instabilities could lead to the rapid growth of
perturbations, resulting in non-viable structures. Hence, upon obtaining the determinant given
by Eq. (7.40), only the leading order of k is kept by taking the limit & — oo, upon which some
terms in Eq. (7.32) can be deemed negligible.

Scalar: Starting from Eq. (7.8), it was noted that in the kinetic portion of the action there
is a mix of X} X3, which when expressed in terms of a matrix would result in a non-diagonal
kinetic matrix. As detailed at the beginning of the section, the (2 x 2) kinetic matrix can be

diagonalised by performing the transformation

1 ( Ay
X o=, A=y — - |20, 7.41

which remains gauge-invariant since W1 and W, are constructed through a linear combination
of gauge-invariant quantities X; and X3. Performing a Taylor expansion at £ — oo up to order
O ( %) to obtain the kinetic term diagonalisation outlined in the beginning of this section. Hence,

the action at high-k limit becomes!

1 A3k
288 = 72 dt 3
2K (2m)>2

ol v - v . k2 /. o o
a? [Allll% + A W2 + 2 (A:),\I’% + A4 03 + «45‘111‘1/2)
+./{6\I/% + .,J7\I/% + ./Zlg\I/l\Ilg + ./{9\1/1\1/2] , (7.42)

where A; for i € [1,5] can be found in Appendix C and the rest of the terms can be eliminated
because they contribute at a lower £ value when considering the leading order of k£ only. This is
further clarified when calculating the determinant in Eq. (7.40). Provided w o k, the determinant

becomes

0=w!—w (7.43)

2](572 .,Ztg.;lg + ./211.44 n ]4:74 /vlg./zlz; — .,Zlg
2\ ak )t AL )
provided A; As # 0. This indicates that only terms arising from Q and M do not contribute
at a high-%k system and only [.,le, /15] are present. Taking variations with respect to ¥ and W,

respectively, yields:

. A\ o k2 (A k2 [ As

Oy + (2L )0 -2 [ 22 )0 -2 [ 22 ) 0y, 7.44
T DT A PR
. A\ . K2 A k2 [ As

O+ |22 )0, 2 [ 22 )0y — 2 [ 22 ) 0y, 7.45
(BB () B (A e

! Coefficients {.Zl6,./{7,f{8,/{9} have been omitted due to their complexity and because the coefficients were
not utilised for the remaining portion of the analysis as they correspond to lower orders of k.
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The variations decouple ¥y from Wy under the condition
As=0. (7.46)

Under this condition, the propagating speed for each mode is given by

v} v

A A
G o=-2s0, & =-2F>o0. (7.47)

1 Ay
Ghost stability is achieved when
My, =A1 >0,  Myg,:=A4A>0, (7.48)
and Laplacian/gradient stability obtained when
Ny, = —A3>0, Ng, = —A4>0. (7.49)

Any model considered in this system would need to satisfy the conditions Eq. (7.46), Eq. (7.48)
and Eq. (7.49), which by definition would also satisfy Eq. (7.47).

Pseudoscalar: With no further modifications to the pseudoscalar action in Eq. (7.14), the

ghost and Laplacian stability conditions can be determined, respectively given by:

My = kB; >0, (7.50)
N, =k*By >0, (7.51)
such that the C%S is given by
4 (Grele. T, — 2X GTele
2 Nps (GTele, Tux Tele, J; ) -0, (7.52)

- Mps  AGTeer, + 9XGrele,ss — 12X Grele, i,

corresponding to the solution of the determinant of Eq. (7.40) where the dispersion equation is
Z”—icg. Given that the pseudoscalar action is dependent on the teleparallel portion
of BDLS gravity, in the cases of Horndeski [112], f(¢,T) [376], f(T') [274], GBD [175], BD [61],

f(R) [222] and GR, either the pseudoscalar reduces to a non-dynamical mode or is not present

given by w? =

at first principle, resulting in ¢ being a non-propagating mode. These results are realised in the
Minkowski background as well [373].

Vector: The gauge-invariant action in Eq. (7.20) contains two dynamical modes {f;, Z~w} The

kinetic terms of each mode should impose ghost stability such that

- ~ 52
MgZCQ>0, MZ:C3_ALCC2>O’ (7.53)
1
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which is easily attained as the kinetic modes are decoupled. To obtain the gradient stability
condition, the determinant equation (7.40) is used. Thus, temporal Fourier transformation 9y —

iw is applied, and Eq. (7.20) is rewritten as follows, such that the Lagrangian density is of the

form:
5 —w2CQ + = ( e ) 1212 [zw <é7 CGCQ) + C :| 51
52£V = < /87, ZZ] ) ~ CQ 2 ~ i
zk [zw (C7 C6c2) + C5:| _w2 <CS o 451) + %C4 Zij
(7.54)
whose determinant is given by
0 = Wt n W2 k C2 (CG - 2C1C8) + 2C1( C~2C~6C~7 — égég + C~1 (C? + 4C~3C~8 + 4@459))
a2 261(?9(62 — 4@1@3)
oy k2 C5(CaCs — 2C1Cr)  k*Cu(CE —4C1Cs) K2 C1C2 (7.55)

? ég(ég — 4(?163) gég(é% — 461(?3) (12 Cg(CQ 4@1@3) ‘
Provided that w o< k, the leading orders surviving when considering a high-% limit, the determi-

nant reduces to

k <C2 (CG - 2C1C8) + 281( C~2C~6C~7 — égég + C~1 (C? + 4C~30~8 + 46459)))
0=w*+uw? —
a

261Co(C2 — 4C:C)
K4 Ca(C2 — 4CiC) 756)
04 G (C2 — 4C:Cs) '

which corresponds to matrices K, Q and G when compared to the action (7.32). Hence, the

Laplacian stability of all modes can be obtained directly from action (7.22):
Ct

G

NG =

>0, NE =—C;>0. (7.57)

Thus, the respective sound speed squared expression is given by

(5)2:ﬂ 0 (5)2: 4C1Cy

C C — > 0. 7.58
v 4C1€9 v C% - 4Clc3 ( )

When taking the Horndeski limit, the coefficients alter such that él = élg = —2@6 and ég =
C3 = C4 = Cy # 0, thus resulting in non-propagating vector modes. Vector analysis is commonly
eliminated from Horndeski gravity studies and its subsets as vector modes do not propagate.
Theories containing the teleparallel sector, especially J; terms, realise stability conditions for the
vector sector. While f(7') and f(¢,T") do not provide stability within the vector sector, the case
f(T, Tax Tyec) does, given all terms are present at least at linear order and 9Gtele, 7 +2GTele Th =
0.
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To avoid repetition, the analyses for specific branches of the theory have been omitted.
However, the following are some of the key results. The case C1 = 0 requires repeating the above
analysis from the beginning; otherwise it leads to undefined regions. For the case C; = Cg = 0
given by Eq. (7.28) the ghost stability condition is given by Cy > 0 and the Laplacian condition
is Cg > 0, implying that only §; is a dynamical mode. On the other hand, for C; = Co = 0 given
by Eq. (7.29) two dynamical modes persist, thus conditions for both would need to be satisfied
for the full extent of the subcase to give healthy branches. Conditions corresponding to [3; are

still given by ég > 0 and ég > 0, and conditions for Z;; are 63 > 0 and C~4 > 0.

Tensor: The last modes considered are those of tensor nature. Eq. (7.31), naturally being
gauge-invariant, results in a kinetic and gradient entry, respectively corresponding to the ghost

and Laplacian condition for which stability is obtained if

MT = Dl > 0, (7.59)
Np =Dy >0, (7.60)

such that the sound speed squared c% is given by

5. Nr
CT L= Min—[‘
_ G4 — Greer — X (G54 + ¢G5 x)
G4 — Greer + X (—2Gax + G5, — HPG5 x + 2GTete, Jy + 5 GTele, s )

>0. (7.61)

An interest in the deviation of light propagation has been shown following the results of GW
signal GW170817 [80] and its electromagnetic counterpart labelled GRB170817A [81], as theories
such as Horndeski have been ruled out due to being highly constrained to a minute graviton mass.

The excess speed is given by

B X(2Gyx — 2G5+ (Hd — $)Gs x — 2GTele 75 — 3GTele,5)
G4 — Greer + X (— 2G4 x + G5, — HPGs5 x + 2GTele, Jy + 2 GTele, s )

ap=c%—1 , (7.62)
corresponding to the result obtained in Ref. [78] when analysing GW propagation. The solu-
tion for (b can be obtained from the scalar field background equation (5.6), indicating there
are, technically, dependencies on functions {G2, G5} and scalars {Tyec, I2}. This solution is not
substituted to avoid complicating the result in Eq. (7.62), but it further highlights the impor-
tance of ensuring that the background equations are always satisfied, as their solutions are used

throughout the perturbation sectors.
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7.3 | Actions in Branches of BDLS

The limits of BDLS theory can replicate results frequently studied in literature which would
require a different approach rather than working with the gauge-invariant quantities. Often-
times, gauge choices are implemented. In the case of the scalar sector, the unitary gauge in
Eq. (7.5) is used where {Ay4, As, Ag, Ag, A1, A17, A1s, Aos, Aaa, Ass, Asg, A2z, Asg} coefficients
from Eq. (7.3) do not appear. For the vector sector it would be more useful to implement o; = 0,
a fix where {C12,C15} are not present from Eq. (7.16). In the following subsections, the GR,
Horndeski, f(T'), and f(¢,T) theories are explored.

7.3.1 | GR

The GR limit provides one of the simplest subcases of BDLS, and a crucial one at that, where
G4 = 1 and all other terms in BDLS vanish. Starting from the scalar action in unitary gauge (7.5),
the coefficients {A1, A7, A10,.A11, A13, A19} vanish while other coefficients can be combined to

result in the Lagrangian given in
nitar k;2 . .
Eg’ C§Ry = ? [B (./4690 + A12w> + (—A14(p + AQlw)} + Aso (H2g02 + wQ)
+ Assthp. (7.63)

The modes 8 and b always appear as a linear combination and are expressed as B = —b+ (3, as
they appear in the metric (4.26). Here, the non-dynamical modes are B and ¢. Taking variations

with respect to both variables results in the following two conditions:

0= Asp + A1), (7.64)
k? .
0= "5 (AB — Aut) + 2H? Ay + Ais9), (7.65)

where the former equation indicates that the dynamical mode of ¥ can be expressed in terms
of the non-dynamical mode of ¢. Thus, solving and substituting back in Eq. (7.63) results in a
trivial Lagrangian that has no propagating modes. The pseudoscalar sector given by Eq. (7.14)
completely disappears in GR, correlating with the fact that the pseudoscalar mode does not
appear in the symmetric metric (4.26) in the first place since the pseudoscalar only contributes
due to the antisymmetric portion of the tetrad.

In the vector sector, starting from Eq. (7.17), {C1,C2,Cs,C10} no longer contribute and the
action reduces to

oie (1 k2 (1, ; .
L3 Gr = 2K2h (hiabi) +t3 (25iﬁ —b;p QGﬁih> : (7.66)
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b; is a non-dynamical term that is eliminated from the action by varying with respect to b;
0 = 2ah; + 5, (7.67)

and substituting back in Eq. (7.66), yielding

o= k? i SN
£33 = =5 (88— 2081 (7.68)

where once again, the action has a non-dynamical mode. Varying with respect to h; results in
Bi = 0 such that the final vector action is trivially zero, implying that no vector modes propagate
in GR.
As for the tensor sector, action (7.31) simplifies to
1 k?

Lrcr =3 (hij il — —5hij h”) : (7.69)

thus making the tensor modes the only modes propagating in GR, corresponding to the results
obtained in Table 5.2.

7.3.2 | Horndeski Gravity

In Ref. [112], the Horndeski action was obtained within the ADM decomposition [377] of the
metric. This result can be replicated by starting with the unitary gauge of the scalar action and

setting Grele = 0 such that

nitar k2 h h h
Eg, I—;orl}lldeski - ﬁ (B ("4290 + A3¢) + -A3¢ (90 + ¢>> + A15¢§0 + A20§02 + A221/}2 y (770)

where once again 8 and b can be combined in B. Variations with respect to auxiliary modes B

and ¢ provide the constraints

0= Ay + A3t} (7.71)
k2 :
0= "5 (A2B + As)) + Aist) + 24200, (7.72)

which when substituted back into Eq. (7.70) gives

nitar k2 -A2 1d Az A A2A .
LS Horvdes = =3 (3 - (aA3)> ¥? + (A22 B hd 2”) W2, (7.73)
’ a A A3

such that only one scalar mode propagates. On the other hand, the pseudoscalar mode completely

disappears, obtaining a trivial action for the Horndeski limit of Eq. (7.14).
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Next, the vector modes are analysed. In the Horndeski limit, the coefficients of {Ca, C5, Cg, C15}
vanish. Fixing the gauge through o; = 0 yields
2 . .. 1 . 4 .
|:Cl (bz b + 4a2h’ <hZ - = bl> + ,81 ,82 - 21)1‘ ,BZ + 4CL,BZ‘ hz>
a

Eaizo _ v
V, Horndeski — a2

+ (an + %% (a261)> B; h{| . (7.74)

where h; is dynamical upon performing integration by parts, but b and 8 are auxiliary modes.

Varying with respect to b and 3 gives
0 = 2b; — 4a’h; — 23; (7.75)

0=2C (—bz‘ + 2aili + ,82) + aCioh; + gi (a2C1) h; (7.76)

dt

which when substituted back in the action gives a trivial solution with no dynamical modes,
thus corresponding to the result in Ref. [112] where vector modes do not propagate in Horndeski
gravity. As for the tensor modes, the form of Eq. (7.31) is not altered but the limits of D; and

Dy are modified to eliminate teleparallel contributions.

7.3.3 | f(T) Gravity

f(T) gravity has been widely studied in cosmology [206, 69, 215, 216, 217, 218, 219, 220, 221].
Standard Horndeski functions {Gsg,Gs, G4, G5} completely vanish and Grele is a function of
torsion scalar T only. Applying f(7') limits to Eq. (7.5), eliminates coefficients {A7, 412,413}
and the Lagrangian becomes

nitar, k2 k2 i
ﬁ?(Tt) V= o <2«4152 —b (Azso + A3¢) — B (Asp + A10¥) — Auapp + «4211112>

a

) . k2 . 1d
+ A159p + Agop? + Agatp? — o (Anﬁ”tﬂ + T (aA11) 5¢> , (7.77)

where an integration by parts has been performed when the Lagrangian is assumed to be in the

action. ¢, b and B are the auxiliary modes. Taking variation with respect to these quantities

yields
k2 )
0= "5 (—Ab = Aef — Awst)) + A159) + 2Az00, (7.78)
2 .
0= Q%Aﬂ) — Ao — A3, (7.79)
. 1d
0= Asp + A10¢ + A117) + P (aA11) 2 (7.80)
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and substituted back into the Lagrangian to retrieve
Unitary H 2 D) k2 9 0
Loy =255 (fr+12H frr) 4% = 0| + O(K), (7.81)

where 9 is the only scalar dynamical mode. Note, the leading order of k is listed in Eq. (7.81) and
¥? oc w2h? o k21)2. The ghost and Laplacian conditions boil down to Q%UT +12H? frr) > 0,
implying that the numerator needs to be positive since H? > 0. In the TEGR limit, f(T) = —T,
and the condition becomes 2% > 0. Since the analysis is being performed in high-k limit, the
system is within the matter-dominated era where a t5 such that H = —%H 2. This implies
that the condition —3 »# 0, and the scalar mode 1 does not propagate. Hence, the TEGR result
corresponds to the GR solutions evaluated in Sec. 7.3.1.

The pseudoscalar sector is trivial but the vector realm with the gauge choice of o; of Eq. (7.17)

is given by
_ k2 1 e 1 1 . A
;=0 __ % 211 % %
EV,f(T) = ?CQ <—25ib —2a”h (hi - abi) - 5515 +b; 8
1 d [a? Soa
da— —— | — ih!— =B h" ), .82
+<a aCth<QCg>>ﬁ 2" > (7.82)

where {Cs,Cs5,Cs} are removed as they are zero for the theory, other coefficients were reduced in
terms of Cg = fr, and additional integration by parts is performed to obtained only h; as the

dynamical mode. Upon variation with respect to b and

a: 1 d [a®
=b;— =—h;+4ah; — 5 — ——— | =— h; .84
0 3 21"_@1 ﬁz CLngt<2cg> 7 (78)
which ultimately results in a trivial solution and no vector modes propagate. As for the tensor
modes, Eq. (7.31) remains the same but Dy = Dy = — fp, ensuring that tensor modes still
propagate.

These results correspond to those obtained in Ref. [274], albeit the longitudinal gauge is used
an additional assumption of § = 0 is added in the scalar sector. While the number of dynamical
modes is not altered because f is non-dynamical, the result obtained in Eq. (7.81) would look
different because now {As, As, Ag, A10,.A21, 414, A11} would also not contribute. An overfixing
situation has also been identified in Refs [218, 378, 379, 380]. Compared to the propagating
DoF's analysis summarised in Table 5.1 in Minkowski background, f(7') gravity falls under Case
7 where in the massive sector only one scalar mode propagates and in the massless sector has

the tensor modes propagating.
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7.34 | f(¢,T) Gravity

The interest in non-minimally coupled scalar-tensor theories such as f(¢,T') lies in its richer
phenomenology, where the scalar field drives late time acceleration and has direct coupling with
matter. f(¢,T) action can be obtained through the unitary gauge of Eq. (7.5) and additionally
setting {Az7, A12, A13} to zero. The action and the variations with respect to non-dynamical
terms are similar in form as those in the f(7') case given by Eqs (7.77-7.80) with coefficients

being slightly different, yielding to the Lagrangian
i H H . . k2
Unitar
Lstiom = 273 <fT +12H? frr + H¢f¢>T) [W - (121/}2] ; (7.85)

such that the stability conditions are dictated by the inequality H ( fr+ 12H? frp + %qﬁ f¢T) >
0. The results for the remaining sectors are identical to the f(T") subclass evaluated in Sec. 7.3.3:
pseudoscalar and vector modes do not propagate, and tensor modes propagate with a dependency

on T only.
7.4 | Summary

The final area tackled in this work within BDLS theory is to determine the pathological
branches within the gravitational theory. In the realm of vacuum, where matter is excluded,
Ostrogradsky ghosts and Laplacian/gradient instabilities may arise [381]. While caution is taken
in the construction of BDLS to avoid Ostrogradsky ghosts by ensuring that the theory does not
result in higher order derivatives 78|, further restrictions can be obtained through the analysis
of the second order perturbation of the action. Additionally, to aid the study performed in
Chapter 6, it is crucial to work with models that do not lead to Laplacian instabilities, as these
would result in unphysical and non-viable rapid growths.

The perturbations introduced in Chapter 4 are used to extend the BDLS action (2.98) up to
second order perturbations to result in Eq. (7.1). Performance of SVT decomposition allows the
calculations to be broken down into sectors that do not interact with each other. These sectors
are dictated by the behaviour of the gauge transformations listed in Eq. (4.42). Apart from the
scalar-vector-tensor decomposition, the pseudoscalar also separates from the rest of the scalars as
it is classified to be gauge-invariant. The same cannot be said for the pseudovector mode, which is
a linear combination of other vector modes. For each sector, the action obtained is transformed in
terms of the gauge-invariant quantities summarised in Eq. (4.45), whenever required. Integration
by parts was performed throughout to yield the simplest form of the action. The auxiliary modes,

referring to the non-dynamical terms in the action, are removed by first varying with respect to
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the auxiliary quantity and substituting back the solution obtained. At this point, it is oftentimes
more helpful to work within the spatial Fourier transformation. Especially in the scalar sector,
it was noted that k dependencies appear in both the numerator and denominator along with
a linear combination with terms that are not associated with derivatives. In cases where the
kinetic portion of the action does not form a diagonal matrix, the diagonalisation process is
performed. Despite dealing with symmetric matrices, the diagonalisation through orthogonal
matrices yielded complicated systems. For this reason, a different approach was presented in
this chapter, opting to introduce a transformation through a redefinition of gauge-invariant
modes, as done in the scalar sector by Eq. (7.41). Expanding the action to obtain the high-k
limit and selecting the leading order contributors of k, allows one to determine the constraints
where ghost, Laplacian, and speed conditions are obtained.

Two scalar modes are noted to be propagating in Eq. (7.8) which upon diagonalisation and
application of the high-k limit can attain the ghost stability constraint given in Eq. (7.48) and
speed constraint Eq. (7.47) by imposing the condition (7.46) to ensure that the wave equations
of modes ¥y and W, can decouple and propagate separately. The initial action obtained for the
pseudoscalar, given by Eq. (7.14), did not require any further modifications. The ghost (7.50)
and speed squared (7.52) stability conditions could easily be retrieved from the action since only
kinetic and coefficients of k? are contributing. Additionally, since only one mode is present,
no issues related to mode mixing occur. Constraints related to the pseudoscalar are dependent
on the behaviour of the teleparallel sector, specifically invariant quantities constructed from
the tetrad-scalar coupling. For the vector sector, a unique scenario is obtained. Typically, the
vector sector is eliminated from the analysis as vector modes do not propagate. Due to the
large number of invariants included within BDLS, two propagating gauge-invariant DoF's are
attained for the full theory, as seen in Eq. (7.20). Ghost and Laplacian conditions are listed in
Eq. (7.53) and Eq. (7.57), respectively. Then, the tensor modes were evaluated. Action (7.31) is
slightly altered from the standard Horndeski result with the inclusion of additional teleparallel
terms in the kinetic and Laplacian terms. Although the changes are minute, such a result has
been able to reconsider previous Horndeski models which were eliminated due to the observation
of GW170817 [80, 81]. This is because the excess speed in Eq. (7.62) allows for models which
contain G4 x and G, as their behaviour can be balanced by teleparallel contributions without
altering the graviton speed.

The convenience of setting up a general approach to a theory such as BDLS, without assuming
a gauge choice, provides the structure to obtain the results of a large number of subclasses with
the convention preferred. This is illustrated in Sec. 7.3 where the cases of GR, Horndeski gravity,
f(T), and f(¢,T) are evaluated through the results presented in Sec. 7.1. The theories were
chosen due to the frequency with which they have been investigated, as well as their ability

to draw a direct comparison with the outcomes presented in this chapter. This chapter not
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only illustrates the intricacy that BDLS can reproduce, with several subclasses that have yet to
be explored in further detail, but also provides restrictions to produce healthy branches of the

theory.
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Conclusion

This work explores the richness of the teleparallel analogue of Horndeski gravity, as the most
general second-order theory of gravity under the torsionful formalism. This was done by in-
troducing the construction of the theory, exploring its ability to revive previously discarded
Horndeski models, tackling the CC problem, replicating the observed growth of structures, and
deriving the necessary constraints applicable across all theories falling within the BDLS formal-
ism. Throughout this work, the importance of presenting such a generalised formalism has been
emphasised as it provides an avenue to facilitate theoretical calculations.

Chapter 1 introduced the topics tackled throughout this work and their motivation. Chap-
ter 2 set up the assembly and technical details of BDLS. GR, which led to a paradigm shift in
how to tackle problems in cosmology, by having geometric distortions in spacetime influencing
the matter in the Universe. Given its success and passing the many classical and modern tests, it
is difficult for researchers to consider a complete overhaul in the formalism to study gravity. For
this reason, modified theories of gravity have become a natural alternative. One such approach is
that of Horndeski gravity. While still relying on the curvature-based formalism and introducing
an additional scalar field along with the metric tensors allows for relaxing Lovelock’s theorem [74].
In recent years, Horndeski gravity has regained interest, especially in light of improved observa-
tional data, as it can encompass and explore multiple classes within it, such as Brans-Dicke [61],
GBD [175], KGB [179], k-inflation [184], scalar-tensor form of f(R) [222] and GR, among oth-
ers. The observation of GW170817 [80] and electromagnetic counterpart GRB170817A [81] have
brought into question several subclasses of Horndeski gravity [83, 84]. The change in the geomet-
ric foundation, treating spacetime as torsionful rather than curvatureful, can replicate Horndeski
gravity with additional terms arising from the fundamental dynamical object of the tetrad and
its mixing with the scalar field. The teleparallel analog of Horndeski given by the action in
Eq. (2.98) has been shown to revive the Horndeski model solely by considering the additional

teleparallel term. Moreover, BDLS gravity can explore other well-studied subcases within the
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teleparallel formalism such as f(7) [69], f(¢,T) [298], NGR [70].

The previously disregarded Horndeski models had ruled out many models that could act as
well-tempering models to screen out the vacuum energy, in an attempt to tackle the CC prob-
lem. Chapter 3 explored several models falling under the BDLS umbrella, in particular with a
focus on the teleparallel sector, to construct viable well-tempering models. The methodology
of well-tempering [44], inspired by self-tuning, allows breaking of Weinberg’s no-go theorem [43]
by imposing that the model has a dynamical scalar field, allowing a dynamical screening of the
vacuum energy to account for the discrepancy between theoretical and observational CC value.
What sets well-tempering out from self-tuning, is the ability to screen solely the vacuum energy
while retaining radiation and matter epochs. By expressing the Hubble and scalar equations
in the form given by Eqgs (3.30-3.31), four functions are utilised to build the degeneracy equa-
tion (3.38) and consistency conditions (3.39), which need to be satisfied. Finally, provided the
first Friedmann equation contains both the vacuum energy density and other time-dependent
terms, then the model is classified as a viable well-tempering model. In this work, 6 models have
been explored: 1) purely teleparallel arising from tetrad contribution in Sec. 3.2.1, 2) purely
teleparallel sector with both tetrad and scalar field contributions in Sec. 3.2.2, 3) teleparallel
function with scalar dependent quartic Horndeski function in Sec. 3.2.3, 4) teleparallel func-
tion with a quartic Horndeski function which had been eliminated within the standard Horn-
deski model in Sec. 3.2.4, 5) model containing all BDLS Lagrangians apart from the quintic in
Sec. 3.2.5, and 6) explores a case without ¢ contribution in Sec. 3.2.6. Case 1 and Case 6 show
models which do not well-temper, corresponding to models which do not contain a function of ¢.
The remaining models, all containing ¢, provide a viable well-tempering model. Despite being
able to well-temper, it does not necessarily imply that the model can attain the dynamics of a
viable cosmology. With a focus on Case 5, chosen due to its consideration of several functions,
the dynamical stability was investigated in Sec. 3.3. The main conclusion from these phase
diagrams indicates that the systems are independent of the magnitude of the vacuum energy pp
and there is a link! between contribution from the teleparallel sector and the quartic function
that is dependent on X. This further points towards the significance of the teleparallel sector
whenever Horndeski models are revived. Finally, the behaviour of this model is evaluated during
the matter-dominated era and while undergoing a phase transition, to ensure that the scalar field
continues to propagate with time (Fig. 3.3b) and is not affected by phase transition (Fig. 3.5b),
matter and dark energy density parameters add up to unity, and disturbances in the Hubble
function only occurs during phase transition (Figs 3.3c-3.3d).

Given that at the background level BDLS has already been shown to produce a plethora
of viable cosmologies, BDLS is extended to the perturbative level. Chapter 4 fleshed out per-

'In the particular model considered in Eq. (3.97) indicates a linear relationship
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turbations up to second order for all components of BDLS. While background field equations
are obtained in Sec. 3.1, the methodology restricts the possibility of obtaining the linearised
field equations. An alternative method was presented in Sec. 4.2 by considering performing
Euler-Lagrangian with respect to a generic tetrad and scalar field, under the assumption of the
Weitzenbock gauge. This provides the equations of motion which can be perturbed to obtain
linearised field equations for scalar, vector, and tensor modes upon applying an SVT decompo-
sition. The SVT perturbations are applied without imposing a particular gauge choice. This is
done to allow for any gauge choice to be obtained by taking appropriate limits. Additionally,
the field equations are expressed in terms of gauge-invariant quantities.

With this system of equations, Chapter 5 uses the SVT decomposition of the field equations
to obtain the propagating DoFs. This is done by deconstructing the field equations into a
block matrix 5.16. The determinant of the block matrix corresponds to the principal polynomial
equation, representing the propagating waves when set to vanish. Additionally, the determinant
establishes a list of subcases within BDLS. The nullspace solutions are attained for the massless
and massive sectors, whenever relevant, to determine which GW propagates. As summarised in
Table 5.1, scenarios where both ¢1 # 0 (5.19a) and ¢2 # 0 (5.19b) hold always realise a massless
and a massive sector. The other cases realise solely a massless cases unless further subcases
are considered, as realised in Case 2.I.a and Case 4.I.a where ¢; = é2 = 0, é&3 # 0 (5.49) and
¢4 # 0 (5.50). The maximum number of propagating DoFs is 7 and the minimum is 2. While
the modes may propagate, it does not necessarily provide the polarisation modes of GWs. For
each subcase, the electric components of the Riemann tensor are evaluated to determine the
polarisation mode and its nature: whether they are breathing, longitudinal, x-, y—, + and X
modes. As summarised in Table. 5.2, all the massless scenarios give both + and x tensor modes,
as expected, by imposing that G4 — Grele # 0. Some cases give an additional breathing mode
in the massless sector and give a total of 3 polarisation modes, but across all cases there are no
vector polarisation modes. The branches explored can replicate the results of other theories of
gravity such as GR through Case 8, Horndeski gravity in Case 7, NGR in Case 2.I.b, among
others listed in Table. 5.3.

Chapter 6 investigated the behaviour of matter perturbation, with a focus on CDM as it
dominates the matter-dominated epoch. This stage of the Universe dictates the growth of struc-
tures as matter accumulates, responsible for the formations observed today. In this work, the
procedure for obtaining gravitational perturbations in terms of matter perturbations was out-
lined by using the linearised field equations and conservation of energy-momentum tensor is
presented (6.23) without assuming the subhorizon limit. These expressions yield the Mészaros
equation (6.43) with spatial dependencies still present. While typically k£ dependencies are elim-
inated through the assumption of k > aH while deriving the Mészaros equation, theories such

as f (R) gravity have been shown to result in inconsistencies [330, 222, 331]. Thus, for the the-
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ories of f(T') and f(¢,T), the significance of k-dependencies are explored through the growth
parameters of the growth factor, growth index, fog, and Ss. In the case of f(T') in Sec. 6.4.1,
the five models of Power Law (6.78), Linder (6.81), Exponential (6.84), Logarithmic (6.87) and
Hyperbolic-Tangent (6.95), have shown that there are no discrepancies between k values within
matter dominated scales and the subhorzion limit. But, as soon as a scalar field is introduced, dis-
crepancies do arise. Sec. 6.4.2 investigates a particular subcase of f(¢,T'), mimicking a modified
GR model, with a quadratic (6.112), quartic (6.117) and exponential (6.123) scalar potentials,
highly influenced by the initial conditions of ¢ and its derivative ¢'.

Given the increase in possible viable cosmologies due to the vastness of BDLS theory, it
becomes crucial to obtain the necessary constraints to narrow down and eliminate pathological
branches. This is done by the expressions which result in ghost and Laplacian instabilities. The
BDLS action is extended up to second order perturbation (7.1), and imposing that the kinetic
and gradient terms of the theory are positive definite. If this is not the case, this would result
in a theory that can produce negative energy and small perturbations result in rampant and
unrealistic growths [381]. In this work, the constraints are explored separately for the scalar,
pseudoscalar, vector, and tensor sectors in Sec. 7.2. Opting to express the action in terms of
gauge-invariant quantities is appealing due to the easy adaptability of the system to adjust it to
any gauge choice, especially given that theoretical and data analysis works tend to adopt different
gauge conventions. Both the scalar and vector sectors give a maximum of two propagating DoF's,
and an additional propagating mode for the pseudoscalar and tensor sectors, each. In comparison
with the standard Horndeski gravity, additional scalar, pseudoscalar, and vector conditions are
realised. While the pseudoscalar action (7.14) is dictated by purely teleparallel terms, the vector
sector (7.22) does contain standard Horndeski terms which cancel out if teleparallel terms are
removed. The tensor modes are always realised, as observed in Chapter 5. Subclasses of GR,
Horndeski, f(T') and f(¢,T) are also analysed in Sec. 7.3 to further drive the point that BDLS
facilitates this analysis.

Chapters 3-7 provide a study of BDLS and its subclasses, tackling different issues within
cosmology. From a theoretical point of view, BDLS allows obtaining a generalised formalism
and constraints for a large number of subclasses of MTG theories. This provides easy access to
different limits to carry out data analysis and comparison with observations. Due to the novelty
of BDLS, these projects encompass some of the initial work done in BDLS. The following lists

some of the future works to enhance the theoretical knowledge of BDLS.

Growth across Superhorizon and Subhorzion Scales: Chapter 6 explored the Mészaros
equation and its solution within the epoch where subhorizon limit applies, with the assumption
that CDM matter dominates and all matter contributions are boiled down to dust. As previously

mentioned, the analysis disregards the minute contributions of post-decoupling baryons and mas-
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sive neutrinos. It would be of interest to include these contributions within the subhorizon limit
but alternatively, a full Boltzmann equation analysis spanning the superhorizon and subhorizon
ranges. The Boltzmann equation governs the behaviour of matter and radiation through the
statistical distribution of a collection of particles classified with common properties, taking into
account collisions and interactions between particles, and accounting for the changes arising due
to phase transitions such as the different treatment of neutrinos during the radiation and mat-
ter eras (88, 271]. In conjunction with gravitational contributions offered by Einstein equation,
the complexity of these equations quickly arises, flagging the need of an KEinstein-Boltzmann
solver to provide a model-independent approach to gravitational theories through the evolution
of cosmological perturbations in light of high precision surveys [2, 94, 345, 8, 106, 91, 95]. This
led to the development of the publicly available Code for Anisotropies in the Microwave Back-
ground (CAMB) [382, 383|. Implementation of modified theories of gravity allows the testing of
gravity on cosmological scales as done in the context of effective field theories [384]. Application
of these modifications would require an array of theoretical considerations to be investigated:
background equations, cosmological perturbations, gravitation and matter interactions, ghost,

Laplacian, and tachyonic stabilities, among others.

Tachyonic Instabilities: In Chapter 7 only ghost and Laplacian instabilities were investi-
gated. Due to the analysis being performed within a vacuum, these stability constraints sufficed.
The introduction of matter fields gives a scenario where matter and scalar field mix, hence the
mass of eigenvalues of the Hamiltonian of canonical fields could give rise to tachyonic insta-
bilities [381]. Such cases imply that there is a tachyon particle that can move with a speed
faster than light and its mass squared term is negative, resulting in rapid changes in the Uni-
verse’s large structures [385]. A particular subcase of tachyonic instabilities is Jeans’ instability,
related to star formation. Interstellar gas clouds that experience gravitational collapse result
in star formation [386]. Jeans studied the stability of self-gravitating bodies of homogeneous
and spherical density within Newtonian formalism. His work resulted in a dependency on the
mass and radius of the clouds, as functions of temperature and density [387|. Lifshitz adapted
this work with the GR formalism [388] and took into account that inhomogeneities result in
the growth of structures. This has also been adapted with modified theories of gravity, such
as f(R) to investigate hydrostatic equilibrium [167]. This work would require the inclusion of
the matter action, adopting the Schutz-Sorkin [389] to represent relativistic perfect fluids such
that the equations of motion and the energy-momentum tensor can be retrieved from the action
itself. The action perturbation would need to be calculated up to second order to obtain the
form given by Eq. (7.32) to investigate the canonical mass of the propagating DoFs. This is done
by normalising the fields and diagonalising the matrix associated with non-derivative terms i.e.

coefficient of W; ¥, where {¥;, ¥;} are perturbation modes. The inclusion of this extension to
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the analysis performed in Chapter 7 provides a fuller stability analysis.

Vainshtein Screening: At the solar system level, local gravity tests are in agreement with
GR [123]. Thus, scalar-tensor theories with propagating scalar field coupled with baryons should
be limited at this scale. The Vainshtein mechanism suppresses the propagation of such modes
when dealing with short distances [390]. The methodology was originally constructed because
the quadratic Friez-Pauli theory suffers from the van DAM-Veltman-Zakharov (vDVZ) discon-
tinuity [390]. The Friez-Pauli theory was constructed as a massive gravity theory to modify
GR by implementing a graviton with mass that is nonzero wherein GWs would propagate with
a non-relativistic speed. As mass m — 0, GR is not recovered, dubbed as the vDVZ discon-
tinuity [391, 392|. Vainshtein showed that within the limit of the Vainshtein radius, 7y, the
linear regime is broken and the theory behaves as nonlinear, implying that at these small scales,
nonlinear scalar modes contribute and recover GR. The mechanism has been adopted within
scalar-tensor theories, initially applied in DGP [355], to recover GR at solar-system scales [393].
The work has been extended to Horndeski gravity [394, 395, 396]. Applying such a mechanism
to BDLS ensures the subclasses of the gravitational model can recover GR and hold at the solar
system level. This would require the inclusion of the matter action, again adopting the Schutz-
Sorkin action [389] and taking the quasi-static approximation of the second-order perturbed
action. While within large distances the linear regime can be recovered, the nonlinear regime is

also obtained to implement the Vainshtein screening mechanism.

Multi-Scalar Field Theories: In both Horndeski gravity [66] and BDLS theory [78], weak-
ening of Lovelock’s theorem occurs through the introduction of a single scalar field in addition to
the respective fundamental dynamical objects. This does not restrict the possibility of consider-
ing multiple scalar fields. The concept of double scalar field theories has cropped up to account
for the initial inflation and late-time accelerated expansion that the Universe experiences. This
is done by assigning one scalar field to behave as the inflaton [76] which dictates the initial
inflationary epoch resulting from a period of rapid exponential expansion [76|, while the other
scalar is attributed to dark energy and drives the accelerated expansion of the Universe [153].
By dealing with separate scalar fields, it is possible to represent the different behaviours, provide
distinct constraints on them, and explain their evolution as one scalar field is initially prominent,
dies down and another scalar dominates at late times. Not necessarily independent of each other,
the scalar fields could result in a coupling term. Construction of double scalar field Horndeski
theory can be expressed as a linear combination of standard Horndeski theory per scalar field,
and an additional term taking into account the interaction between the two fields, ensuring that

the theory does not result in higher order derivatives.
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In conclusion, this dissertation provides insight into the BDLS theory on the background
and perturbative level, providing constraints for different viable cosmological models stemming
from theoretical foundations and observational data. This research provides a critical step to
understanding second-order theories within MTG and opens up doors to tackle cosmological
issues through the lens of modified theories of gravity. Through continued investigation, such
as those proposed previously, it becomes possible to compare with observational data as higher

precision data from new surveys becomes available.
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SVT Decomposition of Linearised Field
Equations

The equations of motion given by the variation with respect to the tetrad (4.22a-4.22¢) and
to the scalar field (4.24a-4.24e) gives the general result for the fundamental dynamical objects
for the Weitzenbock gauge (2.59). The SVT decomposition gives a system of equations for the
scalar, vector, and tensor sector in terms of the quantities listed in Eq. (4.2) and Eq. (4.3). The
gauge transformations given by Eq. (4.40-4.41) result in Eq. (4.42), verifying that the scalar,
vector, and tensor sectors decouple from each other, and thus can be treated separately. The
same can be said for the pseudoscalar. Due to the complexity of the field equations, they have
not been written down explicitly, but rather listed as functions of gravitational perturbations:
Eq. (4.29), Eq. (4.35), and Eq. (4.37). Snippets of the results obtained in Mathematica have been
compiled here. It should be noted that only one component for each field equation is considered
to illustrate the form of the result: Wy; = Wo,, Wo; = Wy, and W;; = W,.. In general, all
components would need to be considered. Prime (”) denotes time derivatives in the file.

In Chapter 5, BDLS field equations are on a Minkowski background and for a constant
background scalar field. The results presented would require setting ¢/ = ¢ = X = H = H' = 0.
In Chapter 6 the subcases of f(T") and Modified GR are used. f(7') limit can be obtained if Go =
G3 = G4 = G5 = 0 and Gree = f(T). Modified GR can be obtained for Gs = G5 = Gele = 0,
Gy = V(¢) + P(¢)X and G4 = 1. Alternatively, Modified GR can be obtained through the
teleparallel formalism by setting Go = G = G4 = G50 and Gree = =T + V(¢) + P(¢)X. As
for the standard Horndeski limit, the equations are obtained when Gree = 0, corresponding to
those given in Ref. [112].
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Fourier Transformation of a Perturbed
Action

To obtain ghost and Laplacian instabilities, the actions are extended up to second-order pertur-
bations. Following the complexity of the field equations in BDLS in Sec. 4.3, it is expected that
the additional terms in BDLS would result in a more elaborate perturbed action in comparison
with Horndeski. This is further confirmed in the GW analysis of Chapter 5, where a Minkowski
background yields a total of 7 propagating DoF's. In preparation for Chapter 7, it would be ideal
to introduce the Fourier transformation notation. While actions can be expressed in terms of
spatial and temporal derivatives, the analysis would be simplified by employing spatial Fourier
transformation while keeping time derivatives.

For the signature (—, 4+, +, +), the complex exponential function is ewt=ikiz’ where k is the
covector associated with the spatial component and w is the angular frequency. A variable

X(t,x,y, z) can be expressed as a combination of two parts:

, A3k L L
X(t,27) = / L [ e 1 X et ] (B.1)
(2m)
where T denotes a Hermitian conjugate of the function.
Tensor perturbations h;; are traceless, divergenceless, and symmetric. These conditions ex-

tend to transformation as follows:

kih7 =0, kih'9 =0, (B.2)
hi=0, Wi=o, (B.3)
hij = hji, hi; = hl;. (B.4)

Similarly, the divergenceless condition in a vector, say (;, applies as

kil =0, kiBT =0. (B.5)
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Appendix B. Fourier Transformation of a Perturbed Action

As explained in Sec. 4.3.1, these properties account for shear-like deformations for the vector
sector and shear deformation for the tensor sector. Hence, the sectors tackle separate issues
to ensure that the tetrad does not result in unwanted behaviours and there is no overlapping
between them.

Perturbations up to second-order yield actions with coupled variables, resulting in trans-
formation containing two different k& covectors. Consider functions f(¢,#7) and g(t,27) with

covectors k and k', respectively. Multiplication of the two functions is given by

3 . . )
ft,27) g(t,2") = ( / (;T)];/Q [f(t, k)e ™™ 4 fi(t, k)e““fx]])

dSk,/ o S
’ (/ (2m)*/2 {g(tvk’)e T4l k')elijJD

3k 3k i(kj+k}) ik —kY) T i(kj—k)ad
_/(271')3/2/( e [f e Y+ fgte T flgeh

1 gtelhthe] (B.6)

Upon including an integration of these functions, the expression is altered. Before continuing
with this derivation, it is important to introduce the notation for the Dirac delta function §(z*)

where
d(zt) = Hizlé(x“) = (5(1’1)(5(1‘2)(5(1‘3), (B.7)
with the property of normalisation
/ dBro(z) =1, (B.8)
R3
and symmetry
§(zt) = o(—azt) (B.9)

When considering the condition of equality between two 3-vectors in Fourier space the expression

becomes

S(zh — ™) = ! / B i = (B.10)
(271')% R3

206



Appendix B. Fourier Transformation of a Perturbed Action

Applying the spatial integral to Eq. (B.6) and using Eq. (B.10), the action becomes

/ / dg@z/ dg;//z F(t,ky) gt ) /Rt
Ny (Qf)’;/z | s mtaths + ) e .8 = [ S ek otk B0
/< / dgi/z/ dgfif/z (b k) gt 5) ')
_ / (;f)l; - / (Qf;//z (27)

Hence, Eq. (6.117) simplifies to

[S]Y)

3
6(kj—k:;-)f(t,kj)g(t,k;):/(ler)lz/zf(t,kj)g(t,kj). (B.12)

[SI)

3
/dtdSmf(t,mj)g(t,$j):/dt( d)l;/z [fg+fgf+ng +figt| . (B.13)

For the analysis in Sec. 7.2, it suffices to not include the Hermitian conjugate portion of the

integral. Additionally, the following identities are used:
/dt A3z f(t, 7)) dg(t, 27
3k A3k
= [ dt (2m)
(271')3/2 ( )3/2

3 3
/dt(d)];mkk:’fg—/dt(i)k K fg, (B.14)

Njw

O(kj + K5) [=ikif (¢, k;)] [=ik"g (2, k)]

/ dt P20 f(t, 27) g(t, ')
3 31./
:/dt(dk PE o

271_)3/2 (27_‘_)3/2

(NI

O(kj + K5) [(—ika) (—ik') f(t, k)] g ¢, K5)

3 . 3
= [t o k) o= [ . (515

/ dt d3z0;0° f (t, 27) 9, 0" g(t, ')

Bk
- / W @)

Pk &k,
/dt 2n )3/2 (kik")* fg= /dt (277) Sk fg. (B.16)

Njw

O(kj + K5) [(=iki) (— ik ) f (£ k)] [(—iki) (—ik")g (. k7))

Here, it is clear that the spatial Fourier transformation takes into account the spatial integration
by parts from the sign difference between Eq. (B.14) and Eq. (B.15). Upon attaining the action

in its desired form, an additional transformation can be applied to express time derivatives into
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the temporal Fourier variable of w. The next sections would show only first-order time derivatives

appear, and as such would transform as
X = iwX, X? 5 —w?X?. (B.17)

In Chapter 7, only spatial Fourier transformations are applied since ghost instabilities are tied

to time derivatives which yield the kinetic term.
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Coefficients of Second Order
Perturbations

The expansion of the BDLS action (2.98) up to second-order perturbations is required to deter-
mine the ghost and Laplacian instabilities. The results obtained in Chapter 7 contain a large
number of terms, particularly in the scalar and vector sectors. The following sections list all the

details of the coefficients for these sectors and should be used as a supplement to Chapter 7.

C.1 | Scalar Sector

The initial scalar perturbation yields an action given by Eq. (7.3) where coefficients 4; are given
by
A1 = a* (= Grele Toee + 2H? (9GTole 1o Toee — 12GTele TTye + 4G Tele,r7) + 2H (—3Grole Tyec 1y
X
+2GTele,T1,) + 3 (4G tele, s + Grele, 5 + 3G Tele,115) ) »
Ay = —a [—12H3 (9G Tele TeeToee + 4(—3GTele 7Toee + GrelerT)) + 6 (2G4.6 — Grele 1
—2X (G3x — 2Gapx + Graexn)) — H?6 (—54G e 1oty + 36GTete 1, + 10X G5 x
+4X2G57X)() +2H (2G4 + 3GTele Tyee — 2GTele, 7 + 2X (—4G 4 x — 2GTele, xT + 3 (G57¢
—GTele, Iy 1, + GTele, XThe.)) + 4X?(—2G xx + G5 6x))]
As =a [4G4 + 6GTele,Tvec — 4GTele,T —12H? (QGTele,Tvechec — 12GT€1€,TTvec + 4GTele,TT)

12X (—4Gy x + 2G4 — 3G Tee 1o1,) — 2Hd (—18G1ete Toe 1, + 12G el 1, + 2XG5,X)] ;

As = a[H (2G4 +6XG3 x — 20X Gy gx +4X G544 + 3GTele 1, + 6GTele,¢Tvee — 4G Tele,éT)
+H?$ (6G4,x — 6G54 + 12XGy xx — 8XGs4x) + H? (6XGs5x +4X>Gs5 xx)

+6 (Gax — 2G3.4 + 2G4 g6 + GTele.x — GTele,gZ)Ig)} ;
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As = —a] = 2Gy 4 + Grele 1, + 2X(G3x — 2Gax + Grele x1,) + HP(AG4 x — 4G54
+ 3G Tele, 1,1, — 6GTele, X Tyoe + 4G Tele, xT + 4X (2G4, x x — G5.6X))
+ H*(—18G ele Tyec I + 12GTele 11, + 6X G5 x + 4X%G5 xx)]

As =a [qﬁ (2G4,6 — Grele,r, — 2X(G3,x —2G4,6x)) + 2H (2G4 + 3G Tele,Tvee — 2GTele,T

+2X (4G4 x + 3G5 4) + 4X*(—2Gs xx + Gs4x)) — 2XPH? (5G5,x +2XCs xx)| ,

vec

2
A7 = —5% [9GTele, Tyee + 2X (—2GTele, sy — 5GTele, g5 + 3G Tele,J5 + 2X Grele, g )]
Ag = —a [2XH3(3G5,X + 2XG57X)() + H2$[6G4,X — 6G57¢ — 2GTele’J3 + 6H(3GTele,TvecJ3

— 2GTeless) +AX (3G xx — 2G5 4x) — 30GTele 1p15) + B[Go,x — 2G5 4 + 2G4 4o
+ Grele.x — Grele.sl, — H(GTele,s5 + 3GTele1o1y) — BGTele x1,) + H[—2G14 ¢ + Grete 1,
+ 18HGTele Toee Iy — 12HGTele 71, + 2X (3G3,x — 10G4 sx + 2G5 56 — GTele.gls

— 3HGTele.1p3) — $(GTele g5 + 3G Tele o1, + 2XGTele,XJ3)]:| ,
Ag = a[ —2Gap+2X (Gax + H2 (3Gs.x + 2XGs.xx) — 2Ga6x) + Gretes + H (4(Gx
+2XGyxx — G5 — XG5 4x) + GTele,Jg)} ;
Ao =—2a [H (—6GTele,Tvee + 4G Tele,T) + QZ‘)GTele,IQ] ,
A= *ga (18 (G'rele, Tvoe — G1ele, ) + X (4G Tele, 15 + 10GTele, 75 + 3G Tele, g5 — 4X Grele, J5)]
Arp = 4a |Gy + X (261 x — Gs g+ HOGs x )| |

ec | ?

1
Az = §a2 [2X (—2GTele, Js + 2X Grele, 15 — 5GTele, g5 + 3GTele, J5) + 9GTele, T,

2
Awg = 9 [ — 18 (G4 = Grele,r + Grele,Tvee) + X (36G4,x — 3Grete, g5 — 2(9G57¢ + 2Grele, Js

+5GTete.1s)) + 189X HG x +4X2Crete.r

Ais = -3 [12H3 (9GTele ToeeTowe + 4(—3GTelo T Toee + GTelerT)) + & (—2G4.6 + GTelo 1,
12X (G3 x — 2Ga4x + Greex1,)) + H2d (—54G Tete Tyeels + 36GTele 11, + 10X G5 x
+4X%G5 xx) + 2H (—2G4 — 3GTeleTvee + 2GTele,r + 2X (4G4, x + 2GTele xT
—3(G5,6 — Grele. oty + GTele, XTeo)) + 4X?* (2G4, xx — G5.6x)) ] ,

A1 = G2,6 + Grele,p + 6H? (Gu.p + 3G ele ¢Tvee — 2GTele o1 + X (4G4 gx —4XGagxx
1+3G5.66 + 2X G5 6x)) — 2X (Go.px — G366 + Graesx) — 2X H? (5G5 sx
+2XGs5pxx) — 6Ho (XGspx — Gagp — 2XGagpx + Grelesh) »
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Ai7 = —2Ga +2X (G3x — 2G4 px + H*(3G5 x +2X G5 xx)) + Grele., + H (4G4 x
+8X Gy xx — 4G54 + XG54x) + Grele,s5) »

Arg = —2H?[15X G5 x +4X*(5G5 xx + XG5 xx%) — 27GTeleTvecls + 18GTete,715]
~3H[-2Gu4 + Graters, +2X(3Gs.x + 2XCsxx — 8Gugx — 4XGapxx
+ 3G1ee.x1,)] — 6H?G[3G 4 x + X (12G4 xx +4X Gy xxx — TG5.6x — 2X G5 4xx)

—3(G5,6 — Grele, 1Ty + GTele,XTyee) + 2GTele, xT] — $[G2,x — 2G5, + Grele, x
+2X(Goxx — G3.6x + GTele, x X)) ,

Aig = %[2X(*2GTele,Jg + 2X Grele, g — 5GTele,Js + 3G Tele, ;) + IGTele, Thec | »

Azo = 18H*(9GTele TyecToee — 12GTele 1Tvee + 4G Tete,rr) + 3H?[—2G4 — 3GTele 1
+ 2Grele,r +2X (7Gx + X(16G4 xx +4X Gy xxx — 9G56x — 2X G5 4xx)
—6(G5,6 — Grele, 11> + GTele, XTyeo) + 4GTele, x1)] + X [G2, x — 2G3,4 + Gele, x
+2X (Goxx — G3.4x + Grele xx)] + 3HH[~2G4 4 + Grele 1, + 2X (2G5 x + XG5 xx
— 5G4 px — 2XGapxx + 2GTee x1)] + 2H3G[15X G5 x + 13X %G5 xx + 2X3Gs xxx
— 54Gele, Tyoe I + 36G Tele, 715 ]

2
Agl = § [9(G4 + QGTele,Tvec — GTele,T) + X(—9G5,¢> - 2G'Tele,Jg + 2XGT€16,J6 - 5GTele,J5

— 6GTele,s; — 96G5.x)] |
Az = —6G4 + 12X Gy x — 6XG5 ¢ + 9XGrele, 1,1, — G Tele,Tvee + 6GTele,T
+ 18H2(9G Tele, Tyee Toee — 12GTele TTvee + 4G Tele,r7) + 6HO[X G5 x — 9GTole Tyec I
+ 6GTele, 11,
Agy = [~ AXH?G5 x + 4Gy 4 — 2Grete 1, +4X (2G4 4x + G506 — HG5 x)
+4¢(~Gux —2XGaxx + G54 + XG5 5x) + HY(—4Gy x + 4G54 — 4X G5 0x
+ Gele, g5 — 40(Gs x + XGs.xx))]
Aoy = =3[2XH?(3G5 x +2X G5 xx) + H(6XG3 x — 2Gap + 4X(—5Gapx + Gs5.60)
+ 3G Tele,1, + 6GTele,¢Tyec — 4G Tele ) + 2H?(3Gx +6XGyxx — 3G5,4 — 4X G5 4x)
+ (Ga,x — 2G3.4 + 2G4,p6 + GTele,x — GTelesl)]
Aoz = 3[2XGs x — 2G4y — 4XGapx + Grele 1, + 2H*(3X G5 x + 2X°G5 xx — IGTele Tyoc I
+ 6GTele ) + 2X Grole x1, + HA(4G4 x + 8X Gy xx — 4G5 5 — 4X G5 5x + 3G Tele LT,

— 6GTele, X Tyee + 4GTele,xT)]
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1 . ) .
Age = B [ — Gox +2G3,4 — Grele, x — 4H (G x — G5.4) — 20(G3 x — 3Gapx) — AH (G5 x

+ XG5 xx) + H*(—6G4 x + 6Gs5,4 — 20G5 x + 10X (—2G4 xx + G5.4x — 6G5,xx)
—4X%(Gs9xx + 0G5 xxx)) + HP(—4G3 x + 12G4 4x — 4HG5 x — 126Gy x x

+ 80G5 sx +4X (—2G 4 pxx + Gs.9ox — HG5 xx — 20G4 xxx + 0G5 8xx))

+ X (—2G34x +4Gagpx — AH (2G4 xx — G54x) — 26(G3xx — 2G1,6xx))]

1 :
Agr = 5[ = 6H X (3G5,ox +2XG5,9xx) + G, + GTete o + 3H (2G1,09 — GTete o15)

— 3H(Gapx — 2G50 + 2XG3 6x — 4X G ppsx + GTelepx + GTelepor, + H(4G 1 px
+ 8XGupxx — 4G5 96 — 4X G5 ppx + 3GTele,p151; — 6GTele,p X Tyoe + 4G Tele,6XT))

— 0(Gagx — 2G3.5 + Grelepx) — 6HOH(G3 sx — 3Gassx + X (G3oxx — 2Gas6xx)
+ Grelepx1,) + 3H* (4G4 s + 2X (—3G3 x + 6Gapox + G556 + 2X (2G4 goxx

+ G5.466x)) — 3GTelepr, — 2H(3X G5 sx + 2X%G5 4xx — G Tele ¢Toecls + 6GTele. 6T, )
— 2G4 4x0 + (2G5 46 + 2X (—8G 4 sxx + 5G5 s6x + 2X (—2G4 sxxx + G5.60xX))

~ 3G Tele. b1 1) D) + 2X (—G2.46x + G3.666 — GTele.sox — 3H (G sx — 2G4 psx

+ Grele,x1) — O(Gopxx — G3.96x + GTelesxx)) — 2H33(9G4,4x — 9G5.4p + 306G 4x

+ X(18Gugxx — TG5.90x +2X G5 goxx + (1G5 9xx +2X G5 9xxx)0))] 5

Agg = % (G2, x — 2G34 + Grele,x +2X(Go.xx — G36x + Grele,x x) + 6H(G3 x — 3Gy px
+ X (G3xx — 2G4x) + Grele x1,) + 2H3$(3G5 x + TX G5 xx + 2X*G5 xxx)
+3H?*(2(Gy,x — G5,) + 2X (8Gyxx — 5G56x) + 4X* (2G4 xxx — G5.8xx)
+ 3G Tele, 1512 -

Action (7.3) is rewritten in terms of gauge invariant quantities (4.45), yielding Eq. (7.8) where

coefficients A; are

A1 = X (Gox — 2G3.4 + XGrere x) + 2X?% (Go,xx — G3.4x + Gele. xx) — YH*GTele T
+6XH¢ (2G5 x + XG3 xx — 5Gapx — 2XGapxx + 2Grele x1, + 5H? G5 x)
+6H? (—Gy + Greler + TXGy x + 4XGrele xT + 6X (=G5 + GTele o I
—GTele XToee)) + 6X2H? (4(4Gaxx + XGuxxx) — 9G5 4x) + 2H> X? (13¢G5,XX

+2X$G5,XXX) +3Hé (Grete, 1, — 2Ga,p — 6H?(6GTele Tyoe 1 — AGTele715) )

+ 18H* (9GTele TyoeTvee — 12GTele TToee + AGTele ) — 12X H?G5 4x x
1 10X 4X

Ay = 3 <3GTele,Tvec +2XGrele, 13 — TGTele,Js + ?(XGTele,JG — GTele,Jg)) ,
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. 10X
Az =2 (G4 — X(¢Gs,x + G5.¢) + 2GTele, Tyoe — GTele,T) ~ Gele, Js
4X
+ 5 (X Gele, 15 — Gele, s — 3G Tele, J5)

Ay =6(X(2Gsx — Gs.4) — Ga+ Graer) + 6H) (XG5 x + 6Grele 71, — IGTele Tooel)

As =

+ 9 (X Grele, 121, — GTele,Tyee + 2H 2(9G Tele T Tooe — 12G Tele TToee + 4G rele,T))

./ 3 3 . .
H¢ <—2G2,¢X - §GTele,¢X —30(G3.6x —3G4ppx + GTele,ox1,) — 3XO(G3 oxx

. 3 3
—2G4gpxx) +6H | G54 — Gagpx — ZGTele,(j)IgIQ + QGTele,qﬁXTvec — GTele,pXT
. 1

+3X <2H (Gs.90x —2Ga9xx) — G3ppx — 6Gapxx + 2G4,¢¢¢X) + 3G3,¢¢) + 56200

1 . 1 1
+ iGTele,q‘)qS + &(G3p¢ — §G2,¢X — XGogpxx + XG3¢9px — iGTele,qSX — XGTele,px X)
— X(G2.69x + Grelespx) + IH* X (2G4 p9x — 3Gs px — H* G5 9x) + 3X H(2G4 gy
— G 4x — 3H?G5 sx + Groesx1,) + H>$ (9(G5,¢¢ — Gugx) — 30G55x — 2X°G5 poxx

+7X(Gs,69x — $G5,¢XX)> +3H%6 (G559 — Gagx +5XGs gox —4X (2Gagxx

2 . 3
+XGupxxx) — gHXQGﬁGs,qﬁXXX +2X %G5 poxx — 2GTe1e,¢1212> +6X2H?(G5 pp0x

. 3
— 2G4 gpxx — H*Gs 9xx — HG5 4xx) + 3H* (2G4,¢¢ + XG5,.000 = 5GTele sl

) ) . 3. 3 .
+9H Grele, ¢Tyec s — 6H GTele,d)TIg) +3HG 449 — §H Gele, 1, + X G366 — §H OGTele,pols »

1 .
=5 (Gz,x — 2G4+ 2X (Grele xx + Gaxx — G3ox) + 6HP(G3 x + H*G5 x — 3G px

—2XGapxx + Greexn) + 2XHd(2G3 xx + TH* G5 xx) + GTele x + 6H? (G4 x
+4X (2G4 xx + XGaxxx) — G5 — 5XG5ox — 2X°Gs sxx) + AX2H3$G5 x x x
+9H2GTele,IQIQ) )

1 1 ;
= _§G2,X - §GTele,X + G344+ 6 (2XGapxx +3Gagx — H*G5x — G x — XG3 xx)

+5XH*(G5 4x — ¢Gs.xx — 2Gaxx) + 2X HH(—HG5 xx — 260G xxx — 2G4 XX

+ 0G5 oxx + Gs.9ox) — 2XH*(HPGs xx + XG5 xxx + XG54xx) + 3H* (G356 — Gax)
+2H (G54 — Gax) +2XH(Gs gx — 2Gaxx) + 2HH(—Gs x — H*Gs x — HG5 x
—30Gaxx +3Gupx +20G5 4x) + X (2G4 p0x — G3.6x)

vec Tvec vec

1
§a2 (X (4GTele,Js + GTele,J5 + 3GTele,IyI,) — 3G Tele,Tyee + 6H (H (9G Tele,

—12G'1ele, 7o + 4GTele,TT) + (3G Tele Touely + 2GTele,TIg)>) ;
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Ay = 3 [-12H? (9GTele TyoeTvoe + 4(—3GTele 1T0ee + Gelerr)) + 2H (2G4 + 4X*(—2G 4 x x

+G5.0x) + 3GTele,Tvee — 2GTele, T + 2X(—4G 4, x + 3G5.6 — 3GTele, 1,1, + 3G Tele, X Tyee
—2G e xT)) — 2H?*(5X G5 x + 2X?G5 xx — 271G Tele Tvee Ty + 18GTele 71, )

¢ (2G4 4+ Greer, +2X(Gsx — 2G4 4x + GTele,XIg))] ;
~ 2
Ao = 9 (18(G4 4 Grele/ 1. — Grele,r) + X (—36G4,x + 18G5.4 + 4G ele, g — 4X Grele, g

+ 10GTele, J5 + 3GTele,s; — 18HGG5 x))

A1 = Gap + Gretes + 6H? (Gap + X (—4Gysx + 3G90 — 4X Gy pxx + 2X G5 44x)
+3GTele,¢Tvec — 2GTele,r) — 2X (Ga,6x — G3.66 + Gelepx) — 2H> X $(5G5 4x
+2XGs5xx) = 6H (—~Gagp + X (Gagx — 2Gagsx) + Gretesn)

A = —H? (30XG5,x + 40X2%Gs xx +8X3Gs xxx — B4GTele Toeely + 36G Tele, 715 )
—3H (—2G4,4 + Gele,1, + 2X(3G3 x — 8G4¢x +2X(G3 xx — 2G44xx)
+3Grele.x1,)) — 6H?} (3G x + X(12Gy xx +4X Gy xxx — TG54x — 2XC5.4xx)
—3(G5.6 — Grelesoly + Gele XTooe) + 2GTele xT) — 6 (Ga.x — 2G5 + Gele x
+2X (G2, xx — G3,9x + GTele,xX)) »

Aiz = 2G4 — 2X (Gsx + H*(3G5 x +2X G5 xx) — 2Ga4x) — Greler; — Ho (4(Ga x
—G54+ X(2G4xx — G5,4x)) + Grele,J5)

. aAyg

14:_3 )

A1s =36 (2G3,4 — Ga,x — Grele x — 2G99 + Grele,s1,) + 6H? ¢ (3(Gs5,6 — Gax)
+2X (2G5 px —3Gaxx)) + 3H (2G4, + 4G1ele, 67 — 6GTele,¢Tvec — 3G Tele,I)
+6XH (2(5Ga,6x — Gs500) — 3(Gs x + H*G5,x)) — 12X°H?G5 xx
Ais = 32X Gy x —2Gap + Graer,) +6He (2G4 x — 2G5.4 — 3GTele XTvoe + 2CTele XT)
+6X (Greex1, — 2Gax) + 9HOGrete 1,1, + 12X Hd (2G4 xx — G5.6x)
+6H? (6Gele,T1, — 9GTele Tvee 1 + X (3G5,x +2XG5 xx))
Az =4H¢ <G5,¢ — Gux — §Gsx — X(¢Gs xx + G5,¢X)) +4¢ (XGspx + G5 — Gax
—2XGuaxx)+ 4G4 — 2Grele 1, — AXHG5 x +4X (G546 — 2Ga9x — H*G5 x) + HPGTele, 15
Ais = a[4 (G4 — Graer + X(Gs5,4 — 2Ga x)) + 4H (—X G5 x + IGTele Tuoe Iy — 6GTele 1)
+ 6 (GTete, Tvoe — X Gele,151,) + 12H? (12GTele 170c — IGTele TyeeTvee — AGTelerT) |
A =a [<Z5 (G2,x —2G35,6 + 2G4,pp + Grele,x — GTele,p1,) + H (3G Tete, 1, — 2G4

+6G Tele 6T — 4GTelegT) + 6H? G (Gax — Gs.4) + 2XH <3G3,X +6H¢Gy x x
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~10G1px +2Gs,59) + 2X H? (3HGs,x +2X HGs xx — 46Gs,4x ) |

Ay =a [QX (2G4px — G3.x — Grelexn,) — Grelet, +2Gap + Ho (4(Gs,4 — Gax
—2XGyxx + XGs4x — Grele, xT) + 3(2GTele, XTyoo — GTele,Io15))
+ H? (6(3GTele,Tvecls — 2GTele,r1, — XG5.x) — 4X?G5 x x) } ;

The elimination of auxiliary modes gives action (7.12), where
2

. o o o . /. _ k2 . . . o
aA, = Ay ArgArg — A A2y — A5 A2, — Ag (,4%1 - 4A1A5> +5 (A13A14A19 ~ A A2,
S - L. S L. ) I L.
—./47./4%4 + 2A5 (—./411A13 + 2A45A45 + 2./41./47)) — E.Ag <A%3 — 4A2A7> ,
- L. S - - S k2 - . -
aAs = Az (—A11A14 + 2A1A19) + A1z <A14A19 - 2A8A11) + o (2A2A19A20
— Az <A14«‘~120 + szlsvzlm» ,
- . - - - - /- - k2 . /. - -
A5 = — A dia g — A1 A2 — Ag A2, — As (A%z . 4A1A6> - A (Ago - 4A6Ag) ,
.2 k2 - /- S .o/ o
ids = —— Ay (,434 _ 4,41,48) - s (A%O _ 4A2A3> :
. k2 - - . -
aAs = — Ao («414/118 - 2A8A9> ;
a
Jas oA T 72 iR (i T k* ~ [ T
aAs = — AL A2, — A, (Alg - 4A4Ag) + Ay <A14A18 - AgAg) - 54, (Alg _ 4A4Ag> ,
. k2 L. . . . . - K. L S
aAr = o [—A%4A17 + A0 A1 A9 — 2A8A10A11 + 4-/41-/48-/417} - 2g¢48 <A10A13 - 2«42«417> ,
“ kQ ~ -~ .
aAg = —?«410 («414A20 + 2~A8~A12> ,
aAg = — A2  Avs + Ay Ay Arg — 241 Aig Arg + 441 As Ars + Ag A1 Arg — 243 A0 A vy
k2o, . . . . .. . .
+ ) <A13A14A18 —2A2A18A19 + 4 A2 Az A5 — 2A8A9A13> ,
aAg = — A2, A6+ Arp AraAsg + 241 Ajg Aoy + 4A1 Ag Ay — Ag <A14a‘~l20 + 2A8A12)
kK2 - - . -
+2—5A; (A18A20 + 2A8A16> ;
a
and
- - - k2 .
a=—A2, +4As (Al + aQA2> . (C.3)
After diagonalisation of the kinetic matrix, the significant coefficients of Eq. (7.42) are given by

o AgAis Ao + Aa A3y + As A2
Ay = — A - 20 + 24
22, — 44, As

)

215



Appendix C. Coefficients of Second Order Perturbations

(«Z\%O — 4 A0 A3) (A1 Az + 2A3.A16)>
4(“2(%8 - 4-'214]18)

o 1, - - - i 7 Ao A
_A3 — 5(_,410,413 — 2A2A17)(A18A20 + 2-’48"416) +

1 . o .
+ Z(A%:’, - 4-’42-’47)(“4%8 —4ALAR)

. - A2

Ay = Ay — 219
4 ST 0,

A — Apm Ao A3 B (A2, — 4A5A3) (A1 Ao + 245 A16)
> 1 2A2 2./212 (A%S — 4-/14-/‘18) .

Coefficients A; for i € [6, 9] vanish, which when considering a high-% limit, are seen to contribute

at a lower k value than the rest of the coefficients.

C.2 | Vector Sector

The vector perturbations start off with the action (7.15) where C; coefficients are given by

_ 1
18
+ 3GTele,s; — 3HOG5 x)]] ,

Co = GTele,Tvee + 15 [—2GTele,Js — 5GTele,J5 — 6GTele, 5 + 2X GTele, )

C3 = 2(Gy — Grele,r) + X[—4G4 x + 2G5 4 + 4G ele, sy + Gele,ss — 2HOG5 x|,

C1 [2Grete, 1, + 3[3(Gs — Grrete,r) + X(—6Ga x + 3G5.6 + 2GTele, 10 + 6G Tele, Jg

C4 - C2 5
1
Cs = § [3X(4GTele,J10 + 3GT€1€7J5) + 4GT€167T&X] ’

2X
CG — GTele,TveC + 7[*2GTele,Jg - 5GT€1€,J5 + BGTele,Jg + 2XGTele,J6] 5
1
Cr = R [2Grele, 1 + 9G4 — Grele,r) — 3X(6G4,x — 3G5.4 + 4GTele, 119 — 6GTele, s

+3H¢G5 x)],

Cs = —Cs3,

1 .
Co=—35 [9(G4 = Grete,r) = 2GTete T + 3X (—6Gu,x + 3G5,6 — BHPG5,x + GTele, 1

+ 3Gele, ss)] »

Cio = —[ — 4XH?G5x¢ + H(4Gy — 8XGax + 4X G54 — AX>Gspx — AGTeleT
+ 6G Tele Tvee — 6X G5 x6 — 4X2G5 xx0) + H(2X Gspp + 2Ga.p — 4X Gy sx — GTele
—2X Gy xH — 2G4 x$ — 4X Gy xxb + 2G5 66 + 2X G5 5x )] ,
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1
Ci = _5(18(04 — Grele,r) — X(36G4,x — 18G5,4 — 3GTele, g3 — 10GTele, g5 + 4X Grele, Jg

- 4GTele,J8 - 186:Tele,TVec + 18HG5,X¢5) )

Ci2 =0Cs,
Ci3 = 4Cyo,
Cia = 4C12,

8
Cl5 = § [ - 3X(GTele,J10 + 3GTele,J5) + 2G’Tele,TaX + 9GTe1e,T] )
C16 = 2Cy.

The fully gauge invariant action is given by Eq. (7.20) where the coefficients C; are

~ 1

C1= ¢ [9(G4 — Grele,r) + 2GTele 1y + 3X (—6G4 x + 3G5.6 + 2GTele 1o + 6GTele, Jg
+ 3G ele, 7 — 3HOG5,x)] |

Co = *é [3X (4G ele, 110 + 3GTele, ;) + 4G Tele, T | »

Cs = —Ca,

Cy= % [18GTele, Tvee + X (—2GTele, Js + 2X Gele, s — 5GTele,ds — 6GTele,s)] »

Cs = % (X (—4Gele, 15 + 4X Grete, 15 — 30GTele, 15 — 3GTele,J;) + IGTele, Tyee + 9H (X (4G Tele Toor Je
— 4X Grele, Tyoo Js + 10GTele, Tyoeds + 3G Tele, Thee Js) T 18GTele, Tyee Thee + E(_8GTele,TJ8

3
+ 8X Grete, 175 — 20GTele, 15 — 6GTele,7J5) — 30G Tele, T Tvee + 12GTele,r7)) + ¢( — GTele, I,

X
+ a(_4GTele,¢Jg + 4 X Grele,pJs — 10GTele,675 — 3G Tele,p05) — 2GTele,¢Tvee + 2GTele, 6T
XH .
+ T(_4GTele,12Jg + 4X Grete, 175 — 10GTele, 1575 — 3G'Tele, I5.J5) — 6H (GTele, Tyec Iy — GTele,T15))

X
+ H¢(§(_4GTele,12Jg + 4X Grele, 175 — 10GTele, 1,75 — 3G Tele,Io.73) — 6(GTele, Tvoe In
1..
— Grele,115)) + §¢¢( — 4Gele, 75 + 8X Grele, s — 10GTele, 15 — 3G Tele, 75 + X (—4GTele, X Jg
+ 4X Grele,x s — 10GTete, x.75 — 3GTele,xJ3) — 18GTele, X Tee + 18GTele, XT) 5

. 1 .
Ce = ~9 [9(G4 = Grele,1) — 2Grele, 1, + 3X (—6Ga,x + 3G5,6 + Grele, 1 + 3GTele,s; — 3HOG5 x)]

~ 1

C’? = § [X(GGTele,Jlo - 4GTele,J8 + 4XGTele,J6 + 8GTele,J5 - 3GTele7J3) — 2(9GTele,Tvec + 2GTele,Tax)] ,
- 1 )

Cs = 18 [9(G4 — Grele,r) + 2GTele 1 — 3X(6G4,x — 3G5.4 + 4GTele, 11y — 6GTele, s + 3HPG5 x)]

~ 1

C9 - § [QGTele,T\,ec + 2X(*2GTe1e,Jg + QXGTele,JG - 5GTele,J5 + BGTele,Jg)] ’
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and no further steps are required since the system already has a diagionalised kinetic matrix.
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