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ABSTRACT

in cosmology. We give the name dark energy to the substance which is responsible

for this, highlighting our ignorance on its origin. The most widely accepted expla-
nation is that of the cosmological constant. However the naturalness of the cosmological
constant, and the theoretical inconsistency with the value expected from quantum field
theory, poses a question over whether this is the true explanation of the late-time ac-
celeration. In this thesis, we investigate models of massive gravity, which arise from
modifying Einstein’s theory of General Relativity, to tackle the late-time acceleration
problem in a more natural way than the cosmological constant. The theories we will
study are the bigravity and generalised massive gravity theories.

T he origin of the late-time acceleration of the universe is one of the biggest questions

In this work we are principally concerned with both the theoretical consistency and
phenomenological implications of the aforementioned theories. To study the theoretical
consistency we study cosmological perturbations and derive the stability conditions,
whilst for the phenomenological study we investigate the background evolution and the
effects on the large scale structure of the universe. We also investigate the screening
mechanisms, which are important to allow the recovery of General Relativity on local,
well tested, scales.

The first part of the thesis is dedicated to the history of massive gravity. The timeline
of the development of dRGT (de-Rham, Gabadadze, Tolley) massive gravity is discussed
in detail in chapter 2. The second part of chapter 2 discusses the cosmological solutions
in massive gravity, and the requirement to study extensions of the theory to find stable
cosmologies. We also introduce other models of massive gravity which could explain the
late-time acceleration.

In chapter 3 we study the low energy limit model of bigravity. We study the linear
scalar perturbations and investigate the modified Poisson’s equation. To determine the
details of the screening, we derive the non-linear equations and identify the Vainshtein
radius. We conclude by discussing the viability of bigravity theories for dark energy.

In chapter 4 we introduce the generalised massive gravity and study its stability at
the level of the quadratic action for cosmological perturbations. To do so, we derive the
stability conditions as a function of the model parameters. Imposing that we require
late-time acceleration and the absence of instabilities, we identify a region of parameter
space in which the theory is stable. Building upon the analysis in chapter 4, we study
generalised massive gravity in more detail in chapter 5. We perform a full background
analysis, identifying the expansion history and equation of state of dark energy for a



concrete model. Later on in chapter 5 we study the linear scalar perturbations, focusing
on the effects of generalised massive gravity on large scale structure. We finish the
chapter by investigating the propagation of gravitational waves and conclude the thesis
with future directions and open questions in the field.
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CHAPTER

INTRODUCTION

osmology is the study of the time evolution of the universe from the big bang all

the way through to the present day. The question we as cosmologists ask is what

is at the origin of the observations that we see. Curiosities like this have intrigued
astronomers for thousands of years, from scientists and philosophers working on the first
cosmological model, which was introduced by Plato and placed the earth at the centre of
the universe, to the era of precision cosmology we are now in. We have in our armoury
many experiments which probe all areas of the universe to unprecedented precision.
Planck [2] provides a wealth of information about the Cosmic Microwave Background
(CMB), shedding light on the early universe. The Laser Interferometer Gravitational-
Wave Observatory (LIGO) [3] has detected many different sources of gravitational waves,
which provide insight to gravitational interactions in the strong field regime. The Sloan
Digital Sky Survey (SSDS) [4] is a spectroscopic redshift survey which has detailed
over one quarter of the night sky and EUCLID [5] is a futuristic experiment which
will attempt to map the geometry of the universe by measuring the shape of galaxies
at different redshifts, to understand the nature of dark energy. Combining all these
probes points us towards the standard model of cosmology, the Lambda Cold Dark Matter
model, or ACDM. ACDM is a remarkable achievement of the scientific community, but
it is not a complete model of the universe. We do not know how the universe came into
existence, but we know to remarkable precision what happened after its birth all the way
up until the present day, thanks to developments in theory and to the aforementioned

observations. By uniting the observational data from all these experiments with the
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CHAPTER 1. INTRODUCTION

predictions from theoretical models, we can continue to understand the physics of the

universe.

In the next few paragraphs we very briefly summarise the timeline of the universe
from the big bang up until the present day, see the following textbooks for a more detailed

summary [6-8].

Our understanding of the evolution of the universe starts with inflation. Shortly after
the big bang, which assuming ACDM happened around 13.7 billion years ago, there
was a period when the universe underwent a rapid accelerated expansion [9], which is
given the name inflation. In the simplest models, inflation is driven by a scalar field (the
inflaton) slowing rolling down its potential, and ends with the inflaton decaying into
standard model particles and the radiation which we observe today via the process of
reheating [10]. The end of inflation also marks the beginning of the radiation dominated
era. As the universe expanded and the plasma cooled, the temperature dropped to a point
marking the electroweak phase transition, around T,,, ~ 246GeV, which corresponds to
the vacuum expectation value of the Higgs field. This broke SU(2) x U(1) symmetry of
the electroweak force into the U(1) of electromagnetism, separating electromagnetism
from the weak interaction. The electroweak phase transition marks the beginning of the
quark epoch. After the QCD phase transition, where quarks and gluons were confined
within hadrons, the universe was a hot dense plasma containing only hadrons, mesons,
leptons and photons. Neutrinos then decoupled, electrons and positrons annihilated
each other and the universe continued to cool until protons and neutrons are bound into
atomic nuclei in a process called big bang nucelosynthesis (BBN). After BBN the universe
entered the matter dominated epoch, the majority of which is made up of dark matter
whose origin is still unknown. The first neutral atoms were produced in recombination,
in which electrons bound to protons to form neutral Hydrogen atoms. Once the neutral
atoms had formed, baryonic matter decoupled from the photons allowing the photons to

free steam away and form the CMB which we observe today.

After more expansion and cooling the first stars were formed, around 200 million
years after the big bang. Galaxies and galaxy clusters formed and the energy density
of matter dropped as the universe continued to expand. The universe then reached a
pivotal point. Around the time of the formation of the solar system, around 9 billion years
after the big bang, the energy density of matter dropped below that of the vacuum energy.
The universe then entered the dark energy dominated era in which the expansion of
the universe started to accelerate again. This observation was confirmed by measuring

the luminosities of high redshift, type Ia supernovae [11, 12]. It was discovered that

2



1.1. GENERAL RELATIVITY

the luminosities of the supernovae sample were dimmer than they would be in the
case of the universe undergoing a decelerated expansion. In the framework of ACDM,
the accelerated expansion of the universe is due to A, the cosmological constant. The
cosmological constant is a constant energy density which exists throughout the universe.
It exerts a negative pressure which drives the accelerated expansion. However, as
we shall see, the cosmological constant is what calls the ACDM model into question
regarding the nature of dark energy.

In this thesis, we motivate the study of alternative sources of the accelerated expan-
sion of the universe by modifying Einstein’s theory of General Relativity. In the rest of
chapter 1 we outline the theory of general relativity and the problems associated with
the ACDM model. We discuss the famous Lovelock’s theorem, which protects GR and
how to bypass it when considering modifications of gravity. We then discuss potential
problems that arise in the form of theoretical inconsistencies and the failure to reproduce
observational tests when one goes beyond GR. Finally, at the end of the chapter we dis-
cuss mechanisms which allow modified theories of gravity to bypass tight observational
constraints on local scales, but allow for order one deviations on cosmological scales

which can drive the accelerated expansion of the universe.

1.1 General Relativity

For well over a century now, Einstein’s theory of General Relativity (GR) [13] has
passed a plethora of observational tests [14]. From predicting the deflection angle of
light rays around massive objects, which is given the name gravitational lensing, to
predicting the peculiar feature of the perihelion precession of Mercury’s orbit, to even
sub-millimetre laboratory tests [14]. Einstein’s intuition at the time was extraordinary,
from the equivalence principle and coordinate invariance to a fully non-linear theory of
gravity describing the dynamics of spacetime itself. The discovery of GR was years ahead
of its time, and decades later through the development of field theory [7] and particle
physics, GR was found to be the unique theory of an interacting, massless spin-2 field.
To understand the phenomenology of GR, we first have to understand the theoretical

foundations, therefore we begin with the Einstein-Hilbert action

(1.1) 16 Gfd4x\/—g(R 2A)+fd4x\/ =(£ [g,uv,\P]

where G is Newton’s gravitational constant which can be written in terms of the reduced
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CHAPTER 1. INTRODUCTION

Planck mass via,

1
(1.2) M,= Nl 2.4 x 10'8GeV.
JT

Here g,y is the metric tensor, R is the Ricci scalar, A is the cosmological constant,
d*x\/—g is the volume element written in terms of the determinant of the metric guv
and ZLp,[g v, W] is the matter Lagrangian describing the motion of matter fields W*. The
Ricci scalar is the simplest curvature invariant one can write down and is constructed

from the trace of the Ricci tensor using the inverse metric g"”,

(1.3) R=g"Ry,

which in itself can be written as a contraction over the Riemann tensor,
(1.4) R, =R",,.

The Riemann tensor quantifies how much curvature is present in the 4D spacetime

manifold and is written in terms of derivatives of the metric tensor,

(1.5) Rfy =0T, =015, +T% Tg, -Th T7,,
making use of the Christoffel symbols Fﬁp,
(1.6) Iy = %g‘” (0ugav +0vgau—018uv)-

]

Here, 0, = 57 and indices are raised and lowered with g". To obtain the Einstein

xH
equations, we apply the principle of least action to (1.1). Introducing a small perturbation

to the metric g as gi¥ — g*V + 6gH”, the action (1.1) becomes,

1 (6R +(R—2A)6,/—g N 1 0(/—g%w)
167G \ogt V-8 o8t v—8  ogt

Using the fact that the variation of the metric determinant can be written as,

(1.7 6S= f d*x V—-g6g".

1
(1.8) ov—-8= —Qv—ggpvcsg“v,

and imposing the metric variation §g*" smoothly vanishes in the limit of reaching the
boundary of the spacetime, along with the tensor identities in [15, 16], we arrive at the

Einstein field equations,
1
1.9 GquRuv_QRgW"‘Aguv =8aGTyy.
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1.1. GENERAL RELATIVITY

In (1.9) the energy-momentum tensor 7', is defined as

—2 6(\/ _g gm[g,uv, \Pl])
Nars sgh '

The Einstein field equations (1.9) exemplify the famous quote from John Wheeler: "Space

(1.10) Tuy

tells matter how to move, matter tells space how to curve", which was the essence of
Einstein’s intuition. Due to the diffeomorphism invariance of GR, the Einstein tensor

obeys the following conservation law known as the Bianchi identity,
(1.11) V.GH =

where V¥ is the covariant derivative associated with the metric g,,. From the Einstein
field equations (1.9), the Bianchi identity implies the following relation for the energy-

momentum tensor,
(1.12) VuT“V =0,

which results in the local conservation of energy-momentum. Written in terms of the

ordinary 4-derivative and Christoffel symbols (1.12) is,
- I —
(1.13) VT =0,TH + T, TH + T, T" = 0.

To study the motion of particles, we derive the equation of motion which comes
from the variation of the action with respect to the coordinates for a point particle. The

separation between two events in spacetime is measured using the line element,
(1.14) ds? = gudxtdx’.

The proper time is defined by d72 = —ds?. The particle will follow the path which
extremizes the proper time, or the shortest path in curved space. Using this, we can
construct the action for a point particle with mass m parameterised by the worldline

xt = xt(7),

dxH dxV
1.15 S = —dr.
( ) mf gy dr dt

Upon variation we obtain the following,

d2xt

dxt dxV
(116) g#YW =

agmf N agyv ag,uv
dr dt’

oxV OxH oxY

1
2
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CHAPTER 1. INTRODUCTION

which can be written in the more familiar form,

d2xH " dx?’ dxV

1.17 —_— = —_— .
( ) dr? Wdr dr

Equation (1.17) is known as the geodesic equation and by specifying the geometry of
spacetime (the metric tensor), one can obtain the particle trajectory x*. Taking the weak
field limit of the geodesic equation, we can recover an analogue of Newton’s second law

which relates the acceleration felt by a test mass to the local gravitational potential ®

(1.18) a=-Vo.

1.2 Standard Model of Cosmology

Before we detail the standard model of cosmology, the ACDM model, we must first outline
the two main assumptions which form the foundation for the most successful model of

our universe to date.

¢ Cosmological Principle: The cosmological principle is based on two key observa-
tions, the first being that the universe appears to be isotropic in all directions. This
means that every direction we survey, the universe looks the same. The second
key observation is that the universe is homogeneous at every point in space, which
states the universe is the same at every point. Observations of the temperature of
CMB photons today

(1.19) T,—0=2.73+6T K,

with fluctuations of the order,

oT

(1.20) =~107°,
TzzO
allow us to estimate the temperature of the universe at the time the CMB was
formed [17],
az=0
(1.21) Tzzu()() = Tz:() = 3000K,
az=1100

where z = 1100 is the redshift corresponding to the time of recombination. The
smallness of the temperature fluctuations of the early universe implies the early

universe was isotropic. The observation which supports homogeneity is that of

6



1.2. STANDARD MODEL OF COSMOLOGY

galaxy redshift distributions, such as the two degree field galaxy redshift survey
[18] or the BOSS galaxy sample [19] that found that on large scales the distribution
of galaxies is homogeneous. This implies that, locally at least, the universe appears

to be homogeneous.

* The laws of gravity are described by GR: The second assumption is that
gravity on all scales is described GR. It is this assumption which we are going to

break in this thesis, for reasons we shall see later on in this chapter.

1.2.1 Friedmann-Lemaitre-Robertson-Walker metric

Mathematically we can describe the dynamics of spacetime through the Friedmann-
Lemaitre-Robertson-Walker (FLRW) metric, which is the metric describing a homoge-
neous, isotropic and expanding universe in 4 dimensions. The line element can be written
as,

(1.22) ds? = —dt® +a(t)? +r2dQ? ,

r
1-Kr?
where dQ2 = d62 + sin? ngbz is the line element on the 2-sphere, a(¢) is the scale factor, r
is the comoving radial coordinate and K represents the curvature parameter which can
take values {K < 0,K = 0,K > 0}. Geometrically, the aforementioned values of K represent
an open (hyperbolic), flat (euclidean) and closed (spherical) universe respectively.

The scale factor, albeit dimensionless, is a very important quantity in the ACDM
model. It determines whether the universe is expanding or contracting, and is used to
determine physical distances from R = a(¢)r. Throughout this work, we set a(tg) = 1,
where a subscript 0 means the quantity in question is evaluated today. From the scale
factor, we can define the Hubble parameter as H = %, where a dot identifies a time
derivative, which quantifies how much the universe is expanding. The value of the
Hubble parameter today, i.e. Hy, is the cause of a lot of investigation for cosmologists
as there is a tension [20] between early time and late time measurements. The CMB
predicts Hy = 67.44 + 0.58 km s~! Mpc~! [2], whilst late time cepheid measurements
from the SHOES collaboration infer Hy = 74.03 + 1.42 km s~ Mpc~! [21-23]. The CMB
result is obtained from assuming a flat ACDM cosmology whilst the SHOES result is
independent of the cosmological model, so the SHOES result could be hinting at physics
beyond ACDM [24].
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1.2.2 Cosmological Distances

The measurement of the supernovae in the SHOES collaboration relies on our knowledge
of understanding how light travels in an expanding universe. Light travels on null
geodesics, that is ds? = 0, and applying that in (1.22) and considering only light travelling

in the radial direction gives,

dt dr
1.23 =+ )
(1.23) a(t) * V1-Kr?

Consider a burst of light travelling towards us from a distant galaxy emitted at ¢t =¢,
and r =r, and is observed by us on earth at ¢ = ¢y and r = 0. The signal we observe is

determined by solving the following integral equation,

ffo dt__fo dr _fre dr
. at)  Jro VI—Kr2 Jo VI-KrZ

where we chose the minus sign in (1.23) as the light from the galaxy is travelling towards

(1.24)

us. Now the galaxy emits another burst of light at a time ¢, + 6, and is observed by us
on earth at g+ 6¢¢. As we are in comoving coordinates the right hand side of the integral

is independent of when the signal was emitted, hence

to dt to+0t, dt
(1.25) f —_— —f —=0,
te a(t) Ji,+ot, alt)
tette ¢ to+dto (J¢
(1.26) — f ai _ f dt
te a(t) Jg a(t)

alt.) alto)
We can re-write (1.27) in terms of the wavelengths of the emitted light rays,

1 Ao
alty) Ao

(1.28)

The fractional change of the emitted and observed wavelengths is defined as the redshift
of the source, i.e. z = (19— A.)/A.. Using this, we can derive a simple relation between the
scale factor and the redshift,
1
(1.29) a(t,) = —.
1+z

Essentially, redshift explains why the wavelengths of photons travelling to us from far

away galaxies are stretched as the universe expands. It is this knowledge of how photons
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1.2. STANDARD MODEL OF COSMOLOGY

travel in an expanding universe that led astronomers to understand that the universe
was expanding faster than predicted. They observed that the luminosities of type Ia
supernovae were dimmer than predicted by a non-accelerating universe. To understand
this, the distance to the supernovae must have been known.

Let’s consider a flat FLRW background, where a light ray is again travelling in the

radial direction. The line element reduces to,
(1.30) ds® = —dt* +a*dr?.

Now consider a supernovae at r =r,,t = ¢, which emits a light ray measured on earth at
r=0,t=ty. Integrating (1.30) becomes,
te dt Z dz
1.31 de=r.=- f = ,
(131 T Jiy e Jo H(2)
where d. is defined to be the comoving distance to the supernovae and we used the
definition of redshift (1.29) to convert from the time coordinate to redshift. The flux

& observed on earth from the supernovae with luminosity L is defined as the energy

observed, per unit time per unit area,

L
(1.32) =—.
4nd;
The luminosity distance is defined by,
L
1.33 ==
( ) L 4]_[9 ’

where L is the absolute luminosity of the source. Combining the above equations yields,
L

(1.34) d7 :df(—s).
Lo

We can re-write the relation above by considering the following: the change in the energy

of light AE; being emitted by the supernovae in a time At;, which is measured here on

earth as energy AE( in a time At(y. Therefore (1.34) becomes,

AE At
1.35 d? = d2( : )
(1.35) L7\ AE At
As the energy of a photon is proportional to the inverse of its wavelength we can write,
Ao Aty
1.36 d? =d2 (— )
(1.36) L7\ 2, Aty

which using the results in (1.27,1.29,1.28) and taking the square root reduces to,
(1.37) dr =d.(1+2),

which is the luminosity distance of the source. As almost every type Ia supernovae has
the same intrinsic brightness, i.e. a standard candle, we can use the observed brightness

to measure the distance to them and compare against the redshift.
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1.2.3 Dynamics of FLRW metric

Before describing the dynamics of the FLRW metric, we have to specify the matter
content of the universe. We consider n perfect fluids, which are described by the energy-

momentum tensor

(1.38) T = (pn + Pr)upu + Prgpu,
where u? is the 4-velocity, p, is the density of each fluid species and P, is the pressure.

u
To achieve homogeneity and isotropy, both are assumed to be independent of the spatial

coordinates. Requiring that the expansion is in the rest frame of the fluid, the 4-velocity

takes the simple form v, = (—1,0) which yields a simpler form for T*, 1,

—p

(1.39) T+ =

o o N o
o N o o
N o o o

Substituting (1.38) and (1.22) into the Einstein equations (1.9) yields, for the time-time

component, the first of the Friedmann equations,

-2
a K
(1.40) 3(a_2+ﬁ) :SnG;pn+A.

By using the definition of the Hubble parameter we can rewrite the relation above,

811G K A
1.41 HZ:_Z =4
( ) 3 ~ pn a2 3

It is useful to write (1.41) in terms of the dimensionless energy density parameters. To
do this we first define the critical energy density p., which is the minimum amount of
energy density which keeps the universe spatially flat in the absence of the cosmological

constant.

8nGp 3H?
= pc = —.
8nG

(1.42) H?

Defining the dimensionless energy-density parameters as follows,

On -K A
1.43 Q,=—, Qg =——, =—,
(1.43) " K=oz T 3

Here we briefly drop the n index for ease of notation and from here on, we work with T, = g*° T,

10



1.2. STANDARD MODEL OF COSMOLOGY

allows us to rewrite (1.41) as,

(1.44) 1=) Q,+Qg+Qx.
n

The trace of the spatial component of the Einstein equations yields the second

Friedmann equation,
9 ) K
(1.45) 3H*+2H =81G) P,——+A.
m a

Combining the two Friedmann equations, (1.41) and (1.45) yields the acceleration equa-

tion,

a 4nG A

From equation (1.46) we can see how the dynamics of the expansion of the universe is

affected by the matter content. If the dominant matter species in the universe obeys
(1.47) Pn+3P, <0,

then the expansion of the universe accelerates due to the right hand side of (1.46) being

manifestly positive. We can re-write (1.47) using the equation of state parameter,
(1.48) wy =Pplpn

which yields the simple relation for (1.47) w, < —1/3. Hence, if any fluid with an equation
of state w, < —1/3 is the dominant species in the universe, the expansion of the universe
accelerates.

Mathematically, the conservation of energy-momentum is represented by the van-
ishing of the divergence of the energy-momentum tensor V”T,(ﬁ,) = 0. This yields the

following matter equation of motion, which is named the continuity equation,
(1.49) on+3H(p, +P,)=0.

Here each species satisfies its own continuity equation independently and are not coupled
to each other. For fluids with a constant equation of state, equation (1.49) has a simple

solution,

Q@0(n)
an

3(1+wy)
(1.50) pn(a) = pO(n)( )

11



CHAPTER 1. INTRODUCTION

H Fluid type Equation of State po(a) H
Cold matter w=0 x a3
Radiation w=1/3 xa*
Cosmological constant w=- o const
Curvature w=-1/3 x a2

Table 1.1: Table showing how the energy density scales with the scale factor for varying
components of the universe.

where a subscript zero means the quantity in question is evaluated today and we choose
to normalise a(tg) = 1. We can also define the total energy density as the sum of the

individual components,
(1.51) Ptot = ) Pn(@).

We are now in a position to see how different fluids affect the expansion history of
the universe. Table 1 shows how the energy density scales for various components of the
universe. Using (1.50) and the definition of cosmological redshift, we can rewrite (1.44)

as,
(1.52) H*(2) = H2 [Qr0(1+2)* + Qu o(1+2)> + Qi o(1 +2)* + Qo] ,

The parameters (Qp, 0,270,240,k ,0,H() are determined via observations. See [2] for
their exact values, including the error bars and how they are experimentally determined,

but here we briefly comment on each value and its significance.

1.2.4 Cosmological Parameters
Matter

We split Q,, o into two components: one for baryonic matter gy o and one for cold
dark matter Qcpas 0. Baryonic matter is made up of all the baryons in the universe, i.e.
protons and neutrons 2. However, despite baryonic matter making up all the matter we
observe, Qg0 ~ 0.05, which is a tiny fraction of the total energy budget of the universe.
On the other hand Qc¢paro ~ 0.26 which constitutes a large portion of the matter in the
universe which we cannot directly observe 2. Such a large contribution is required to
explain the rotation curves of galaxies, and more recently the formation and evolution of

galaxy clusters as well as the large scale structure (LSS) of the universe [25].

2Which in turn consist of three quarks.
3Here ’dark’ refers to the fact that whatever substance constitutes dark matter does not interact with
electromagnetism, or if it does, it does so very weakly.
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1.2. STANDARD MODEL OF COSMOLOGY

Radiation

From (1.52) we see that radiation dilutes much faster than matter as the universe
expands, hence the small value Q, ¢ ~ 9 x 107°. Relic photons from the CMB make up

most of the energy density of radiation in the present epoch.

Curvature

Current experiments [2] show no direct detection of curvature in the universe and
all observations point to the universe being spatially flat, with the curvature density
parameter being Qg o ~ 1073, However, as we shall see later in this thesis, keeping
a non-zero value for the curvature, but still within observational bounds, can lead to

interesting phenomenology.

Cosmological Constant

The final piece of the cosmological puzzle is the energy density which arises from the
cosmological constant. The value Qo ~ 0.7 shows that the cosmological constant (or
dark energy) makes up 70% of the energy budget of the universe and it is required to
explain the accelerated expansion of the universe. Inspecting the form of (1.52) shows
that the cosmological constant is unaffected by the cosmological expansion, hence when
the cosmological constant is the dominant species then the expansion of the universe

accelerates.

Using (1.52) and the definition of redshift we can make predictions in the ACDM

model, for example we can numerically compute the age of the universe,

to o0 dZ
1.53 dt= Y
( ) fo t fo H(z)(1+2)

o0 dz
1.54 to= H—lf —————— ~13billi :
(1.54) = to=H, . Heo1+2) illion years

Under the assumption of ACDM, the age of the universe is approximately 13 billion
years. Despite the success of the ACDM model in describing many of the cosmological
observations, the standard model of cosmology is not without problems, seeking many

researchers to study alternative cosmological models.
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1.3 Questioning ACDM

The remarkable success of ACDM perhaps leads us to ask the question, what is the
problem? However, there are still many mysteries regarding the nature of dark energy
and dark matter which have yet to be resolved. It is by considering alternative models
and ideas that we learn more about the composition and structure of the universe, as
history has proved.

In the 19th century peculiarities in Mercury’s orbit were hypothesised to be caused by
the presence of a dark planet 'Vulcan’, by the French astronomer Urbain le Verrier. The
discovery of Vulcan was confirmed by amateur astronomer Edmon Lescarbault shortly
after, although no direct observation had been made. Both won the prestigious Legion
d’honneur award. Note here that Newtonian gravity was the accepted theory of gravity
at the time. Einstein then published the theory of General Relativity around 50 years
later, and explained perfectly the peculiarities in Mercury’s orbit without the need of
a planet Vulcan. Newtonian gravity was then realised to be the weak field limit of GR.
Who is to say that GR is not the limit of some more complex theory of gravity which
introduces beyond ACDM physics? If we place ourselves in Le Verrier’s position now, we
have not detected dark matter directly or a cosmological constant but we hypothesise
what they are, and until we detect them and understand their origins, it is critical to

seek alternative cosmologies beyond ACDM as that is where the true answer could lie.

1.3.1 Old Cosmological Constant Problem

The biggest challenge facing the ACDM model is that of the old cosmological constant
problem. Simply put, the observed value for the vacuum energy is far below that of the
value predicted for the vacuum energy from quantum field theory (QFT). To outline the
problem we calculate the vacuum energy density arising from the cosmological constant
in ACDM. The relation we find is

(1.55) A ) 313 )
. PA—Pc(@ ~\81a A,0-

Plugging in numbers yields the following observed value for the vacuum energy,
(1.56) P ~ (107 3eV)*.

To compare this with the vacuum energy predicted from QFT we follow a similar argu-

ment to [26]. A naive calculation of the vacuum energy yields,

(1.57) PR = f dkk*VE2+m?.
0
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1.3. QUESTIONING ACDM

However, the above integral has a quartic divergence in &, so to circumvent this we
introduce a cut-off scale k5« Which corresponds to the energy scale up to which we can
trust the standard model of particle physics. The value of the vacuum energy therefore

becomes,

kmax
(1.58) pRE ~ fo ARk kmax VE2 +m? ~ ko

Finally, we are agnostic about the scale involved and consider the highest energy scale
which would give rise to the highest value for the vacuum energy, which is given by the

Planck scale. Therefore, the approximate value for the vacuum energy is
(1.59) p¥2¢ ~ Mp* = 1021 oo,

which is a striking mismatch between the theoretical prediction and the observed value.
In fact, regardless of where we choose the cut-off the discrepancy remains at G (> 45)
orders of magnitude. Such is the discrepancy between pObS and p}*°, that a fine-tuning
of 121 decimal places is required to bring the large contribution from the theoretical
prediction down to the observed value. Renormalisation can improve the amount of
fine-tuning required, see [27] for a discussion, but even after renormalisation there still
persists a fine-tuning problem.

Suppose we have our fine-tuned bare vacuum energy such that,

Abare b
1.60 bare _ — oOobs _ jvac
(1.60) PA 871G PA T Pa

We can write the Einstein-Hilbert action in terms of this new Apare

4 [
(161) - f d*%/"8 (R — 2Apare).-

However, the tuning in (1.60) is sensitive to the UV physics and is unstable under radia-

tive corrections [28]. This means at each loop order one has to re-tune the vacuum energy
down to match the observed value, which poses a question regarding the naturalness of
the cosmological constant. In this thesis we study different approaches to the problem of
the late-time acceleration of the universe, which don’t suffer from the naturalness issue
that the cosmological constant suffers from.

There is also another problem associated with the cosmological constant, which we
don’t aim to solve in this thesis but are mentioning for completeness, and it is the why
now? question. That is to say, why in the epoch of human observation the value of Q,, o
and j o are the same order of magnitude. There is a debate as to whether this is actually
a problem, but models exist which solve this problem via the means of a interaction

between dark matter and dark energy [29, 30].
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1.4 Modified Gravity

We know that vacuum energy exists due to the experimental evidence in Casimir effect
experiments [31]. The question of whether the vacuum energy is simply a cosmological
constant, or something more exotic, has really gained momentum this millennium. This
is due to the development of phenomenologically interesting models combined with
the power of a large number of state of the art observations, which can rule out and
constrain alternative models of gravity and dark energy. In order to find alternatives
to the cosmological constant and to investigate cosmologies which go beyond ACDM,
we have to go back to the assumptions which form the basis of the ACDM model and
reconsider if they are actually valid assumptions. That is to say, we shall not break the
assumption of homogeneity and isotropy in this thesis, although there are models which
break these assumptions. Such models are the Lemaitre-Tolman-Bondi models [32-34],

but these models come into tension with LSS data.

1.4.1 How to modify GR

In this work, we are principally concerned with breaking the 2nd assumption of the
ACDM model: that GR is valid on all scales. How to break and modify GR, however,
is non-trivial as it is protected by the famous Lovelock’s theorem (1971) which states:
In 4 dimensions GR, plus a cosmological constant, is the unique gravitational theory
describing a massless spin-2 field which yields second order equations of motion [35, 36].

Therefore, to modify GR we must have one (or more) of the following:

- 1. The equations of motion are emergent, or in other words, they do not arise from an
action. One example of such a theory is emergent gravity [37] which can be used as

an alternative model to cold dark matter [38].

- 2. Lorentz invariance is broken. Breaking of Lorentz invariance can lead to a UV
complete theory of gravity, an example being Horava gravity [39]. However, due
to the recent binary neutron star merger [40], detected by the LIGO-VIRGO
collaboration, and the detection of an optical counterpart [41], this has put tight

constraints on this class of gravitational theory [42].

- 3. Non-locality. A non-local theory of gravity contains operators in the Lagrangian such

as,
1
(1.62) Lyi QRFR’
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1.4. MODIFIED GRAVITY

where 0 = V¥V ;. Here, the non local term produces an effective dark energy with a
phantom equation of state (w < —1), negating the need for a cosmological constant
[43].

-4, Extra dimensions. Higher dimensional theories of gravity such as DGP (Dvali-
Gabadadze-Porati) [44] and braneworld gravity [45] are string theory inspired
constructions whereby at low energies gravity is localised on the brane and GR is
recovered, whilst at high energies gravity leaks into the bulk spacetime resulting

in interesting consequences for cosmology and high energy astrophysics.

- 5. Higher derivatives in the action. One of Lovelock’s assumptions is that the equations
of motion for the metric tensor are second order. Theories such as Stelle’s classical
gravity [46] includes higher derivatives of the metric in the action, which lead to

fourth order equations of motion.

- 6. Extra fields. Adding extra field content to GR is another way of introducing mod-
ifications. The Horndeski class of theory [47] is the most general scalar-tensor
theory which leads to second order equations of motion, thus avoiding the Ostra-
gradski ghost instability [48], even though the action contains higher derivative

interactions. The covariant action for the Horndeski class takes the following form,

5
(1.63) Lu=) %,
1=2

where &; are covariantisations of the galileon interactions [49] and take the form,

Lo =K(¢$,X),

L3 =-G3(¢,X)0¢,

L1=Ga($,X)R +Gax(¢,X) [(OP)* — (V, Vi )?]
%5 =G5(9, X)GH'V V¢

1
(1.64) =5 G5.x(9,X)[(Q9)° = 80PV, Vy)* + 2V, Vv’

In (1.64) (K,G3,G4,G5) are free functions of a scalar field ¢ and its correspond-
ing kinetic term X = —g#"0,0,¢, a comma represents a derivative and G*" is the
Einstein tensor. Not every theory which can be derived from the Horndeski action
introduces an extra scalar field, i.e. setting G5 =0, G4 =1, G3 =0, K = —2A recov-
ers the GR action (1.1) which is simply a metric gravitational theory. However,

the Horndeski theory is primarily used in the context of scalar-tensor theories
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whereby the extra scalar field introduced via the terms in (1.64) can be chosen in
such a way to drive the accelerated expansion of the universe without the need of a
cosmological constant and is a compelling candidate for dark energy. However, as
with the case with Horava gravity, the detection of the binary neutron star merger
with optical counterpart has constrained the space of viable Horndeski theories
[50]. The problem being a large subset of the Horndeski class predict a speed of
gravitational waves different from the speed of light c7 # ¢ 4. There is however, a
caveat which the reader should be aware of. It was shown that the cut-off scale of
the Horndeski theory lies very close to the energy scale of the LIGO observations
[561]. Furthermore, at energies close to the UV cut-off, it was shown that a toy
model of the Horndeski theory with a partial UV completion can predict c7 = c at
LIGO energy scales but have cr < ¢ at lower energies. The upshot of this result
is that in order to describe physics and compare with data close to or around the
cut-off of the EFT, knowing the UV completion of the theory is important and one
can not necessarily draw conclusions about the predictions of the theory around
the cut-off of the EFT without knowing the UV completion.

As seen in the case of Horndeski theory, an extra scalar field can be introduced
which has interesting phenomenological properties. But why stop there? Vector
fields [52, 53] can be introduced which have self-accelerating properties or extra

tensor fields like in bigravity [54].

There are many other theories of modified gravity which fit into one or more of these
categories, which have interesting implications for cosmology and high energy physics.
For more information see the reviews [26, 55, 56] and references therein. In this thesis,
we shall focus on working with extra tensor fields which give rise to interesting cosmology,

which to the most part fall into point 6.

1.4.2 Consequences of modifying GR

Now we have introduced how to modify GR, we have to face the consequences of modifying
the most successful theory of gravity to date. Introducing a wanted effect, such as
obtaining a solution for dark energy® without introducing a cosmological constant, nearly

always brings about unwanted effects. Such pathologies can include the violation of solar

40ne should note, however, that GR exists as a theory within the Horndeski framework, so one should
be careful when making comments regarding the validity of the entire Horndeski class.
5We will refer to these solutions as self-accelerating solutions.
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system and laboratory tests, which are the most successful predictions of GR, or the
emergence of theoretical inconsistencies within the construction of the theory. Different
classes of theories will have different problems and also different phenomenological
consequences, and in this section we briefly discuss the consequences of modifying GR
and what problems it can lead to.

The basic principle is this: extra fields mediate extra forces, and on the face of it, the
lack of a detection of any "fifth" forces in nature is a thorn in the side of many theories of
modified gravity. See [14] for a review on tests of gravity conducted from laboratory to
galactic scales. In addition, it was also shown that recently no deviation from GR has
been found at extra-galactic scales [57], but the scales we are extrapolating GR to, in
terms of cosmology, are way beyond any scale that GR has been tested to date. We also
know that GR is not a UV complete theory, and requires modification in the UV due to
GR being non-renormalisable below the Planck scale. Therefore there is good motivation
to seek modifications in both the IR and UV regime.

Theoretical considerations must also be taken into account when discussing the
viability of an extended theory of gravity [55, 58]. These concepts will be important
throughout this thesis. To illustrate the different theoretical issues one could have, we

consider a simple scalar field toy model described by the action,
(1.65) SY = f dtd3x (Ja/? — 40,0 P — m2¢2) .

A tachyonic instability arises if the scalar field has a negative mass squared m? < 0.
However this can be a mild instability if the mass of the field is small, as the time the
instability takes to develop is described by ¢ ~ m~!. This means for small masses the
instability can be pushed to arbitrarily large times.

A gradient instability arises if the coefficient of the gradient term has the wrong
sign, which for our toy model means ¢ < 0. This type of instability is dangerous as the
timescale of the instability depends on the wavenumber of the mode, so for smaller scales
the timescale of the instability shortens.

Finally, a ghost instability arises if the kinetic term has the wrong sign, so £ < 0.
This is also a dangerous instability [58, 59]. The consequence of a ghost mode is that
the vacuum breaks down due to the hamiltonian of the theory being unbounded, which
results in the theory instantly becoming unstable [60]. Particles are produced out of the
vacuum at a very high rate, which is un-physical. Another way of generating a ghost is
to have higher derivatives in the Lagrangian. These type of ghosts are given the name

Ostrogradsky ghosts [48], named after Mikhail Ostrogradsky. A toy Lagrangian with
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higher derivatives takes the form [58],
(1.66) 2ehost = _Lop)? + T (@g2 - V()
' 2 2A ’

where A is the cutoff of the effective theory. At first glance, this appears to be a healthy
Lagrangian. To expose the ghost pathology we introduce an equivalent formulation of
(1.66) [58],

1 A2
(1.67) pshost — —§(a<p)2 09— 2 -V(o),

where y is an auxiliary field. Integrating out y, i.e solving its equation of motion, and
substituting back into (1.67) we recover the original ghostly Lagrangian (1.66). We are
allowed to integrate out massive fields when the cut-off of the effective field theory is
equal to or below the mass of the field. Diagonalising (1.67) utilising the field redefinition
¢ =y — y and integrating by parts we obtain the equivalent formulation of (1.66)

2

1
(1.68) L = oy + %(61)2 _ %xz Vi, p.

Here the nature of the ghost is apparent. We have transformed a theory with higher
derivatives into a theory with two scalar fields, where the field y has the wrong sign
kinetic term, signalling the presence of a ghost.

To be a healthy and successful modified gravity theory, the theory must pass all
observational tests to date and be theoretically consistent. Once these hurdles have
been passed, then the phenomenological implications can be studied. However, there is
a caveat regarding the lack of a fifth force detection. Many theories of modified gravity
have screening mechanisms which hide the effect of the force due to the extra degrees of
freedom on local scales, such as the solar system, and on cosmological scales the fifth
force activates and drives the accelerated expansion of the universe. In the next section,

we briefly discuss a variety of screening mechanisms present in modified theories of

gravity.

1.4.3 Screening Mechanisms

To illustrate the screening mechanisms which are present in modified theories of gravity,
let’s consider a generalisation of the scalar field Lagrangian (1.65) [565, 58, 61] minimally

coupled to an external source,
1
(1.69) L0 =~ 29" 0,0y p~ V(@) + EPIT}.
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Here Z(¢) is the kinetic function and is dependent on the background field value ¢
only, V(¢) is the potential, g(¢) is a coupling function and TZ is the trace of the energy-
momentum tensor, which we assume to be non-relativistic matter Ti = —p. Expanding
(1.69) to second order in the field fluctuation 8¢, introduced via ¢ = ¢ + 5¢ yields,

(1.70) £ 2 —%Z@)%uaw“a(p —m(P)?6¢p? — g(P)SPME3(F) + ...

where we considered a static point mass in 3 dimensions, p =M 53(%), and

g
1.71 =—.
(1.71) g(¢) o
The behaviour of the scalar field fluctuations ¢ around the background value ¢ de-
pends on 3 functions: the mass m(¢)? = 202V/d¢?, the coupling function which quantifies
how the scalar field couples to matter g(¢) and the kinetic function Z(¢). Each 3 of these
functions can screen the scalar field in different ways, and we briefly describe each one

of them in turn.

Large Mass If the mass of the field m(¢) is large enough in areas of high density, such
as the solar system, then the scalar field does not propagate above the Compton
wavelength. On the other hand, if the mass is low in low density environments,
such as the cosmological background, then the scalar field mediates a fifth force
which modifies gravity on large scales. A typical model which realises this type of
screening is chameleon gravity [62, 63], however these models have been heavily
constrained by observations [64] and to act as dark energy require a cosmological

constant [65] to achieve self acceleration.

Small Coupling Alternatively, one could have g(¢) being small enough in dense
environments, so again the fifth force is screened. But on cosmological scales, the
coupling can be order 1 so the fifth force contributes the same order of magnitude
as the Newtonian force. The symmetron [61] and dilaton [66] realise this method

of screening.

Large kinetic term Having a large kinetic function Z(¢) results in an interesting class
of screening mechanism which depends on the derivatives of the scalar. There are
two options: screening by the first derivative d¢p becoming large, as in k-mouflage
(k-essence theories [67]), or by the second derivative 62gb becoming large. The latter

is associated with the Vainshtein mechanism, which will be discussed in detail in
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chapter 2 and has an important role to play when studying theories of massive
gravity. Having a large Z(¢) results in the normalisation of the kinetic term being

no longer unity, so upon canonical normalisation (1.70) schematically contains,

1 ~ - (/) D
i I s
(1.72) Z£2 2(%5(/)6 o Z((Z))5¢M6 (%).

From (1.72) it is clear to see that a large Z(¢) in dense environments will suppress

the coupling to matter, again screening the effect of the fifth force.

1.5 Cosmological Perturbations

We conclude this chapter with a brief introduction into cosmological perturbations.
See [68, 69] for comprehensive reviews on the subject. Cosmological perturbations are
a very useful tool for quantifying small deviations from the standard cosmological
background. Given an FLRW background described by the gy, fluctuations on top of
this background are described by the metric perturbation gy, which is spacetime
dependent and contains scalar, vector and tensor perturbations. In general, there are two
approaches for studying cosmological perturbations in the context of modified gravity
theories. The first is to work with an explicit model, and use the predictions from the
model to constrain the model parameters directly. The second is to work in a general
framework for parameterising deviations away from GR, such as the PPF (Parameterised
post-Friedmann) [70-72] or PPN (Parameterised post-Newtonian) [73]. In this thesis
we will work with the first approach, but see the above references for details on the
alternative approach.

To mathematically describe how to perform perturbations, we begin with the curved
background FLRW metric,

(1.73) ds® = g dxtdx’ = —dt* +a®Q;jdx' dx’
where (2;; is the metric on the constant time hypersurfaces,

K516 jmalx™

1.74 Q;i=0jj+——.
( ) / J 1- Kb, xlxm

For matter we consider the following energy momentum tensor,
(1.75) TV = (p+P)utu, +PsY.

In (1.75) @* is the background 4-velocity which satisfies @#*i, = —1, p and P are the

background values for the energy density and pressure respectively.
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The standard analysis of cosmological perturbations revolves around deriving the
equations of motion governing the perturbations, then substituting the fields in terms of

their harmonics in curved space [74, 75]. The harmonic expansion for a scalar quantity is
(1.76) ¢= f Ak Y (k,5),

where & is the comoving wavenumber of the length scale A = 2n/k, b is the mode

function and the harmonics satisfy the relation
(1.77) D'D;Y (k,%) = k%Y (k,%).

In (1.77) D! is the covariant derivative associated with the metric Q; 7

In general there are three different regimes when studying perturbations: the large &
regime corresponding to modes with wavenumbers smaller than the horizon, ie: &k << aH.
In this regime motion is relativistic and requires a full relativistic treatment. The linear
quasi-static regime is described by modes with £ >> aH, in this regime linear theory is
sufficient and the motion is non-relativistic. The final regime is the small scale, non-linear
regime where perturbation theory is no longer applicable and is the most difficult regime
to describe. Density perturbations are no longer small and may couple to additional fields
present in modified gravity theories, which makes this regime tricky to quantitatively
analyse, however this regime can be the most interesting for detecting modified gravity
signatures. In the linear regime, each Fourier mode evolves independently which is not
the case in the non-linear regime. N-body simulations are required to study particle
motions in this regime which can be computationally expensive [76, 77] and which
typically show deviations from the linear theory around % ~ 0.1Mpc ™.

Introducing a perturbation to the metric tensor as,
(1.78) guv=8uv+08uv,
with components,

0 080i
(1.79) 5ng( goo a gOl)’

adgio a’dgij
the full line element becomes,

(1.80) ds?=—(1-5g00)dt® +2a8g0;dx'dt +a*(Q;; +6g;))dx dx’.

We can further decompose the metric perturbations as [58, 69],

6800 =—2¢
5goi =D;B% +BY
(1.81) 5gij:21[JQij+DiDjSS+DiFJ‘~,+DjFiV+Yij,
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where the vectors are divergence free DiBy = DiFl.V =0 and the tensor y;; is divergence
free and traceless Diy,-j = Qij')/ij =0.
For the matter sector, in the case of a pressure-less perfect fluid, the perturbed

energy-momentum tensor takes the form
(1.82) ST =6pata, + p(duta, + a"du.).

Using gvutu” = —1 and introducing a perturbation to the spatial component of the

4-velocity v* = D'v we deduce that,
(1.83) ut=(1-¢,D'v), uy,=(-1-¢,a’D;v).

Which leads to the following form for T%,

To =—(p+5p)

T, =-pD"

T? :aQﬁDiv
(1.84) T' =0.

Note that in the presence of pressure, the spatial components of the energy-momentum
tensor are non-vanishing. We will use these results in the subsequent chapters to analyse

perturbations in massive gravity cosmology.

1.6 Gauge transformations

We now discuss the effect on the metric perturbation under a general coordinate trans-

formation. A diffeomorphism is a spacetime transformation of the form,
(1.85) aH — xH =t 4+ EH(x),

where ¢ is the spacetime dependent gauge parameter which is assumed to be small.
Under this transformation, different quantities will transform according to their rank.
Due to the diffeomorphism invariance of GR, the following relationship holds between

the line elements ds? and ds'?,
(1.86) guwdxtdx? = g;lvdx'”dx’v.

Using this, we obtain how the metric transforms under a diffeomorphism (1.85),

0x% dxP
O0x'H 9x'v”

(1.87) g (&) = gap(x)
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We can re-write the left hand side of (1.87) by Taylor expanding,

(1.88) LHS = g (x) + {008 () + 6g;w,

and similarly for the right hand side,

(1.89) RHS = g,/ (%) + 08 v — 08P 8 pv — 0,EP G 1ip.

Equating the two results above, we obtain how the metric perturbation transforms
(1.90) N3y =08y~ 08 v = ~0ulP & pv ~ 0uE’ G p —~ E900g ().

The diffeomorphism ¢ can be chosen in a certain way to render some of the metric per-
turbations in (1.81) zero, which is particularly useful to simplify computations. This will
have no effect on observable quantities however, as they are gauge invariant. One partic-
ular choice corresponds to setting BS =SS =0, which is known as the Newtonian gauge.

In this gauge, the line element simplifies to,
(1.91) ds? = —(1+29)dt* +a®(1 +2y)Q; idx' dx/,

where we have omitted the vector and tensor components as they decouple at linear order
due to the rotational symmetry of the background [78]. When analysing the stability
of generalised massive gravity in chapter 4 we will re-introduce the vector and tensor
modes, but for this discussion it is convenient to omit them. The benefit of this choice
means that, in the case of zero spatial curvature and Cartesian coordinates, the metric is
now diagonal meaning it is easier to perform computations, and in this thesis we discuss
density perturbations which are scalar quantities

Sometimes it is useful to work with gauge invariant variables. One particular choice

is known as the Bardeen variables [79]. In terms of the metric perturbations they are,

(192) CDB :(p_ﬂ

d 2(8'3 BS
a
2

:Wp=y—-a?H|—-—]|.
s YB=Y —a (2

1.7 Conclusions

In this section we have introduced the foundations of General Relativity which is the
underlying theory of gravity behind the standard model of cosmology. We discussed prob-
lems associated with ACDM, namely the cosmological constant problem, and discussed

possible solutions via modifications of gravity. We then introduced modified gravity and

25



CHAPTER 1. INTRODUCTION

gave a brief tour of the zoo of models which can, or cannot, account for the late time
acceleration of the universe, without so far pledging allegiance to a particular model.
We then discussed possible issues with modifying gravity such as the violation of solar
system and observational tests, which can be resolved by screening mechanisms, or the
generation of theoretical inconsistencies.

It is at this point we choose our particular class of theory to study, which is massive
gravity. We shall see how postulating the presence of a graviton mass has been a very
popular avenue of research over the last decade. In chapter 2 we shall describe the
history of massive gravity, from linear Fierz-Pauli in the early 20th century to the
current status today, focusing on the problems and the subsequent resolutions bought
about by developments in the field. In the subsequent chapters, we study bigravity and

generalised massive gravity as extensions to dRGT as possible dark energy models.
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MASSIVE GRAVITY

Introduction

theory of massive gravity is a gravitational theory which propagates a massive

spin-2 particle, and from the equation which counts the degrees of freedom for

massive particles !, we know that the theory must have 5 degrees of freedom.

From particle physics experiments we have experimentally detected massive spin-0 and

massive spin-1 particles [80, 81], in the form of the Higgs and W, Z bosons respectively.

So to postulate that the graviton has a non-zero mass is quite a natural one from the
point of view of particle physics.

To motivate why adding mass to the graviton could yield a solution to the dark energy

conundrum, we consider the simpler case of adding mass to a scalar field. Starting from

the Klein-Gordon equation for a massive scalar field sourced by a point source located at

the origin,
(2.1) (~V?+m®)p = 6(),

we get the solution,

1
(2.2) (X)=——eT".
¢ 4nr
ldof = 2S + 1 where S is the spin of a massive particle. This is related to the Poincare representations
of massive spinning particles around Minkowski, i.e. these are the number of degrees of freedom we expect
from a massive spin S particle around Minkowski.
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1

Equation (2.2) tells us that the field profile drops off exponentially quickly as r — -,
or in other words, on scales larger than the Compton wavelength of the particle, A = %
The result of this is that the force exerted by a massive particle has a finite range.
Assuming the field profile for a massive graviton follows that of (2.2) and taking m ~ H
yields that the force drops off on distances r ~ H 1 which corresponds to the Hubble
radius. Therefore, postulating that the graviton has a mass of the order of the Hubble
parameter could lead to a decay of the gravitational force on cosmological distances and
drive the accelerated expansion of the universe. This is the essence of what modified

gravity theories aspire to achieve.

Endowing the graviton with a non-zero mass was first considered in 1939 by Fierz
and Pauli [82], who wrote down the linear theory of massive gravity describing a mas-
sive spin-2 field by requiring the absence of ghosts. The theory breaks the linearised
diffeomorphism of GR resulting in the propagation of 5 degrees of freedom. Years later,
in 1970, van Dam and Veltman [83] and independently Zakharov [84] showed that in
the massless limit of the linear theory of massive gravity, GR is not recovered. The name
given to this discrepancy is the famous vDVZ discontinuity. Vainshtein resolved the
discontinuity two years later by realising that the inclusion of non-linear interactions,
which promote the linear Fierz-Pauli theory to a non-linear theory, allows the recovery
of GR in the massless limit. Written another way, the linear approximation of gravity
outside of a source breaks down at distances larger than the gravitational radius, so
the massless limit of FP massive gravity does not correspond to GR. In the same year
however, Boulware and Deser showed that generic non-linear theories of massive gravity
propagate an extra degree of freedom, which turned out to be a ghost and was dubbed
the Boulware-Deser ghost [85]. The early 2000’s saw developments in the effective field
theory (EFT) description of a massive graviton [86]. It was found that massive gravity
theories typically have a UV cut-off of A5 ~ (M pm4)%, and for a Hubble scale gravi-
ton mass m ~ Hy yields Agl ~10Mkm, which is a very low cut-off. In 2010 there was
a breakthrough, de-Rham, Gabadadze and Tolley constructed the unique, ghost free
theory of massive gravity [87, 88] (dRGT massive gravity) with a higher UV cut-off of
Ag~(M pmz)%, which assuming m ~ Hy yields A;' ~ 10°%km. Here As is also referred to
as the strong coupling scale of dRGT theory, which corresponds to the energy scale at
which unitary is broken: so at higher energy scales than Ag the theory loses predictability.
Note here that to obtain massive gravity to be perturbative down to distances of G(mm),
i.e. laboratory scales, the graviton mass must be m > @(1072)eV which would render the

theory incompatible with GR on large distances [89]. dRGT massive gravity will form
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the framework model for which we will work in this thesis.

In this Section we first briefly review linearised GR and ouline the history of massive
gravity from the first ideas by Fierz and Pauli to dRGT, mathematically highlighting
the key developments and problems summarised in this Section. This Section is largely
based on the review [90]. We then discuss the application of dRGT massive gravity to
cosmology and study its viability.

2.1 Fierz-Pauli Massive Gravity

To study Fierz-Pauli massive gravity, we first have to discuss linearised GR. We consider
purely the gravity sector with no cosmological constant for this discussion, and work

with a spacetime which is close to flat described by

(2.3) Suv :npv+huv,

where 7,y is the flat 4 dimensional Minkowski metric and 4, is the spin-2 metric
perturbation. Upon substituting (2.3) into the action (1.1) and expanding to second order

in A,y yields,
1 1 1
2 4 A A A
(2.4) S¢ ’:—87[ e f d x(—gaahma R+ 30 hHY = 0ROk + S0, hd R,

where h =n*"h,, is the trace of h,,. The question we now ask is, what if the field A,
has a mass? At linear level (or quadratic at the level of the action), there are two possible

terms that can be added when adding a mass term to (2.4),
(2.5) L® =m?®(ah" hyy +bRh?),

where m is a parameter which controls the size of the graviton mass and a and b are
constants. Requiring the absence of ghosts imposes constraints on the form of a and 5.

In order to show this, we expand (2.5) in terms of the metric perturbation components,
(2.6) L? = m?((a + )k, ~ 2ah%; + ah? ~ 2bhoohs; + bh).

In this work we are not concerned with the full Hamiltonian analysis and what follows
is a rather heuristic way of counting the degrees of freedom (a more complete way would
be performing a full Hamiltonian analysis, see [90]). With this in mind, we require that

hoo appears linearly in the action to ensure there are no ghost degrees of freedom. In
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order to achieve this, the only solution is a = —b, this is known as the Fierz-Pauli tuning.
With this, we can can construct the action for Fierz-Pauli massive gravity [82],
2.7

1 1 1 2
Srp= g f d*x (—50 A0 B + 0,20 B = 0,10, + S0,h0 b~ m? (¥ Ry — 12)|.

The Fierz-Pauli action is the unique action at the quadratic level that can describe the
dynamics of a massive spin-2 field. Any deviation from the structure of (2.7) would result
in extra degrees of freedom propagating, which would represent a ghost, or fewer than 5
degrees of freedom would propagate and the structure of the theory would be broken. To
count the degrees of freedom, we calculate the equations of motion stemming from the

action (2.7). Varying with respect to A*" yields,

OSyp

2.8
(2.8) SHEY

Taking the divergence of (2.8) yields the following constraint equation,
(2.9) m? (0" hyy — N w0*h) =0,

and assuming a non-zero m, we plug the solution of (2.9) into the equations of motion
(2.8) to obtain,

(2.10) Ohyuy —0,0vh —m? (hyy —nuh) = 0.

Taking the trace of (2.10) yields A = 0, and using this in (2.9) results in d*h,, = 0.
Therefore, we have the following 3 equations describing the dynamics of a linear theory

of massive gravity in a flat spacetime,
(2.11) (0-m?)hu =0, 8*hyy =0, h=0.

The first of (2.11) is a wave equation describing the propagation of a massive spin-2
field. As Ay, is symmetric, this equation implies 10 propagating degrees of freedom in 4
dimensions. The constraint 2 = 0 removes one degree of freedom, whilst the divergence
of hy, given by the second equation, is in fact four equations which remove another 4
degrees of freedom. Therefore the total number of degrees of freedom is 10-1-4 =35,
as expected from a theory of massive gravity. Now that we understand how the vacuum
field equations behave, we investigate the behaviour of Fierz-Pauli massive gravity in
response to an external matter source. Here we encounter the first setback in the history

of massive gravity, the vDVZ discontinuity.
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2.2 vDVZ discontinuity

To couple Fierz-Pauli massive gravity to matter, we consider an action of the form,
(2.12) S=SFp+ f d*xh,, TH .

Varying (2.12) results in the following equation of motion,
(2.13)

Again, applying the operator 0¥ on (2.13) results in,

(2.14) 0"hyy —0yvh = %Z—?O“TW,

where, due to a non-zero m, the conservation of energy momentum is no longer implied,
0T,y # 0. However, we assume a conserved source for this discussion, which is a valid
assumption at the classical level 2. Furthermore, if we do not consider a conserved source
then in the limit m — 0 then the right hand side of (2.14) diverges, indicating strong
coupling. We will use this assumption later on in this chapter when identifying the origin
of the vDVZ discontinuity (see footnote 3 in section 2.3). Substituting (2.14) into (2.13)
and taking the trace yields,

811G
2.15 h=——-T.
( ) 3m?

Using the results of (2.15) and (2.14) in the equations of motion yields to the following 3

equations
2 = —87G [Ty — = (00T - 0,0,
(O-m%) w = —81 uv_g Nuv _Wyv )
811G
o hy = = o0, T,
811G
2.16 h=——-T.
( ) 32

Finding the solution of the first equation of (2.16) is sufficient since after some manipula-
tions the other two equations are implied. Furthermore, we neglect the term proportional
to 0,0, T as this term has no observable consequences on a test body under conservation
of energy momentum [91]. Therefore, the equation for the massive spin-2 perturbation

we wish to solve reduces to,

1
2.17) (= —mz)hpv =-81G (T,uv_gnva)-

2For the type of sources we consider here, matter is conserved. The presence of the Fierz-Pauli term
just means we cannot use the Bianchi identity to assume a conserved source.
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Substituting the fields in terms of their Fourier transforms,
d4p . o~
huv(x)zfmelpox hu(p),
d4p . o~
Tuv(x):fwelpox T1v(p),
d4p . o~
2.18 Tx)= | —=eP* T
(2.18) W= [ e (),

yields,
8nG

1
2T po - m2 T(p) - Uva(p)

(2.19) hyu(p) =

Considering for the matter sector a point source located at the origin which is described
by [90],

(2.20) Tyu(x) = M6,696° (%),

and using the property of the Dirac delta in momentum space yields,
(2.21) Tuv(p) = 21M8,6,6(po),  T(p)=~2mM5(po).
Using (2.19) and (2.21) in (2.18) we obtain,
eipgx‘f

1

(2.22) huv(x) = 8nGMf(2n)3 0(po).

We split the integral into the time and spatial components,

d3l—)> ei(—p0x0+ﬁ.?c)

1
(2.23) B (x) = 81GM f dpo 26(po)(6263 + gnw),

@) —pZ+p2+m
and integrate over p( to obtain,

PUE 0.0 1
(224) HV(QC) 8ﬂGMf(2n)3m 6u6v+§nﬂv .

Finally, we solve (2.24) using contour integration and express the result in component

form,
167GM [ d®p eP*  4GM
hoo(x) = —— b2 =5—e ",
3 @2n)¥ p2+m2 3 r
hoi(x)=0
81GM d®p  ePE  2GM
(2.25) hijw)= = | =B 2 e ;.

3 g (2n)3p2+m2_§ r
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We now use the results in (2.25) to identify the two gravitational potentials using the

following decomposition of 4, [16],

hoo(x) = —¢p(r),

(2.26) hij(x) = —y(r),
to yield,

¢ = —gﬁe"’”,
(2.27) v = —gﬁe‘m’

Whilst in the case of GR the result is the usual Newtonian gravitational potentials,

(pGR(r) = _G_M ’
r
(2.28) wOR(r) = —g.

We can also look at the bending angle of a light ray around a massive object with impact
parameter given by b. As w(r) = y¢(r), where y is a constant referred to as the PPN
parameter [92], and ¢(r) = —k/r [90], where £ = GM is a constant, the deflection angle

can be written as,
2k
(2.29) 00 = ?(1+y).

We now are in a position to exhibit the vDVZ discontinuity. Taking the solutions in

Fierz-Pauli massive gravity (2.27) and applying the massless limit m — 0 yields,

(pFP(r):_EG_M,

3 r

2GM

(2.30) v (r) = _2GM
3 r

We can immediately see here that the massless limit of Fierz-Pauli massive gravity does
not recover the result of GR (2.28). However, the light bending angle is coherent with the
result in GR.

(2.31) 56¥F = 50C6R = LLGTM.

One should note here, however, that by rescaling G — 3/4G in (2.30) the same Newtonian
potential can be recovered as in GR, but this modifies the light bending angle by 25
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percent. This result is precisely the vDVZ discontinuity discovered by Van dam, Veltman
and Zakharov [83, 84]. To see how well constrained the light bending angle is, we can

re-write (2.31) as,

1 4GM
©.39) 69:( +)2/PPN) =,

where yppyn is known as the Eddington light bending parameter, which has been in-
troduced to parameterise deviations away from GR and has been constrained to be
YPPN < 107® by the Cassini probe. This implies that the maximum modification to the
Newton constant can be at the 1075 level, therefore completely ruling out @(1) modifica-
tions.

Due to the degeneracy from being able to rescale the gravitational constant to obtain
the same Newtonian potential, another observation is required to falsify FP massive
gravity. For example, one could calculate the prediction for the orbital period of the moon
using Newton’s third law,

ad

GM’

where T is the orbital period and a is the semi-major axis of the orbit. Rescaling G to

(2.33) T? x

obtain the same Newtonian potential will modify the light bending angle, whilst keeping
the orbital period the same. However, not rescaling G will modify the lunar period. So,
using a combination of these probes FP massive gravity can be ruled out.

Inspecting the form of the action (2.7) and taking m = 0 results in simply linearised
GR and shows no inconsistency, so it is peculiar how at the level of the gravitational
potentials we are witnessing @(1) departures from GR when taking the massless limit.
The key to understanding this is to realise that the massless limit of Fierz-Pauli massive
gravity is not GR. To see this, the action given by (2.7) propagates 5 degrees of freedom
as expected from a healthy theory of a massive spin-2 field, and breaks the 4D diffeo-
morphism invariance of GR. Taking the massless limit means we are losing information
about the extra degrees of freedom present in Fierz-Pauli massive gravity, and simply

sending m — 0 in (2.7) does not yield a smooth limit to GR.

2.3 Stiickelberg Trick

In the previous Section, we found that the massless limit of Fierz-Pauli massive gravity
does not produce GR due to the information lost from the extra degrees of freedom. To

understand the origin of the vDVZ discontinuity, we introduce new fields to restore gauge
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symmetry, but seek to maintain the physical predictions of the original theory. This the
essence of the Stiickelberg trick, introduced by Ernst Stiickelberg in 1957 when studying
the properties of massive photons [93].

To begin, we recall the Fierz-Pauli action with minimal coupling to an external matter
source (2.12),

1 n n ~ 1 ~
(2.34) S = f d*x (zGR —=m? (A h" =A%)+ —h,, TH |,
2 M,

where M;z = 871G and Zgg is shorthand for the linearised Einstein Hilbert action.
Here we have also canonically normalised the spin-2 perturbation A, as Ay, = ];,[—”;,
which ensures the coefficient of the kinetic term is normalised correctly. Redefining the

canonically normalised spin-2 field A v as,
(2.35) ’Al,uv - fl,uv + ayAv + avAya

and substituting into the action (2.34) yields,

1 90 ruv 720 1 . )
S = f d4x(££GR ~ Em2 (A A" —h?) - §m2FWF,W —2m? (h 0" AY —hotA,)
1, 2
uv uv
(2.36) * 30 T = g AT )

As (2.35) looks like a gauge transformation, analogous to (1.90), and as £gr is gauge
invariant, this piece remains unaltered by (2.35). Here, F,, = 3,A, —0,A, is the Faraday
field strength tensor and appears in (2.36) as the U(1) gauge invariant quantity F,,, F*".

Canonically normalising A, in (2.36) as A, — %A u We obtain,

1 Zay Zay ~ 1 o ~
S = f d4x(££GR ~ 5mz (A A" —h?) - S P Fyy = 2m (hyn0"A” - hot'A,)
1 .
2.37 +——hy TH — Au0,TH ).
237) 3 e T = o A0 T

Now, we consider a conserved source® and take the massless limit. We obtain an action
describing a massless spin-2 and massless spin-1 field, which propagate a total of 4

degrees of freedom,

1 1
(2.38) S = f d4x(§fGR — 5P P+ 7

—pszT“V).

31f we do not consider a conserved source, then in the massless limit the spin-1 field becomes strongly
coupled to the source.
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This is already an improvement on the original formulation of Fierz-Pauli: by introducing
an extra field in the form of a field redefinition we have gained an extra two degrees
of freedom in the massless limit. However, we are still 1 short of the 5 expected from a
massive spin-2 field. Naturally, the next step is to utilise again the Stiickelberg trick,
this time with the addition of a spin-0 field. Taking the action (2.37) and performing the
field redefinition,

1
(2.39) Au_’Au+_au(/),
m
results in,
_ 4 1 2(¢ Tuv_ 12 1 1A%
S = [ d*(Zor - 5 (huh™ =R%) = SF*"F
—2m (h 0" AY —ho'A ) — 2 (h W 0"0" ¢ — ho,0" )

2
mM,

2 1 .
(2.40) - A0, TH + ——¢0,0,T" + —h , Ty .
uOv szp uOv M uvd pv

p

Like in the previous case, we take the massless limit of (2.40) assuming a conserved

source to yield,
_ 4 1 1% 7 HAv A 1 1 [13%
(2.41) §= | dx|Lor - SF Fuy—2(hyy0"0"¢p—ho,o ¢)+M—phWT .

The action (2.41) describes a massless spin-2, massless spin-1 and massless spin-0 field,
thus the theory represented propagates 5 degrees of freedom. The vector is completely
decoupled from the tensor and scalar, whilst the latter two are mixed together. To
disentangle the mixing between the scalar and tensor modes, we perform a conformal
transformation at the expense of the non-minimal coupling to the energy-momentum
tensor [90],

(2.42) By = Ry + 0 .

The transformation to the gauge invariant GR piece is,

(2.43) ZLar(h) = Lor(R) +2(02h0M 7w — 0# 1y 0" + ga Ana*n) ,

which inserted into (2.41) along with (2.42), setting 7 = ¢ and integrating by parts yields,

1 1. 1
(2.44)  S= f d*x (xGR(h) — ZFMF,, — 30,0+ ——h TH + —c/)T) .
2 M, M,
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Upon rescaling A, — 1/ V2A pand ¢ — 1/ V6 ) to obtain the correct factors in front of the

kinetic terms we finally obtain,

_ 1 1 1 -
(2.45) S = f d*x| Lor(h) - ZF’”FW - 56,1([)6/1(/) +——h TH + oT

M,

1
V6 Mp
Here we have exposed the origin of the vDVZ discontinuity. In the massless limit of Fierz-
Pauli massive gravity, the scalar ¢ remains coupled to energy momentum. The conclusion
here is that the massless limit of Fierz-Pauli massive gravity does not correspond to GR,
but a scalar tensor theory non-minimally coupled to energy momentum. From (2.45) it
is also clear why for light bending the result is continuous in the massless limit, as the
trace of energy momentum for a photon vanishes as T'= 0 % but the metric potentials
show an (1) deviation from GR.

2.4 Non-linear massive gravity

We learned from the previous Section that in the massless limit of Fierz-Pauli massive
gravity, solar system tests are violated and GR is not recovered. Arkady Vainshtein
remedied this by realising that the vDVZ discontinuity was in fact an artefact of the
linear theory [94], and by extending Fierz-Pauli to a non-linear theory, continuity with
GR was obtained in the massless limit. The key concept here is identifying the scale at
which the linear theory breaks down, which corresponds to a regime in which the theory
becomes non-linear. The Vainshtein mechanism allows the smooth recovery of GR on
solar system scales. Before we discuss the Vainshtein mechanism, we first address the
concept of non-linearities in GR.

Being a non-linear theory, GR will also have a certain scale where the linear approx-
imation is no longer applicable to describe gravitational interactions, and non-linear
effects have to be included. To identify this scale in GR, we schematically expand the
Einstein-Hilbert action to include non-linear terms with at most 2 derivatives,

(2.48) SNE = f d*x 0%h% + Mipazfﬁ + Mil%azﬁ‘* +ot Mil,;azﬁ"”,
4To see this, the stress tensor for a massless photon in a spacetime described by the metric guv 18

1
(2.46) TH = FFOFY — Zg”WFaﬁFaﬁ.
Tracing results in,

1
(2.47) T =FMFq— 5511?“/51?“5 =0.

This can also be seen from the fact the equation of state of radiation is wg = 1/3.
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with A representing the canonically normalised field as in Section 2.3. Recalling the

linear field profile for 4 around a massive body,

M

2.49 h~ :
(2.49) T

and from (2.48) we have that the non-linear terms are suppressed with respect to the

linear terms by the factor,

2.50 — ~—.
(2.50) 2 M,

Using (2.49) and the result above, we obtain that the distance with which the
non-linear terms begin to dominate is ryz, ~ M/M 12, which roughly corresponds to the
Schwarzschild radius r¢ of a massive body, which is given by ry = 2GM [95, 96]. Working
this out for the sun we obtain rg ~ 3km. This means that we can trust the linear approxi-
mation of GR at distances r > 3km away from solar mass objects, and only at distances
r ~3km we need to consider the non-linear effects. We can still do computations and
make predictions below the Schwarzschild radius, we just need to consider non-linear
effects. It is only when we hit the cutoff scale that we can no longer trust the results of
GR. To find the cut-off scale, consider a 2 — 2 scattering of two gravitons [90] at energy
scale E, the amplitude </ for the scattering is «f (MAP)Q At energy scales E ~ M,
unitarity is broken and we lose all predictability of the system. Therefore, from this we
conclude that GR has a cutoff of M.

Now, we want to find the radius at which non-linear terms in massive gravity start
to dominate. To do this, we follow the procedure of Vainshtein [90, 94] and consider a
minimal non-linear model of massive gravity where we have full non-linear Einstein
gravity but keep the linear Fierz-Pauli mass term.

M? ——m?
(2.51) S = TPfd‘lx (\/ —gR) - —g(o) Tg(O)uag(O)vﬁ (h/,whaﬁ _h,uochvﬁ) s

where g, = g(l?v) + hyy is the full metric and giﬁ? is a background fiducial metric. Here,

g(lﬁ)v) is required to create non-trivial interactions as constructing scalar quantites out
of 1 metric simply yields a cosmological constant g,,g"" = c. To derive the radius at
which non-linearities begin to dominate, we work at the level of the equations of motion.
Varying (2.51) with respect to g" yields,

2
m
(2.52) —2G y+1\/-g© & (gi?(ig(voﬁhaﬁ _ g%haﬁgﬁ)ﬁ) =0.
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We assume a static spherically symmetric source and a spherically symmetric ansatz for

8,

(2.53) guwdxtdx’ = —B(r)dt® + C(r)dr? + A(r)r’dQ?,
where dQ? is the metric on a 2-sphere. Furthermore, we consider a flat fiducial metric,

(2.54) g0 dxtdx” = —dt® +dr® + r’dQ>.

v

Substituting the above ansatz into the equations of motion (2.52), and solving the

equations recursively by expanding the functions in (2.53) as A — 1+eA1+e2Ag+... we

obtain,
4 GM GM
Ar)-1=———|1-4—— +...
(r) 34nm?2r3 ( m4rd )
8GM 1GM
2.55 Br)-1=—- - = +...
( ) (r) 3 r ( 6 m4rd )
8 GM GM
Cr)-1=-—-= -14 +...
(r) 3m2rd ( mird )
The solutions in (2.55) are an expansion in the following quantity
R 5
(2.56) ~ —")
-
where we define the Vainshtein radius as
1
GM\5
m

The Vainshtein radius is the radius at which the linear theory becomes no longer applica-
ble, and higher order interactions must be considered. As we send m — 0, Ry grows and
the regime in which we can trust the solution is reduced to zero. Vainshtein therefore
concluded that the linear theory cannot make predictions below Ry as the perturbative
expansion breaks down, and that the solutions to the full non-linear equations may
show a smooth limit to GR [94, 97, 98]. Analogous to the case of GR, we can estimate
the radius at which linear perturbation theory breaks down for a solar mass object. We
have to specify the parameter m, and for cosmological purposes it is natural to assume
m ~ Hy. Plugging into (2.57) we obtain that Ry ~ 10'®km, which is approximately the
size of the Milky Way galaxy. Therefore we cannot use linear Fierz-Pauli massive gravity
to describe light bending or other solar system tests, we have to use the full non-linear
theory. For the moment, we do not comment on the cutoff of non-linear massive gravity,

this will become apparent in the next Section.
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2.5 Higher order interactions

As we found for the linear case, adding a Lorentz-invariant non-derivative term to the
Einstein-Hilbert action required the addition of a non-dynamical reference metric. In
this section, we briefly summarise the development of the unique, non-linear theory
of massive gravity starting from a general potential. A candidate non-linear theory of
massive gravity takes the form,

M2 1
(2.58) S = 7"fd4x V=ER-y=g m*U,h)|,

where g, = g'0) + by and U(g?, h) = Ua(g @, h) + U3 (g, 1) + Us(g?, k) + ...+ where the

individual terms are given by,

Us(g @, h) = [n?] - []?
Us(g 9, h) = c1[h31+ cal A21[R] + e3[R ]T?
U, k) = d1[h*]1 + da[R31[R] + d3[R2N[R1? + d4[R21? + d5[A]*

(2.59) + 3 Un(8, 1.
n=5

In (2.59) the square brackets denote trace operation with respect to the background

metric, i.e.
(2.60) [h] = g O R, [ B2 = gOna hap g OBV By

etc.. and the minus sign in Uy has been chosen to match Fierz-Pauli [82] at the linear
level, so at least at the linear level there are no ghost degrees of freedom.

As we have seen, utilising the Stiickelberg trick allows us to restore diffeomorphism
invariance at the expense of introducing new degrees of freedom. We choose to let the full
metric g, transform covariantly, and introduce the Stiickelberg fields via the fiducial

metric as in [86, 90],
(2.61) Hyuy() = g 1(%) — 800 (p(x))0,0™ 0, ¢,

where ¢4 are the 4 Stiickelberg fields. Substituting (2.61) into the action (2.58) and
setting ¢ = x4, where x? represent the spacetime coordinates, we obtain the original
Fierz-Pauli action at the linear level. This choice is known as the unitary gauge.

As before, we are interested in separating out the different helicities present in the

theory, so we write ¢p% = x% — 1%. We also change the field space index to a greek index as
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n* will eventually transform as a Lorentz 4-vector [99, 100]. We therefore expand (2.61)
as
(2.62) Hyy=hyy+ g(lj’/gavnﬁ +80,m" - go,n 0,1’ +4(0g),

where hyy, = guy — gi?v) and 4(0g'?) is schematic for derivatives of the fiducial metric.

Specialising to the case of a flat fiducial metric, and further expanding the 4-vector 7% as
7% — 1%+ 0%p to extract the longitudinal mode yields,
(2.63)

Hyy =hyy +0umy + 0y, + 20,0, — 0,0y — 0y, 0,,00¢p — 0,,0%Pp0y o — 0,,0% p0,, 04 h.

After substituting (2.63) into the action (2.58) as in [90, 91, 100] and canonically normal-

ising the fields as,
.1 L1 L1,
(2.64) hyy = §Mph’”w’ Akt = EmMth’”‘, ¢= oM Mo,

we obtain a plethora of interaction terms between the different helicity modes. A generic
interaction term takes the form [90, 100, 101],

4-np-2n,-3n4 1 N A
(2.65)  m®M2\/=gU >m>M2h" (m)" (0%¢)" ~ A} """ A (om)" (6%) "
where
1 3ng+2n;+np—4
(2.66) A= (Mpm 1)t p=
negtng+np—2

In (2.65) h always appears with no derivatives, 7 with 1 derivative and ¢ with 2 deriva-
tives. Here A is the energy scale corresponding to the outlined interaction. As m < Mp,
the smaller the A the higher the energy scale the interaction appears at. Furthermore,
np+ny+ng=3. The term suppressed by the smallest scale will be the most important
at low energies. For the system (2.65), the term suppressed by the lowest scale is that of

the cubic scalar which contributes as,
(2.67) ~(0%4),

where n, =0, n; =0, ny = 3. Therefore, the corresponding energy scale associated with

this interaction is,

(S

(2.68) As = (M,m*)?,

which is the strong coupling scale of the theory, or in other words, the scale at which the

theory becomes non-predictive. In this non-linear theory, as with the Vainshtein radius,
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we can estimate the energy scale Aj for a solar mass object and a Hubble scale graviton
mass. We find that A5 ~ 10" km™!. This is an unnacceptably low scale, and renders
this theory uninteresting for cosmological purposes. To make matters worse, as was
found by Boulware and Deser [85], the theory described by the action (2.58) with generic
coefficients propagates an extra scalar mode which was dubbed the Boulware-Deser (BD)
ghost. However, efforts to raise the strong coupling scale and exorcise the BD ghost were

made at the start of this century and the next section describes these developments.

2.6 dRGT massive gravity

As we saw in the last section, generic non-linear theories of massive gravity have a very
low cutoff and propagate a 6th degree of freedom which corresponds to the BD ghost. We
recall the generic non-linear potential U(g,h) = Us(g,h) +Us(g,h)+Us(g,h)+Us(g,h) +

...+, where the individual terms are given by,

Us(g,h) = [h*1-[h]?

Us(g,h) = c1lh®1+ calR®1[R] + c3[hT?

Us(g,h) = d1lh*1+ dalR2NA] + d3[h21R1? + d4[h%1? + d5[A]*

Us(g,h) = f1lR°1+ folh* TR + F3lR°1IAT? + FalRPNR21 + f5[R*PPLAY + f6lhP[RD® + f7[R1°

(2.69)  +)_ U,l(g,h),
n=6

where we included the explicit 5th order term for illustrative purposes. This time we
choose to write the interaction potential as a function of the full metric g,y and A ,. This
means indices are raised with respect to the full metric and the equivalence between the

two ways of writing the potential can be seen by expanding the inverse metric as,

(2.70) g = g O — pi 4 hARY + 6(R?),

and the matrix determinant as,

(2.71) V-8 =1-8©

Next we recall the culprit interaction for the lowest energy scale A5, which was the

+O(h?)

L= Y- g
L+ [h] 4([h] Shl

cubic scalar self interaction

(2.72) — (0°9)",
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1
and we identify the next lowest scale Ay = (M pm3) 4 which appears in the interactions,

1 R 1 2
2.73 — (%P, —(07)%(0%h)°.
(2.73) AZ( ), Ai( #)* (0°¢)

The next scale is Ag=(M pm3)% and is only carried by the interactions,

1 ~ AN 1 ~ AN
(2.74) ———h(6%¢)", F(an)2(02¢>) :

3(n-1)
A3 3

It was shown in [86, 102] that arranging the scalar self interactions into total derivatives,
the cutoff scale could be raised to As. However in [103] it was argued that any massive
gravity theory with cutoff of Ag would propagate a ghost, but a sign error in [103] proved

this to be a wrong conclusion.

To raise the cutoff scale, it is sufficient to consider only scalar interactions, so (2.63)

becomes simply,

(2.75) Hyy =20,,0,¢ —0,0%p0,0,¢,
and by defining I1,,, = 3,,0,¢ (2.75) it becomes,

(2.76) Hyy =200, -y,

We can construct total derivative combinations of the matrix IT up to quartic order
[87, 101, 104]

gderzl
der_[l—[]
der [H]2 [HZ]
5" = (M) - 3[TI[TT?] + 2[11°]
(2.77) der = [T1]* — 6[TT*][IT1* + 8[TT°][IT] + 3[11°]” — 6[1T*].

In fact, the total derivative combinations vanish for $der Defining a generic 4 x 4 matrix

S, the determinant expansion of det(/4+ S) = ano 9, (S) can be written in terms of the
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elementary symmetric polynomials %, (S),

%S)=1
21(S) =[S]

1
US) = o (IS1* - 1S8?1)

U3(S) = — (IST1? - 2[S1ST* +2[S?])

1
3!

UyS) = % (IS1* - 6[S21[S1? + 8[S>1[S1- 6[S1*)
(2.78) Uy -4(S)=0.

By using the result in (2.78), we deduce that %,(S) = n!jf,?er(S ).

By tuning the coefficients in (2.69) ensuring that the dangerous interactions sup-
pressed by the scales A5 and A4 arrange into the total derivative combinations (2.77),
the lowest scale at which interactions arise can be promoted to As. The authors in
[87, 104] performed this analysis in the decoupling limit®, order by order, and removed
the dangerous interactions characterised by (6%¢)".

Finally, the last step in the construction of dRGT massive gravity came when the
infinite set of interactions in (2.69) were re-summed into an action with a finite number

of terms [88]. First we define a new tensor A as,

(2.79) Kl =8 —\/oh-HY =Y d,(H"),
n=1

where HY = g""H,,, (H"), = Hy H)'..H,"" and

2n)!

(280 G P

It was shown that in the decoupling limit, this time keeping the scale Ag fixed, the £

tensor reduces to

DL
(2.81) Ky |1, =0 = Ou0vp.
To see this, we write the relation (2.79) as,

‘ZARL |h,W:O = 8uv = \/Nap0u w0y 1P

(2.82) = Suv— \/nuv - 2Hpv + Huﬁne s

5The decoupling limit is used to isolate the leading order interactions in the theory. For this purpose,
it is described by M, — oo, m — 0, h,q?) and the scale A5 fixed.
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which after expanding the square root for small IT yields precisely to (2.81)%. By replacing

the tensor £ PL into (2.69), the graviton potential can be written as,
(2.83) W(g, &) =2~ [H P+ e[ A3 + el A 2UH N + ...+,

and from the structure of (2.81) it is clear that the structure is that of in (2.77), so
W(g,Il) = W(g, %£). The key point here is that in 4 dimensions, the potential can be

written as,
(2.84) Wig, &)= i In gpler( )
. g7 - = n' n ’

where the sum truncates at n = 4 as the total derivative combinations vanish for n > D, as
in (2.78). Here a, are generic coefficients which can be related to the original coefficients
in (2.69). Since we want to describe the full non-linear theory, including all interactions
including the vector, we move away from the decoupling limit and write down the full

non-linear action for massive gravity [87, 88, 101],

M? 4
(2.85) S = 71” f d*x\/—g (R +2m? Y a, U, (K],
n=0

where %, are the dRGT potential terms constructed in such a way as to not excite the
BD ghost and to be total derivatives in the decoupling limit.
We can rewrite £ by remembering that H, is defined, in the case of a flat field

space metric as,

(2.86) Hypy = 8w~ 1ap0ud*0vP.

Acting on (2.86) with the inverse metric g yields,

(2.87) HY =64 — 8" 1ap0y¢p“0,¢P =64 — g™ fyy,
which implies,

(2.88) &y —Hy = g"fyy,

where f,, is defined as

(2.89) fuv = Nap0u 0y 0.

6Note that this holds only around Minkowski backgrounds.
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Using this result, we can express the square root in (2.79) as the matrix product of

the full metric g and the background fiducial metric f,
u
(2.90) il =6b - ( g—lf) .

v

There is also an equivalent formulation of the dRGT theory in terms of 8, parameters
[105],

M2 3 ﬁ
(2.91) S = —pfd4x —g (R-2m?Y Za,(g7'h)|,
2 n=0 n!
in which the  parameters are related to the a parameters via [101, 106],

2.92 ety
(2.92) =Y

We finish this Section by commenting on the structure of the action given by (2.85). The
term proportional to ay% is simply a cosmological constant and a1%/; corresponds to a
linear term whose existence does not allow Minkowksi space as a solution. The higher
order interactions %3 4 are allowed if and only if %5 is present, and any deviation from
the structure of dRGT would be pathological.

dRGT massive gravity is a ghost free theory of massive gravity [107-111] with a UV
cutoff scale of A3 and a Vainshtein screening mechanism to allow the recovery of GR
on local scales, see [112] for full details on the Vainshtein mechanism in the decoupling
limit of dRGT. The Vainshtein radius around a point mass M in the A3 decoupling limit
is given by,

M
A3M,

(2.93) R =

b

which for a Hubble scale graviton mass and solar mass object is roughly Ry ~ G(pc). An
example of how the Vainshtein mechanism works in the cubic galileon theory, which
arises in the decoupling limit of dRGT massive gravity, is outlined in Appendix A.
Furthermore, illustrated in Fig.2.1 is a schematic picture of the different length scales in
dRGT away from a body of mass M, which is inspired off a diagram in [90].

Now, we turn our attention towards the cosmological implications of dRGT massive
gravity, and investigate the viability and phenomenology of cosmologies in the dRGT

framework.
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2.7 Cosmology of dRGT

Shortly after the construction of the ghost free theory of massive gravity, it was shown
that the gravitational mass term can invoke an energy density which exerts a negative
pressure and drives the accelerated expansion of the universe via the helicity-0 mode
of the graviton [113]. In this Section, we briefly review the attempts to find a stable
cosmology in massive gravity. To begin the study of dRGT cosmology, we work with the
action given by (2.85) and show the presence of open FLRW solutions at the background
level [114, 115]. It was shown in [116] that cosmologies with a flat FLRW solution are not
allowed due to the time evolution of the scale factor being forbidden. Furthermore, since
Minkowski space cannot be put into a closed FLRW chart, no closed FLRW solutions exist
either. Therefore, we seek the form of the open FLRW solution which was shown to be in
agreement with ACDM [117]. In order to achieve an isotropic and homogeneous universe
for both the physical and fiducial metric, we need f,, to have the same FLRW symmetries
as gyuv in the same coordinate system, since they are coupled via g 1f. Note that we are
considering homogeneous and isotropic solutions as the cosmological perturbations for a
non FLRW case are very complicated [114, 116] and requires a full re-addressing of how
to perform perturbative analysis. For a Minkowski field space metric the background

fiducial metric is,

(2.94) fuv = Nap0up? 3y P,

and the unique field configuration compatible with these symmetries is

90 = F(O/1+x(2 +y2 +22),

o' =ft)Vxx,
¢ = FOVKy,
(2.95) O =FtVKz.

where x = |K| = —K is the absolute value of the negative constant curvature of the spatial
slice. With this definition, the fiducial metric has the same form as an open FLRW
solution [114]

(2.96) fuvdatdx’ = —f()2dt* + xf(1)*Q; jdx'dx/

where an overdot denotes time derivative and (;; is the metric of the constant time
hypersurfaces with constant negative curvature
x(xdx +ydy +zdz)?

1+x(x2 + y2 +22)

(2.97) Q;jdx'dx’ =dx® +dy?* +d2% -
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Our metric ansatz is then an open FLRW
(2.98) guvdxFdx’ = -N2dt? + a(t)?Q; ;dx’ da’ .

We substitute the metric ansatz into the dRGT action, with ag = a1 = 0 for now, and

setting ao = 1 yields to the background action,

M2v 6k  6d2
(2.99) S = ;’ deta?’ —ﬁ—m+2m2(U2+a3U3+a4U4)],
where
e 1 Yy 1)
a a N
2 .
b= o 1S
a a N
3 .
(2.100) U4:(1—\/Ff) (l—ﬁ).
a N

Varying (2.99) with respect to f we obtain the Stiickelberg equation of motion which
encodes all the information about the dynamics of the 4 Stiickelberg fields,

K
(2.101) (H - ‘g) [(6=2)+(E - 1)E - Das +(E - 1)2aq] =0,
where ¢ = %F is the ratio of the scale factors of the background and dynamical metrics
respectively. The equation (2.101) has 2 branches of solutions. The first branch with

solution,

(2.102) H= \/7?,

corresponds to an empty universe, or in other words the open chart of Minkowski space-
time which is the same as the f-metric. It is uninteresting for cosmology as expansion is

prohibited. The other branch arises from solving the following algebraic equation for ¢,
(2.103) (E-2)+(E-DE-Dag+(E-1’ag =0,

where with respect to (2.101) we have removed the trivial solution. The other two

solutions are,

1+2a3+a4i\/1+a3+a§—a4

(2.104) &=

a3+ a4
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In this branch, ¢ is constant and exhibits self acceleration as the contribution from the
graviton mass term to the Friedmann equation acts like a cosmological constant [114].
Note here that the above solutions do not exist in the limit x — 0, which is consistent with
the result of no stable closed or flat FLRW solutions [114, 116]. It was shown that the
solutions on the self-accelerating branch suffer from a non-linear instability [115, 118]
as the kinetic terms vanish for the scalar and vector sectors at the level of the quadratic
action for cosmological perturbations. The upshot of this is that the modes are infinitely
strongly coupled and standard perturbative analysis cannot be performed.

The open FLRW can be generalised to include any choice for the field space metric

which can be written in FLRW form in some coordinate system as in [119] via,
(2.105) fuv = —n2(9%)0,90°0,¢° + a®(p)Q; j ("3, 0,07

where ¢’ represent Stiickelberg fields which have undergone a change of variables with
respect to the original ones. It was shown in [120] that this generalisation does not revive
the BD ghost. Deriving the Stiickelberg equation, 3 solutions are again found [115, 119].

The first can be written as,
(2.106) aH =aHy,

where H = ﬁ and Hy = % are the Hubble rates for the physical and fiducial metric
respectively. By choosing a maximally symmetric spacetime [120], the normal branch
outlined in (2.106) can support a cosmological solution. However, in the case of a de-Sitter
reference metric [121] the Higuchi ghost” is also present [122] and is unstable under
linear perturbations [105, 123]. Choosing the form of the metric to be anti de-Sitter, the
cosmology cannot sustain acceleration [125]. The other branch of solution has exactly
the same structure as in (2.104) and can accommodate self-acceleration. However, this
branch of solution suffers from the same non-linear instability [115, 119] as before so
the solutions are unstable. With this result, we understand that all homogeneous and
isotropic solutions in dRGT massive gravity are unstable and breaking some underlying
assumptions about the theory are required to seek stable cosmologies.

Giving up isotropy and homogeneity, a stable ghost free anisotropic universe can
be achieved with the presence of a late time attractor solution [126]. Furthermore, in

the Stiickelberg field space an inhomogeneous fiducial metric can be allowed [127-130].

"The Higuchi ghost is present when the Higuchi bound is violated. The Higuchi bound ensures the pos-
itivity of the kinetic term of the helicity-0 mode of the graviton. It was first studied by Higuchi considering
de-Sitter backgrounds [122] but was generalised in [123, 124] to arbitrary flat FLRW spacetimes.
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With this choice the Stiickelberg fields are,

(2.107) O =Ft,r), ¢ = g(t,r>x7,

which again results in an effective cosmological constant appearing in the Friedmann
equation which then exhibits self-acceleration. However, it was shown that these so-
lutions are also unstable [131] due to a ghost instability arising from an unbounded
hamiltonian. The lack of stable cosmologies in massive gravity led some authors to
consider extensions to dRGT and we briefly comment on some of them in the next

Section.

2.8 Extensions to dRGT

The first extension to consider is mass-varying massive gravity (MVMG) [132, 133],
where the free a@ parameters and the graviton mass parameter in the dRGT action are
promoted to functions of a scalar field @ — a(y) where v is a scalar field which appears

with its own kinetic term. The action is modified in the following way,

M2
(2.108) S = 7’“ f d*x\/—g

1 .
R+2VW) Y an@)n ~ 5 (00) - V)|

In this model the graviton mass becomes a function of the background scalar field.
The mass varying theory was shown to be stable under linear perturbations [133], but
propagates 6 degrees of freedom. This model can approximate self-acceleration, but to
get a cosmological constant requires the extra scalar to be slowly varying which almost
approximates constant mass dRGT.

Another extension is the quasidilaton massive gravity [134], which introduces another
scalar field but not in a way which promotes free parameters to functions. The scalar field
o, or the quasidilaton, is coupled to the fiducial metric via a conformal transformation.
The quasidilaton can source the late time acceleration of the universe. The scalar field

and Stuckelberg fields satisfy the following transformation properties,
(2.109) 0'_,0-+0-0, (pa _)e—Uo/Mp('ba’

and with these definitions the building block tensor is modified to be,

u
(2.110) JV”:csﬁ—e‘”/Mp( g—lf) .

v
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Whilst there are flat self-accelerating solutions, it was shown that a ghost instability
is always present in the theory [133, 135, 136]. The quasidilaton can be extended by
adding derivative operators [137] and it was hoped a stable cosmology could be achieved
with self-acceleration [138—141]; however it was shown that even in the extended theory
there is an instability [142, 143].

So far we have only mentioned Lorentz invariant theories, but by breaking Lorentz
invariance one can construct the minimal theory of massive gravity [144] which is a
massive gravity theory that propagates 2 degrees of freedom. It was shown that this
theory is pathology free [145] and can lead to self acceleration without the need of a
cosmological constant or other dark energy fluid. There is also the minimal quasidilaton
[146] with a Horndeski extension [147] and the resulting phenomenology has been
studied in [148, 149]. The main result of these extensions is that they are stable with
respect to the Lorentz invariant ones, at the price of abandoning Lorentz invariance.
The minimal theory also has interesting implications for the early universe, as blue
tilted primordial gravitational waves can be generated [150] which could potentially
be detected by interferometers [151-154]. Other versions of Lorentz breaking massive

gravity are detailed in [155-158] and references therein.

2.9 Quantum corrections and mass bounds

We end this chapter by mentioning quantum corrections and the observational bounds on
the graviton mass. Quantum corrections to the graviton mass scale as m2 — m? +6(1)m?
[565, 159]. Therefore a small mass is technically natural as the corrections are proportional
to the mass itself, unlike the cosmological constant. So if the graviton mass is small, it
remains small.

A plethora of observations which operate at different scales which constrain the mass
of different helicities of the graviton are outlined in [160]. The most stringent bound on
the scalar mass is from Lunar laser ranging [161], which interestingly places an upper

bound one order of magnitude higher than the dark energy scale,
(2.111) Mg <107%2eV.

This result is obtained from analysing the decoupling limit of dRGT, which describes
a linearised massive spin-2 mode and a quartic galileon field theory. The vector is also
present in the decoupling limit but does not couple directly to matter [159], so does not

influence the result. This result is the same order of magnitude as obtained from the

51



CHAPTER 2. MASSIVE GRAVITY

decoupling limit of DGP, which is a linearised spin-2 mode plus a cubic galileon scalar
interaction.
The bound from gravitational waves on the spin-2 mass, which arises from the

dispersion relation, places an upper bound of
(2.112) My <1072%eV.

This result is obtained from the time delay difference between the light signal from the
gamma ray burst and the arrival of the gravitational wave. The observation of more
gravitational wave events with optical counterpart could tighten the bound on the mass
of the tensor modes, although at the moment they remain weaker than the bounds on

the scalar graviton mass.

2.10 Conclusions

The conclusion to this chapter is that there are many extensions to dRGT (for more
see [101, 162] and references therein), but finding a pathology free, Lorentz invariant
massive gravity theory, which can describe the late time acceleration of the universe has
been a challenge. Early on in this chapter we outlined the construction of dRGT massive
gravity, starting from the linear theory first studied by Fierz and Pauli. The next chapter
describes the cosmology of bigravity, which is an extension to dRGT which promotes the
background fiducial metric to be a dynamical variable. Extending the theory in this way

was hoped to alleviate some of the issues which has plagued cosmologies in dRGT.
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Figure 2.1: Schematic representation of the different length scales in dRGT away from
a body of mass M. R, is the cutoff of the theory, in which quantum corrections become

important. This scale in dRGT is given by Ag ~ (M pmz) % Then there is the intermediate
regime in which non-linear interactions are important and GR is recovered. The next
regime is the linear regime where there is a fifth force active, and finally a large scale
regime where the force of gravity is exponentially suppressed due to the mass of the
graviton, which roughly corresponds to its Compton wavelength.






CHAPTER

COSMOLOGY OF BIGRAVITY

Introduction

n this chapter we introduce the theory of bigravity. We then study the background

cosmology and discuss the branches of background solutions which exist in the

bigravity framework, assuming homogeneity and isotropy. We then discuss the
theoretical inconsistencies with one of these branches and move on to describe the
cosmology of the low energy model of bigravity and investigate the cosmological viability
of it. To achieve this, we study the background evolution and linear perturbations
by deriving the Poisson’s equation. Next, we describe the derivation of the non-linear
equations of motion which allows us to identify the Vainshtein radius. We conclude this
chapter with a discussion of the viability of bigravity theories for dark energy. This
chapter is based on published results in [163].

3.1 Bigravity Theory

Bigravity is an extension to dRGT massive gravity where the background fiducial metric
is promoted to a dynamical variable. The ghost free bigravity theory, which was con-
structed by Hassan and Rosen [54], modifies the dRGT action by imposing that the
bigravity theory propagates 7 degrees of freedom. In this way, the form of the kinetic
term for the f-metric is fixed to be that of the Einstein-Hilbert. Therefore the action for
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bigravity is,
(3.1)
M2 M}% 4
S = f’fd‘*x,/——gmg] + 7fd4x\/—fR[f] + m2M§fd4x\/——g Y a, U, +fd4x\/——g$m,
n=0

where matter is coupled only to the g-metric and %, are the dRGT interaction terms
(2.85).

The question of which metric to couple matter to is an interesting one, as there are two
metrics to choose from. In GR the weak equivalence principle is satisfied, that is to say all
matter couples to gravity in the same way, typically through a term like /=g’ Lnlg,uh),
but the presence of a second dynamical metric adds a sense of ambiguity. If all matter
couples universally in a two-metric theory then the weak equivalence principle can be
satisfied. The first and most simple form of matter coupling is to couple matter to only
one tensor, through /=g $m(g,1pi); this was considered in the original formulation of
Hassan and Rosen bigravity and is inherently ghost free [54]. The advantage of the single
coupling scenario is that the metric tensor, which describes the dynamics of spacetime,
is clearly the metric which matter couples to. It is this type of matter coupling we will
work with in this thesis. The logical next step is to consider a doubly coupled scenario

and here there are two possibilities. The first is to couple g and f to the same matter
field via,

(3.2) sm:fd‘*x,/——gzm(g,wi)+fd4x\/—f$m(f,wi).

This form of coupling creates a conceptual problem about which of g or f is the metric
tensor, however one can find a combination of the two which acts as the metric. In this
coupling scenario it was shown that a ghost is present [164], however there is a special
form of effective metric built out of both g and f which is ghost free in the decoupling
limit [164] and at the level of the background action. The structure of such a matter

action takes the form,

(3.3) Sy = f dtxy/—geff L (g®t yh),
where
a
(3.4) geff=a2gw+zaﬁgw( g-lf) B2 Fon,
v
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and (a, p) are constants. Another form of coupling we discuss here is where different

matter fields can couple to each metric via,
(3.5) S, = fd4x\/——g$,§(g,wi)+fd4x\/—f 2L, D).

This model was studied in [165], where it was found that the doubly coupled scenario
could explain the origin of dark matter. There are also other dark matter candidates in
the literature which arise out of the bigravity theory [166-168].

We turn our attention to the single coupling scenario and to the application of bigrav-
ity theory as a solution to the dark energy problem. To obtain the Einstein equations, we
vary the action (3.1) with respect to g and f, and as both metrics are dynamical they
satisfy their own Einstein equations. For a derivation of the variation of the mass term

see Appendix B. The equations of motion are,

@ 1 85U,y
&5 =Guy - MgT’” m Zoan guvLn 2(3 =0,

2m2\/— ~
\/_—M2 nZ_: 5}“#1’_ ’

(3.6) EL) =Gy +

where G, and ¥, are the Einstein tensors built out of the g and f metrics respectively,

and
2
e

is the energy-momentum tensor for the matter sector. Taking the divergence of (3.6) and

3.7) Ty (V=8 L),

assuming matter conservation yields,

4 U, 4 SU,
z _ — § I n _
(3.8) = g|gw 25guv e iV SfHv

The previous equation is analogous to the energy-momentum conservation equation for
the matter fluid in (1.12), as the two-metric interaction produces an effective energy-
momentum tensor. Note here, that V, and V; are covariant derivatives compatible with

the g and f metrics respectively.

3.2 Background Cosmology

In this section we study the background cosmology of the bigravity theory under the
ansatz that both metrics take flat Friedmann Lemaitre Robertson Walker (FLRW) form
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in the same coordinate system:

=-N@)?+a(t)?5;;dx'dx’

2
g
(3.9) st =—n()’ + a(t)*6;;dx' da

where N(t),n(t) denote the lapse functions, while a(¢), a(t) represent the scale factors
for the g and f metrics respectively. For the matter content we consider a perfect fluid

described by the energy-momentum tensor:
(3.10) Ty = pupuy +P(guy +upuy),

where u, is the 4-velocity of the fluid and satisfies the condition u,u* = -1, P the
pressure and p the energy density. In accordance with the homogeneous and isotropic
metric ansatze, the background values for the pressure and energy density are functions
of time only, while u, = —52N . In what follows, we will restrict our discussion to a matter
sector consisting only of a pressureless non-relativistic fluid, P = 0.

For the background metrics (3.9) and a perfect fluid (3.10), the equations of motion

(3.6) reduce to four independent equations and the matter equation of motion [169]

p
(8.11) 3H? =m? pmg+M2,
m2
(8.12) 3Hf_ —Pmf
2H
(8.13) ~ =" éJ(c—l)—W,
2H 2
(3.14) M ge-,
n ®E3¢E
0
3.15 Z +3Hp=0
( ) N p b

where a dot represents a time derivative and we define the following functions in
accordance with the notation of Ref.[169]:

o ()= U(E) - 20,

Pm ()= 453 —0:U @),
(3.16) 76 = 30¢ (U6 - EagU(f))
with U(¢) = —ag +4a1(é — 1) = 6(& — 1)% + 4az(é — 1)® — ay(é — 1)* and
(3.17) ==, e=o—, R=M}M.
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The conservation of the energy-momentum tensor arising from the two-metric interaction
(3.8) yields,

(3.18) JH-EHp)=0.

One final point we should make here is that the constraint equation derived from the
derivative of (3.18) is

dH-cHp _ o

(3.19) y

Using the background equations (3.11,3.18) we obtain,
(3.20) 2e- DW= 2,
Mg

where W is defined to be,

m2J(1+&&2) ~
2k &

(3.21) w H?.

The quantity W plays a role in the perturbative stability conditions [163, 169], and W >0
is the bigravity generalisation of the Higuchi bound.

3.3 Bigravity Cosmologies

The constraint equation (3.18) branches out into two solutions, the self-accelerating
branch J = 0 and the normal branch of solution H = {H. The self-accelerating branch
clearly has ¢ = const which forces p,, o and p,, s to be constant. This branch of solution
is problematic, and is analogous to the self-accelerating branch in massive gravity. There
are only 4 degrees of freedom propagating which correspond to two tensor modes and the
kinetic terms for the vectors and scalars vanish [170, 171].

Focusing on the normal branch, there are a couple of different options to take to
obtain a cosmological solution. We briefly summarise the results here, but refer the
reader to the reviews [162, 172, 173] for more details.

The normal branch is given by the solution H = {H; which links the evolution of
the f metric to the evolution of the g metric. The consistency of the two Friedmann

equations results in,

2

9 2 p 2 2 m _
(322) 3H”—m pm,g_m)_f (3Hf_7pm,f)_07

g
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which gives an algebraic relation between ¢ and the matter density p

A _ p
(3.23) Pm (&) = _m2M§ ,
where
62
(3.24) ﬁm(f) =Pm,g— ?pm,f .

This equation determines ¢ as a function of p and in general it is a quartic equation
for . For late time cosmology, we desire a quasi de-Sitter phase and when the equation
for £ (3.23) is in the late universe regime, the right hand side tends to zero as the density
redshifts away. From the Friedmann equation, for late time acceleration we require that
m ~ Hy, which appears to be a natural choice to match observations without any fine
tuning of the model parameters. Furthermore, m ~ Hy corresponds to a value of m which
is roughly the dark energy scale, so in this sense this is a natural value for m. For the
early universe the behaviour of the equation for ¢ is different. The right hand side of
(3.23) gets very large at early times, therefore ¢ can either be very large or very small to
satisfy this condition. Here we discuss both options. Note that the following discussion is

valid in the high energy regime, i.e. the early universe.

3.3.1 Branch 1: Infinite branch

Taking the first option, a large { means we can approximate (3.23) as,

P

(8.25) (a3 +aq) & ~— T

This branch is known as the infinite branch of solution [173-175] and requires ag+a4 <0
as ¢ is strictly positive. This branch of solution was shown to be unstable at early times
[176], but here we comment briefly on it. We can derive a relation for the time derivative
of ¢,
(3.26) (=2-Za.

a a
Using the background equation H = {H; and the definition of ¢ (3.17) we can re-write
(3.26) as,

(3.27) E=NH(E-1),

on which using (3.20) becomes,
NH¢ p
= X

3.28 F — —.
(3.28) d 2M2 W
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As ¢ is a decreasing function in time, this implies that either W < 0 which violates
the Higuchi bound [122], or the matter sector has negative energy density. Both of these
are unphysical so we can conclude that this branch is unstable [177, 178]. Furthermore,
perturbations around this branch have been studied around FLRW backgrounds and in
general, even though for a specific set of parameters the branch is free from instabilities
[179], this branch contains ghost instabilities [180-182] and does not pass theoretical

consistency tests.

3.3.2 Branch 2: Finite branch

Taking the other extreme, { < 1 which is known as the finite branch, the equation for ¢
becomes.

a1+3+3ag+ay o

3.29 = .
(3.29) = i

In this branch, ¢ increases in time until the energy density dilutes away and ¢ tends
to a constant value as the universe enters a late time de-Sitter phase [176]. At the
background level this branch appears to be stable. Moving on to the perturbations, it
was shown that while tensor and vector modes are well behaved, a gradient instability
is generated in the scalar sector at early times. [170, 171, 179, 182, 183]. A couple of
resolutions to this problem have been proposed. The first one is to work in the GR limit
of the theory, which is equivalent to taking ¥ — 0 [184]. This effectively freezes the
dynamics of the second metric and decouples the massive graviton from the matter sector.
It was shown that in this limit the time the gradient instability appears can be pushed
to arbitrarily early times beyond the limit of the effective field theory. In this branch, the
cosmology becomes GR-like which has the advantage of being stable, however the theory
becomes indistinguishable from GR and therefore finding observational signatures are
difficult, however multiple works are still investigating the phenomenology and effects
on large scale structure of this model [185-188]. Another option is that a Vainshtein-like
mechanism could be present [189, 190] which screens the effect of the instability at early

times recovering GR.

3.3.3 Branch 3: Exotic branch

There is also another branch of solution in the literature which is known as the exotic
branch. It arises from explicitly solving the quartic equation (3.23) for ¢. These branches

of solution do not assume a monotonous evolution for the density p, and avoid the early
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time instability via a bounce or describe a static cosmology. However, all these solutions
were shown to be unstable [181].

To conclude this discussion, the only viable bigravity models which could be interest-
ing for dark energy lie on the finite branch of solution. Imposing a hierarchy between the
Planck scales of the two metrics, one can recover GR at early times and push the gradient
instability out of reach of the effective field theory. Another way to resolve the problem is
the invoking of a Vainshtein-like mechanism to screen the effect of the instability and
allow GR to be recovered at early times.

However, abandoning the assumption that m ~ Hy it was shown to lead to another
solution, which could potentially avoid the instability at the expense of fine tuning of
model parameters. In the rest of the chapter we focus on the cosmological viability of
this model, which was first introduced in [191].

3.4 Low Energy Limit

We now study the phenomenology of the low energy model of bigravity. This was proposed
in [191], and a healthy background cosmology was found. Implications on this model
from primordial gravitational waves and early universe physics were studied in [192],
where mild bounds on the parameter space of the model are found. The low energy limit
is defined by,

(3.30) p<m’Mz.

This regime allows us to avoid the early time gradient instability in the normal branch
of solution [171] by pushing the instability beyond the reach of the effective field theory
[169, 191]. This model also has interesting implications for gravitational waves: Ref. [191]
studied the gravitational wave signal generated by this model and found an inverse chirp
signal could be detected by future gravitational wave experiments. For the physical sector,
gravitational waves propagate at the speed of light so are not constrained by the binary
neutron star merger, and for the second metric propagate at speed cy =1+0 (H 2/m2)
[191]. An interesting feature of this bigravity theory is that due to the two-metric
coupling, the gravitational waves oscillate from the hidden sector to the physical sector
and it can produce a detectable signal.

Our goal for this chapter is to analyse the cosmological viability of the low energy
limit of the bigravity theory. Studying the equation for (3.23) we notice that in the far

future, the density p redshifts as a3, and the solution for ¢ converges to a constant value

62



3.5. COSMOLOGICAL PERTURBATIONS

¢ defined by
(3.31) pm(E)=0.

To describe the evolution close to this late time attractor, we linearise Eq.(3.23) around
¢ =&, to relate the departure from this point to the matter density:
o [BA+&EDT,  2A
m e T2
Kfc m 60

[y

(3.32) L
Mg

(Gt_fc)N

where A = m? pm,g(éc) and the subscript ¢ corresponds to the values of functions evalu-
ated at the de-Sitter attractor. Following Ref.[169], we now assume |A/(m2J.)| < 1. Using

these results, we find that the Friedmann equation (3.11) can be approximated as

(3.33) 3H%2= P A,

~ i
where the effective Planck scale is Mg, = (1+&¢&2)M2, and we now identify A as the

effective cosmological constant *.

3.5 Cosmological perturbations

In this section we consider perturbations around the low energy background model and
determine the effect of the two-metric interaction on the linear growth of structure. We
outline the method adopted to study the perturbations, the process to isolate the scalar
mode in the Poisson’s equation and the extension to non-linear order. In this work, we
only consider scalar perturbations as they are the only relevant ones for the large scale

structure.

3.5.1 Linear perturbations

To start the study of cosmological perturbations, we perturb both metrics around the
backgrounds (3.9) in the Newtonian gauge for the g metric

dsi =—(1+ 2(,b)dt2 +a? (6ij + 261']'1”) dx'dx’ ,
dx'dx’ ,

ds2=-n2(1+2¢.)dt® +2nad;bdtdx’ +a2|6;; +25;; 5.0 20 g2) g
F= f nadibdtdx’ +a®|5;j+28;yy +|0:0; - —

(3.34)

INotice that A has a contribution from ag, which is simply a bare cosmological constant. In Sec.3.6,
we will set @p = 0 such that the accelerated expansion is solely due to the two-metric coupling.
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where (¢, v,0,S,¢r,yr) are the perturbation variables and we fixed the time coordinate
such that N = 1. The perturbations in the matter sector are introduced via p = p(¢) +6p
and u* = (1 - ¢,0'v) which leads to the following form for Ty,

0
Too=p (1+2¢+—p),
0
Toi = —a”po;v,
(3.35) T, =0.

With these decompositions and using the quasi-static approximation [193] we can derive
an analogue of Poisson’s equation for the potential ¢ [169]. Here we briefly summarise

the derivation.

To begin with, we substitute the perturbed metrics into the equations of motion,
whilst in the process setting all time derivatives of the fields to zero in accordance with
the quasi-static approximation and evaluating everything at the late time attractor. Due
to the complex nature of the dRGT potential term, the calculation of the square-root
tensor is complicated for non-diagonal metrics. An algorithm used for this procedure is

presented in Appendix C. The equations take the following form, up to non-zero factors

@ _0p 287y 2
88 =5 - —3Jem* (Y —yy),

00 c c

Mg, a?

88 = (-3J.m%¢, - 2k%a®) ¢ + 3 m2E .y — 6. m2Ey — 2k a® y + 6T m3E
&Y = J.m¢.a%S +2(p +y),
&) = —k%RE(R2S +6ys) + a9 mPy — 9T .mPyy),
& = _3a2(3J,m2p — 8 ,m2ps +6J.m>y — 6J,m>yr) + k2RE(R2S +6(¢p + 1)),
&Y = ~8J.m%a2S +RE(K2S +6(ps +wy)).

(3.36)

where a subscript 00 represents the time-time component, ¢r is the trace of the spa-

tial components and ¢/ is the traceless combination. We then solve the equations
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(é"éig ),é"(()g),éot(rf ),éat(lf )) for the variables (S, ¢, wr,w). The explicit solutions are as follows;

(3.37) w= % (—Tum?cca®S —29),
(3.38) - &S (9J2mat +2kk*) + 18Jcm2a2¢’
6 (3J.m2a? +2kk2¢,)
(3.39) ¢bf = J.m2a? [(3J.m2a?(1+&E2) + RER2) S + 6RE ] |
2k¢E. (3J.m2a? + 2kk%E,)
(3.40) S = 4122]@25%(/)

- J.m2a? (3J,m2a? (RE2 + 1) + RE2E, (4RE2+3))
Substituting solutions (3.37-3.40) into 6’(()‘?)) and performing the re-definitions

M, g 2KEW
[1+ze2 © m2(1+&e2)

yields equation (3.42). Note that the trace part of the g-metric equations é"t(f ) is automat-

(3.41) M, =

ically satisfied.

6W + (3 +4&E2)(k2/a?)
6W +3(k2/a?) ’

5p

(3.42) ¢= oM g(k2/a?)

where % is the momentum of the mode in the plane-wave expansion and W is defined in
(3.20).
Inspecting the form of the Poisson’s equation, we find it is similar to the one in the

presence of a scalar field source. The traceless part of the g equations of motion is given

()]
by &4,

(3.43) J.m?E.a2S +2(¢p+w) =0,

and reveals that the perturbation S acts as a source for anisotropic stress.

3.5.2 Vainshtein radius

We now move on to the study of second order perturbations and to identify the scale
at which the perturbative expansion breaks down. This will allow us to determine
the Vainshtein radius where the scalar graviton decouples from the matter sector and
the evolution closely follows GR. The workings of the Vainshtein mechanism are that
derivative self interactions of the scalar are enhanced around a matter source such as a

star, so that the effect of the fifth force is screened below the Vainshtein radius.
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In order to do this, a few approximations are in order. In addition to restricting the
study to the de Sitter attractor, we consider scales where the expansion can be neglected.
We also focus on small scales and assume V2 >> m?. Keeping the metric perturbations up
to second order in the equations of motion, we find that unlike the g-metric equations,
the non-linear f-metric equations do not exhibit the enhancement V2/m? with respect to
the linear part. This allows us to solve the linear f-metric equations and substitute the
solutions for (y,¢r,¢) into the non-linear components of the g-metric equations. The

solutions are:

3 J.m?2S
R TII
1_,., J.m2S
=-V“S
V=g P are,
3J.m2S
(3.44) = % -2y,
c
Upon substitution of equations (3.44) into the g-metric equations we obtain
(@ _ M6c [ 2012 2 9 p(t)
3.45) &¥ = 16(5 _1) |(v29)? - (00,80 afs)] + L gm?e,v2s v oviy + 2P0 2
3.46) &Y= 5% [(v28)2 (a 0,80 afs)] %J m2v2S — avy
' tr 16(60 - 1) 2% ’

where we kept only the second order terms that are enhanced in the limit VZ/J.m?2 > 1.
Using Eq. (3.46) to replace V2y and the definition of M 2> Eq. (3.45) reduces to

47 — < \% —10;0; — ‘v ,
(347 860{(€c—1)(1+1?€3)[( -l JS)]} 860( & S) 2 =0

where the non-linear term has the expected galileon-like structure. The scale at which
the non-linear terms become important depends on the normalisation of the field. We
define
2
5 J
(3.48) §=-=L 2"5"‘

such that the linear traceless equation of motion (3.43) reduces to S =y + ¢. With this

S,

normalisation, the non-linear equation (3.47) becomes

. C - 91 KE25p
26 _ ¥ 24\2 _ AL _ c
(3.49) VIS - |(v29)% - (0:0,9)*| = ST
where
_ +3
(3.50) C= K

J2m2(E, - (1 +&E2)’
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Thus the non-linear term dominates for CV2S ~ G(1), revealing the order of the Vain-

shtein radius as
(3.51) Ry ~(Crg)3,

where r, corresponds to the Schwarzschild radius of a spherical body. This result is
similar to the one obtained in section 2 in (2.93). This result is consistent with a similar

calculation performed in Ref.[191].

3.6 Fixing Model Parameters

We are now ready to fix the model parameters without introducing the bare cosmological
constant term, which is equivalent to setting ag = 0. On the other hand, we keep a;
non-zero. This means that the theory does not admit the Minkowski solution, which is
not a problem as we are interested in cosmological solutions.

We start by trading a3 for . using the definition of the de-Sitter fixed point (3.31)

and obtain ag = ag({.,a1,a4,K) as

(3.52) Qg = 3(60_1)(5"_2_k_}fc)"‘(4+%&—35c) “1_(60_1)3(%+1)a4
(fe—D2[éc—4- ]

Sc
We then fix a4 matching the effective cosmological constant A in the approximate

Friedmann equation (3.33) to the observed value, which is equivalent to solving,

H 2
(3.53) Pm.g = (EO) :

The solution for a4 = a4(é., a1,%) is,

(3.54) ay =

6 8a +(ﬂ)23—f<€c(6c—4)
(-1 (E—-17 (E-DF

Finally, the last parameter is fixed by requiring a sensible Vainshtein radius which

m

ensures that the effects of modified gravity are hidden below a certain distance scale to
recover GR on solar system and galactic scales. The relation we will consider is,

(3.55) R%, = r%rg.

We introduce the parametrisation

(3.56) re=bHy",
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where b ~©0(0.1—1) [194, 195] and allows us to tune the size of the Vainshtein radius. b
can be seen as the effective coupling to matter as in [195], where the authors considered
a cubic galileon model with an (1) coupling, and tested the theory using supermassive
black holes via the strong equivalence principle. Black holes are a good test of galileon
like theories as they have no hair, i.e. the coupling to matter induced by the presence of
an extra scalar mode should vanish. Therefore, black holes can provide strong constraints
on galileon theories. It was shown that @ (1) couplings are disfavoured, so we consider an
O(1) coupling as the maximum. The equation which relates the model parameters to the
Vainshtein radius is (3.51)
2
(3.57) C= ;)Tg.

From this relation we then fix a1,

-1 & -1 H Hy)?
(358) ay = 602 4 Kéc(fc ) _() +@(_O) ,
2b\/1+&e2 ™ m
where we made use of the fact that Hy < m. Noting that the solution with the + sign
leads to a negative W (defined in Eq.(3.21)), we will choose the — sign solution in the
following. Moreover, the solution only exists for . > 1.

After this procedure, we have reduced the number of free parameters down to two: &,
and €. We now check whether there are any inconsistencies in the background equations
of motion. Expanding the left hand side of Eq.(3.23) around the attractor, we have

dpm d*pm
(3.59) — | €-¢)+—5
dé le=e.” 77 dé? le=e

In the limit Hy < m, the coefficients of the linear and quadratic terms are,

dpm _ 3¢/1+#&&2 IE_F@(IE)Z
Al le—g, bVEREE D ™M m)’
d%pn,
dé?

)
5
m2M

(=& +0E-E)2 = -

(3.60)
m

~ 2
= —?(1+1<éc) +@’(Iﬁ) :
&=¢, Kfc(éc - 1)

In Section 3.2, we used the linear term to obtain the approximate Friedmann equation

(3.33). However, we see that the first derivative is suppressed by Hy/m, while the second
derivative term is manifestly positive. As a result, when the quadratic term dominates,
there is no real solution to this equation. This observation allows us to determine the
parameter range which grants a physical evolution. The linear term is dominant if
(3.61) Ié—fclﬁllﬁ,

b m
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in which case, the solution to (3.59) behaves as

Hy

-1
(3.62) e-ed~s(20) —f
m

21472 °
mMg

Using the condition (3.61), the above relation yields an upper bound on b;
va

Since the matter density today is of order of H, gMﬁ, we use p ~H (%M Z,/aS, giving

(3.63) b<

(3.64) b<a®?,
Therefore, the solution exists for
(3.65) a>a;, =b%%

Turning this relation around, given a parameter b, the cosmological description can go
as far back as a;,, before which no physical evolution exists. Although we set ag =0 in
order not to introduce a bare cosmological constant, we can check that this conclusion
holds even if ag # 0.

As an example, we impose that we wish to describe the evolution of the scale factor
up from the last scattering surface onward. Therefore, we set a;, = acyg = 1072. In
order to have the low energy limit (3.30) be valid at the time of CMB, the minimum
mass parameter allowed is m = Hcpyg, where Hepsp is the Hubble parameter at the last
scattering surface. From Eq. (3.65), this initial value of the scale factor corresponds to
a value of b = 102, In order to check this estimate, we compared the exact numerical
solution of Eq.(3.23) to the linear approximation. The comparison is summarised in
figure 3.1. The exact solution only appears around a ~ 1073, after which the value of ¢
becomes closer to the de Sitter attractor value é..

We close this Section with a discussion of the effect on the large scale structure.
From Eq. (3.42) we can determine the consequences of the several tunings: in order to
have an observable effect, the quantity W has to be comparable to the %22 contribution.
The function W can be interpreted as the effective mass of the gravity perturbations,
and behaves as W ~ m2J. It encodes the information about the scale at which the
modifications to gravity appear. Using the approximate expression,

2
(3.66) W ~m? [(lﬂ) +@(@)

2

bm m
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Figure 3.1: The evolution of 1—¢/¢, with the scale factor. The dashed green line shows
the linear approximation (3.32) while the solid red line corresponds to the numerical
solution obtained by solving the exact equation (3.23). The Vainshtein radius tuning

parameter, defined in Eq.(3.56), is b = 1092, while the other parameters are set tok =1,
$c=8.

we can estimate its value, using m ~ Heoyp ~ 1092H, 0,

1
3.67 ~
8.6D W (1032Mpc) (

2

103Mpc)
-1 >

H,

which implies that the effect of the two-metric interaction appears only at scales smaller

than ~ 0.1Mpc where linear perturbation theory is no longer applicable.

3.7 Conclusions

In this chapter we have presented an analysis of the linear and non-linear perturbations
in bigravity, where non-derivative two-metric coupling is introduced as in [54] so as not
to generate the Boulware-Deser ghost. We considered a perfect fluid with equation of
state P = 0 coupled to the g-metric and studied metric perturbations around FLRW,
whilst adopting the healthy branch of solution with H = {H . We then adopted the low
energy limit of the theory as it was thought this model could support a healthy cosmology.
Poisson’s equation was derived at the linear level in perturbations and we identified the

modification to the Poisson’s equation due to the extra degrees of freedom present from
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the massive graviton. Furthermore, we studied perturbations going beyond linear order
and identified the Vainshtein radius, below which the derivative self-interactions of the
scalar screen the effect of the fifth force and conspire to reproduce GR on local scales.

We then looked at the effect of fixing three of the model parameters on the background
cosmology of the theory. We use the following requirements: ensuring the existence of
the late-time de-Sitter attractor, matching the effective cosmological constant in the
Friedmann equation to the value we observe and proposing we have a Vainshtein radius.
Bigravity in the low energy limit can admit a sensible cosmological solution, but this
comes with a cost of lowering the Vainsthein radius. With a value of b = 10~%2, for which
the Vainshtein radius is given by R{Q’, =107°H 0 2r ¢» We are able to describe the evolution
of the scale factor up until the last scattering surface at a;, = 1072. However, to satisfy
the observational constraints, we need to impose b = (0.1 — 1), which results in a very
short window of the viable cosmological evolution.

The main conclusion of this chapter is that the stable bigravity model that is distin-
guishable from GR does not provide a reasonable description for the late time acceleration
of the universe. With this result, we have established that none of the exact cosmological
solutions to dRGT massive gravity/bigravity theory, where matter couples to a single
metric, admit a viable and testable dark energy model. However, there are two possi-
ble ways out from this no-go result for bigravity: (i) impose a hierarchy between the
two Planck scales, effectively decoupling the massive graviton from the matter sector,
thus making the model indistinguishable from GR [184], or (ii) invoke a Vainshtein-like
mechanism [189, 190] to screen the effect of the instability at early times.
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CHAPTER

STABILITY OF GENERALISED MASSIVE GRAVITY

Introduction

s seen in the previous chapter, finding a stable cosmology in the framework

of massive gravity continues to be a challenge. In the case of bigravity, most

models are pathological or show no deviation away from GR so are not testable.
There are, however, other extensions to dRGT which do not add extra gravitational
degrees of freedom which have so far not been studied in detail. The Generalised Massive
Gravity (GMG) remains one of these theories. First introduced in [106], the authors
showed the stability of GMG in a decoupling limit with all 5 graviton modes propagating,
but the stability of the full theory was yet to be studied. In addition, it was shown the
theory admits self-accelerating and exact FLRW solutions as well as an active Vainshtein
mechanism. Whilst our results in this chapter qualitatively match [106], how to perform
a formal quantitative comparison is unclear, but we stress that in this chapter we make
no assumptions so our results hold in generality.

GMG modifies dRGT massive gravity without introducing any new gravitational
degrees of freedom, which is an advantage with respect to many other extensions of dRGT.
This is achieved by breaking the translation invariance in the field space by promoting
the mass parameters to functions of 1745$%¢®, while preserving Lorentz invariance. One
might argue that by promoting constants to functions decreases the attractiveness of
the theory in terms of an Occam’s razor perspective, but we shall see that by minimally

modifying the original dRGT theory can lead to interesting phenemenology.
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CHAPTER 4. STABILITY OF GENERALISED MASSIVE GRAVITY

This construction preserves the dRGT tuning that removes the Boulware-Deser mode
[196]. In this chapter, we perform a full stability analysis with a k-essence fluid acting
as the matter field. We choose a k-essence field as it represents a simple choice for
analysing matter at the level of the action, but we stress that the results in this chapter
hold independently of the matter field considered. We derive the quadratic action for
the tensor, vector and scalar modes and derive stability conditions by requiring the
absence of ghosts and gradient instabilities. As gaining an analytic understanding of
extended theories of gravity can be challenging, we introduce the minimal theory of
generalised massive gravity. In the framework of this model, where we allow only one of
the mass functions to vary, we investigate the stability for a self-accelerating cosmological
background. We conclude this chapter by identifying a parameter space in which the
theory is pathology-free and in which the effective energy density arising from the mass
term approximates a cosmological constant. The work in this chapter is based on the
publication [197].

4.1 The Set-Up

In this section we outline the GMG theory and discuss the field configuration for cosmo-
logical solutions.
The gravitational action consists of the Einstein-Hilbert term and the generalised

mass terms

M2 4
4.1) 5=-2 f duy=g |R+2m2 Y. an($°P0) Un[H 1| +Smatter .
n=0

In the case of GMG, £,y is non-dynamical and is written in terms of the four Stiickelberg

scalar fields,

4.2) fuv = nabaud)aav(bb ,

with (a,b =0,1,2,3). In standard dRGT massive gravity ¢* are the Stiickelberg fields,
arising from the reintroduction of diffeomorphism invariance. However, if the translation
invariance in the field space is broken, the four fields can also appear in the Lorentz
invariant combination 745¢%*¢?; in GMG theory, the mass parameters a, are promoted
to functions of this combination [106].

For the matter sector we consider a k-essence field with action
(43) Smatter :fd4xv -8 P(X),
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with
(4.4) X =—g""o0,9d,¢.

In order to achieve an isotropic and homogeneous universe for both the physical and
fiducial metric, we need f};, to have the same FLRW symmetries as g,y in the same
coordinate system, since they are coupled via g1 f. Moreover, we also need to ensure that
¢, stays uniform. For a Minkowski field space metric the unique field configuration

that is compatible with these symmetries is

90 = F(O\/1+x(2 +y2 +22),

o' = F)VKx,
o = FVKy,
(4.5) =V z.

where x = |K| = —K is the absolute value of the negative constant curvature of the spatial
slice. With this definition, the fiducial metric has the same form as an open FLRW
solution [114]

(4.6) fuvdatdx’ = —f()2dt* +xf ()2 Q; jdx'dx’

where an overdot denotes time derivative and (;; is the metric of the constant time

hypersurfaces with constant negative curvature

x(xdx +ydy +zdz)?

4.7 Q;dxidx’ =dx® +dy? +dz% -
(4.7 Jjexax x Y ° 1+x(x2+y2 +22)

Our metric ansatz is then an open FLRW
(4.8) guvdxtdx’ = —dt* +a(t)?Q;;dx'dx’ .

The background field value is chosen to be uniform, i.e. ¢ = ¢(¢). In this case, the
k-essence can be interpreted as an irrotational fluid with pressure P(¢?), while the

energy density p and sound speed c; of the analogue fluid is given by

opl(a2y,a2 D2 2 _ P'(@*)
(4.9) p=2P@QNOT=P@D, = o e i)

where a prime denotes differentiation with respect to the argument.
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4.2 Background Dynamics

We now can use the field configurations outlined in the previous section to determine the
background dynamics of cosmology. We take the approach of calculating the background
action to obtain the background equations of motion. The total action in the mini-

superspace approximation is

(4. 10)
6x 6ad> 2a3
_ﬁ — 2N2 + 2m2(060U() +a1U1+ agUs + agUs + agUy) + F}%P((pz) ,

where a,, = a,[-f(¢t)?] and

s )

)

=1L a2 3
1) = (1) (- 1)

Varying the action (4.10) with respect to NV, a and ¢, then fixing the cosmological time
N =1, we get the following equations of motion [106]

2 KY_ 2 p
3(H ?) =m L+E%,
2(H+%) :m2J(r—1)f—pA;;,
(4.12) p=-3H(p+P),
where for convenience, we defined?
(4.13) Hsg, 55\/§f, r= aKf.

We also defined two combinations of the mass parameters

= —ag+(BE— a1 -3¢ - 1(E-ag+(E - 1?E—Das+(E-1)1ay,
(4.14) J=ay+(8-20)ag+ (- 1(E-3)az+(E —1)2ay,

INote that r defined here is the equivalent of ¢ in the previous chapter.
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where from the background equations, we infer that m2M ?,Lz is the effective energy
density coming from the mass term while m2M ?, J(1—r)é corresponds to the sum of the
effective density and pressure. In standard dRGT, the quantity </ is forced to vanish,
yielding a constant ¢ solution. As a result, the contribution to the Friedmann equation
m?L becomes an effective cosmological constant. In contrast, in the GMG theory, this is
no longer the case. By varying the action (4.10) with respect to f, or equivalently using

the contracted Bianchi identities, we obtain the Stiickelberg constraint equation
(4.15) 8HJ(r—-1)¢-L=0.

Using the definition of L from Eq. (4.14), we can also rewrite this equation in the

following form

(4.16)

3 (H - “_F) g=-2%
a VK

In this form, the dRGT limit can be trivially taken by a/, = da,/0(~f2) — 0. In this

constant mass limit, there are two branches: the normal branch with H = y/x a which

[—ap+(3&—a) -3 - 1) - 2ah + (€ - DAE - dag +(E - DPay] .

prevents expansion, while / = 0 branch gives rise to a self-acceleration. The generalised
mass term thus prevents the branching by breaking the factorised form of the constraint
equation. Although this means that generically the mass term is no longer an effective
cosmological constant, this also solves the problem of infinite strong coupling of scalar

perturbations, whose kinetic terms are proportional to / in standard dRGT [119].

4.3 Cosmological Perturbations

In this section we derive the stability conditions by calculating the quadratic action
for the tensors, vectors and scalars. To calculate the quadratic action we need to first
introduce perturbations to the physical metric, whilst working in the unitary gauge for

the f-metric which leaves it un-perturbed,
(4.17) guvdxFdx’ = —(1+2¢)dt® +(0;,B +B;)dtdx" +hj,

with A;; decomposed as

1 1
(4.18) hij :21//Qij+ DiDj—ggileDl E+§(DiEj +DjEi) +Yij,

2Note here that L is the equivalent of Pm,g in chapter 3.
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D; is the covariant derivative associated with the 3-metric (;; and the spatial indicies are
raised by the inverse metric Q. The vectors in the above decomposition are divergence-
free D'E; = D'B; = 0, while the tensor is divergence and trace-free Di)/i j= Qv yij = 0.

We also introduce matter perturbations through
(4.19) P=po+6¢,

with quantities in the fluid analogue P, p and c; all defined with respect to the back-
ground field. For the four scalar fields ¢“ we exploit the diffeomorphism invariance to fix
their perturbations to zero, depleting all the gauge freedom in the system.

In this decomposition, the scalars (¢, B, v, E, ¢), vectors (E;, B;) and tensor (y;;)
perturbations decouple at quadratic order in the action. We will therefore study them

separately in the following.

4.3.1 Tensors

Starting with the tensor sector, we expand (4.1) to second order in tensor perturbations,

we find

M2
(4.20) SP = = f d*xvVQ'a®

v + a—12YijDleYij + (i—;( -m” F) Yinij] :
We expand y;; in terms of tensor harmonics (see e.g. [74])

(4.21) vij= [ dky i o,

with DlDlYi i= —k2Y; j and D'Y; = Qiy; 7 =0. Using the orthornormality condition,
(4.22) f d3xVQY; ik, DY V(R x) = 6P F - ),

the action can be written as,

M; k2 2
(4.23) P ==L f dtd®k f RRLY ( K

i 2 @) 7 _ 7
Vi~ g2 Ve Vien * | g2 =™ F)Y|E|Y|;;/|]5 (k= k).

Integrating over E' allows us to reduce the above action to

M2
(4.24) SP - ?pfdtd% a3 [|y'|2 — W |y|2] ,
where the tensor dispersion relation is
k2 2k
2 2
(425) wT:(ﬁ—¥+m F)
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The mass of the tensor mode m VT is given in terms of the mass functions as
(4.26)
[=¢far+B-20ag +(E - DE-B)az+(E - D?ag] + - DE[—ag + (¢ —2)az+(E - Day] .

This expression agrees with the standard dRGT tensor mass with constant a, [119].
From (4.24) it is clear the tensors show no ghost or gradient instabilities since their
kinetic term directly follows from a standard Einstein-Hilbert action. However one can
place restrictions on I' requiring that I' > 0 to avoid a tachyonic instability. On the other
hand, for |m2T| ~ @’(Hg), the instability generically takes the age of the universe to

develop, thus an imaginary mass is not necessarily a cause for concern.

4.3.2 Vectors

We next calculate the action (4.1) at quadratic order in vector modes. The shift vector B;
is non-dynamical so it can be integrated out by solving its algebraic equation of motion

_ a(1+7)(k? +2x) B
T 2[(R2+ 20 + D+ 2m2a2E]

4.27) By

where we expanded the perturbations in terms of vector harmonics
(4.28) Qi= f d’kQy ; Yilk,3),

with DiDin =—k? Y; and D'Y; = 0. Upon substituting (4.27) into the action, only one
propagating vector remains,

2

M 2
(4.29) s ==L f d*k dta® R

T|Ev|* - m?T |Ey|*

>

where the kinetic term is

2 1+r \7!
4.30 g = + .
( ) (k2+21< m2a2J€)

For avoiding ghost instability, the following condition must hold at sub-horizon scales

2 2J
—M>O.

(4.31) g —
k>aH 1+r

The sound speed for the vector modes can be calculated by taking the ratio of the two

terms in Eq.(4.29) in the sub-horizon limit

m2a?T
29

B aQ+nrr

2 _
(4.32) 2 = ewatt= BT

The squared-sound speeds should be positive to avoid gradient instability cy, = 0.
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4.3.3 Scalars

We now expand the action (4.1) up to quadratic order in scalar perturbations. Unfortu-
nately, the full calculation involves expressions not suitable for presentation as they are
very lengthy and non-intuitive. However, we describe the procedure here and show some
intermediate results.

At this stage we have an action with five degrees of freedom, (¢, v,B,E,5¢). However,
the lapse and shift perturbations appear in the action without any time derivatives and

can be integrated out. By first expanding all perturbations in terms of scalar harmonics
(4.33) Q= f d*kQg Y (,%),

with D;D'Y = —k2Y, we solve the equation of motion for the shift B,
a(1+7)[36¢(p+P)+M2¢p (k2 +3x)E + 6(yjy — He)|]

4.34
39 3MZ[2(r+ Dx +m2a2J &] ¢

where we omitted the subscript S, IEI and we will do so for all other perturbations in the
following. Upon substituting the solution for B back in the action, we then solve for the

lapse perturbation ¢, which is,

MZc2 [2x(r+1) + m?a?J¢|

¢:2M§c§H2 [2(R2+3K)(r+1)+3m2a2J &] - [2x(r+ 1)+ m2a?J &| (p + P)
2kR2H(1+7) 3(p+P) 0 .3 9 3m2a2J€),
E+— (2 —_—
X{3[21<(1+r)+m2a2J6] vz, 00 (430 +k2( (k2 +35)+ = i
(4.35)

. E2(R? +31<)E . 2(k*+3K)+3m*a*J¢  (p+P) 5 }
3a? a? MZc2¢
With the solution (4.35) we reduce the quadratic action to a system with 3 degrees of
freedom (v, E,6¢). Formally, the action is the following;

2

ase) Y=L [@rara? (VL H G LI G900,

where ¥ = (1, E, 5¢) is the field array and where %, 4 and ./ are the real 3 x 3 kinetic,
mixing and mass matrices respectively. The absence of the Boulware-Deser ghost requires
that we can integrate out one more non-dynamical degree of freedom. Indeed, at this
stage det.# =0, indicating that at least one combination of the fields has a vanishing
kinetic term. To explicitly see this we define the quantity @

k2(r + 1)(R% + 3x) (H

~[Z)50.
9m2a®J & +6(r + (k2 + 3%) <p) ¢

(4.37) Q=w+
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When we remove §¢ in favour of @, the kinetic part of the action becomes diagonal and
the non-dynamical nature of ¢ becomes manifest. We identify v in this basis as the
would-be Boulware-Deser mode and integrate it out. Unfortunately, the solution is not
suitable to be presented here, but upon substitution into the action we obtain a system

with two dynamical fields in a basis ¥ = (@, E), with the action formally
@) Mg 3 i N 1 T \j
(4.38) Sg :7fd kdt(\PTJ\II+§\PT59\IJ+§\Iﬁg V- gw|,

where £, ¢ and ./ are now the 2 x 2 kinetic, mixing and mass matrices respectively in
the new basis, with # = % T, # =.uT.

4.3.3.1 No-ghost Conditions

The conditions for the absence of ghosts can be obtained by studying the positivity of
the eigenvalues of the kinetic matrix £ in the sub-horizon limit, which corresponds to
taking k£ — oco. The two eigenvalues are determined as

det &
(4.39) €1 :Jn, eg = .
K11

The exact expressions are,
-1

e1 =

b

MyGH (4[202 4300+ D+3mia®yy] )~
2(p+P) M2 [2x(r+ 1)+ m2a2J ¢] '
3M? 2M2(r+1)
ey :{ p__ L 2¥p
k2(k2+3x) k2m2a2J¢

TP g —ZWa(H—\/—F)r+a2 4B |8y mtgel||| v 202H@ET - J o) }
3m2a? a Mg
(4.40)
where
4Am2J2r2(r + 1)E2[6x + 2(k2 + 3107 + 3m2a2J &2)°
te M2 [2x(r + 1)+ m2a2J ]
x {m2J2r52 [-2£%r? —6x(r — D1 +7)* - 3m*a®J (r* - 1)¢]
2HT ]!
+HE[2x(r+ 1)+ m2a®J &] [%ZJ—G(r+1)(—T+J)] } :
(4.41) %QE_Br(r+l) 2\/FH+4H2_2[3K+(k2+31<)r] _p+P
H? a r 3a2(1+r) M2
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In the dRGT limit J,J — 0, the second eigenvalue vanishes, in agreement with [119].
However, with the varying mass functions, the strong coupling problem is resolved.

We now expand the eigenvalues in the sub-horizon limit, obtaining

2(p+P) _

e1= i +0 (k)
Mj;csH

(4.42)
3m2a*H |rJé(2x 2yxH 4H? +P .

eq = "“2‘ rd{(2x _2vKH +m2Je+ 2 +2HT-JX | +0(k7?).
2M2r2 | 2H | o2 a r M2

To avoid ghost instabilities, we need e; > 0 and eg > 0. The first no-ghost condition is
simply the null-energy condition, so we identify the first eigenmode as the matter sector.
The second one is therefore the scalar graviton mode. However, from the subhorizon
expression for e; we see that it no longer vanishes in the dRGT limit J,J — 0. The
reason for this apparent discrepancy is that the sub-horizon limit does not commute with
the dRGT limit.

This peculiar behaviour can be understood by inspecting the terms in es. In the second
of Eq.(4.40), there are some terms that vanish in any order of the limits. Neglecting

these, we are left with two terms that dominate according to which limit is applied first

1 ( 20r+1) r2 -1

4.43 = — +
( ) ¢2 Mf, k2m2a2J¢  3m2a*H?T

In the above, the first term dominates in the dRGT limit while the second term dominates
in the large momentum limit. In order to control which limit is stronger, we define the
quantity

k2J
a?H?’

(4.44) &=

The case & < 1 then corresponds applying the dRGT limit first, while & > 1 corresponds
to applying the sub-horizon limit first. To make this argument clearer, we rewrite this

new parameter in terms of the relevant length scales in the problem

lnleme
where A = a/k is the physical wavelength, the horizon length is /77 = 1/H, while we define
the length scale associated with varying mass parameters as lgyg = J/H. We summarise
the possible values of the wavelength with respect to these scales in Figure 4.1. For a

small departure from constant mass dRGT, the two characteristic lengths obey Iz > lguma.
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For modes with wavelengths 1 < [y, the variation of the mass parameters is non-
negligible, thus this case corresponds to the & > 1 limit. For lgyg < A < [f, the modes
are sub-horizon, but the departure from standard dRGT is negligible, corresponding to

& < 1. One can see that & must always be less than one in this case as if & > 1 then
(4.46) lgloyme > A2 = A< VJ/H,

which is not allowed as in the dRGT limit J/ — 0.

E>»1 | &<l | & finite

lema lr

> )\

Figure 4.1: Schematic representation of different length scales. In this diagram, we
assumed that Igyq < g, which corresponds to small departures from standard dRGT.

4.3.3.2 Sound Speeds

Instead of obtaining the full dispersion relations of eigenmodes, we will make use of the
fact that the frequency is dominated by the gradient term at high momenta. We first
vary the action (4.38) with respect to the fields W7, what results is the following equation

of motion
. —@gT . (% B3HY%
(4.47) Jf\P+( +3H A + & ‘P+(§+ +.4|¥ =0.
For a monochromatic wave of the form ¥ o e i/ ®dt and in the sub-horizon limit we

2

have |w| < w*, so equation (4.47) can be converted into an eigenvalue equation to solve w

P .
. Y 3HY
+3HZ+J)+(E+3

(4.48) det

e o

Since deep in the horizon, frequency is w = Cg(k/a), we solve the above equation for the
squared sound speed C%. The equation is quadratic in C%. The first solution coincides

with the sound speed of the k-essence field

(4.49) C =cl.
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2

The second one provides the sound speed of the scalar graviton Cg ,,

C% = (18M§H3L‘ [6M2H(r — 1°kL +a*(36 M2 H*(r — 1)°T - 18M H*(r - 1)L,
. . . 3 _1
+3H(r - 1*(px + Px)L + m*M2(2r - DL? + 6M.H*(L# - (r - 1)L)]) x
{ —36MyH*(r — 1)*k*L* - 6M2a” HxL[36 M2 H*(r - 1)*(r(r — 3) - 2)T) + 18M2H(r* +r - 2)L,

—6H(r — 1*(px + Px)L + m*M2(r — 1)3r — 2)L* + 6M2H*((r — 3)L7 + 2(r - DL)] + a4(
1296 M5 H®(r — 1)>(r + )I'* - 216 M, H' (r — 1)*(6 + )T L + 3m® M2 H(r - 1)(3r — 2)(px + Px)L®
+m* My (r(3—2r) - DL*108M 3 HO(r — 1)[(3 — 2r)L? + 2L((8 + r)T# + r(r - DI) - 4(r* - DT'L]
~M2H°L[m®M(r(5+2r) - 6)L* - 3(r - 8)(px + Px)L+# - 6(r - 1)(px + Px)L] + 36 M2 H"L |
—3Px(r—1)*2+3r)T - 3(r - 1)*(2+3r)px + Ma((5r - 9)Li - 2(r — 3)(r - DL)| - 3BH?L?|
3P%(r—1)* +6Px(r — 1)’px +3(r —= 1) p% + 2m* M ((r = 3)L7 — (r = 2)(r - DL)]

+18M2H* [PX(r —1)(6+(4c? + 3)r)L? + 2m* M o(r - 1)(r(5r — 1) - 2)TL* - 6px L* + 2rpx L
—3c2rpxL® +4r®pxL? +3cr’px L? —4M_L*r* -6 M. L+L + MorLrL - 2M2 L + 2M2r°L?
+2M3rL2F ~ 2M2(r ~ DrLL® | ]}

(4.50)

Both of the squared-sound speeds should be positive to avoid gradient instability. In
order to see how the stability conditions in this section can be satisfied, in the next section
we consider a minimal model of GMG, which allows us to gain an analytic understanding
of the system.

Before discussing the minimal model, we briefly discuss the advantages of GMG with
respect to pure dRGT massive gravity. Inspecting the form of the vector kinetic term
4.31 and the scalar kinetic term 4.40, and taking the dRGT limit J — 0, we see that the
kinetic terms vanish. This is the problem with cosmologies in dRGT massive gravity.
However, clearly from the form of the Stuckelberg constraint equation in GMG, the same

problem is not manifested and the kinetic terms remain finite.

4.4 Minimal Generalised Massive Gravity

In this section we consider small departures of constant mass parameters by allowing

only one of the a, parameters to vary. This allows us to solve the Stiickelberg constraint
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(4.15) and evaluate the stability conditions in a concrete framework. In this minimal

setup, the free a,(¢%¢®,) functions in the action (4.1) are

ao(pPa) = a1(p®pa) =0,
as(¢”da) = 1+ mahypadp”,
as(@®pe) = as,
ag(PPa) = ay.

(4.51)

For the background configuration (4.5), we have (¢%¢,) = —f(¢)2. The above choice is
basically the constant mass dRGT theory, with the only difference that we allowed a2
to vary with the Stiickelberg fields. The variation is assumed to be small a’2 « 1, so we
expect the solutions to be close to dRGT. In this case, the contribution from mass term to
the Friedmann equation m2L should be approximately constant, and if it is responsible
for late time acceleration, positive. The conditions we impose are the positivity of the
effective cosmological constant, the squared-tensor mass, vector and scalar gradient and
kinetic terms.

We expand all background quantities for small a5,
£=Eo+ b1 +0 (a)’,
J =do+ahdy +0 (a)”.

(4.52)

At leading order, i.e. @’(a’z)o, all background quantities reduce to standard (constant
mass) dRGT expressions. The Stiickelberg equation (4.15) at this order is simply Jy =0,
solved by [119]

1+2a3+a4i\/1+a3+a§—a4‘
(4.53) $o+ =

as+ay
Moreover, since ¢ = (—H + \/x r/a)é, we can use that {; = 0 to determine
_aoHyp
e
To determine which solution of ¢y we need to use, we can use the squared tensor mass in
dRGT [119],

(4.54) ro

aoHy
VK

(4.55) F():i( —1) &.\/1+as+a2-ay.

85



CHAPTER 4. STABILITY OF GENERALISED MASSIVE GRAVITY

Provided that curvature never dominates the expansion, the tensor mass is real only
for the solution &g, which in turn leads to a positive vector gradient term (4.32). We
therefore consider this solution in the remainder of this section.

We now discuss the parameter region where we have a real solution that leads to a
positive cosmological constant. By definition, ¢ is a positive quantity, so the parameter

region where the solution &y in (4.53) is positive corresponds to
(4.56) (a3<—1/\a4<—3(1+a3))v(a3>—1/\a4>—a3).

On the other hand the contribution to the Friedmann equation from the mass term is

then an effective cosmological constant
Lo=(o-1)[6+4as+as—B+5ag+2agio+(az+ayés],

1
(4.57) = [(1+ az)2+az+2a5-3ay)+2(1+az+ai— a4)3/2] .
(a3 +ay)?

In order to have a real and positive cosmological constant, we need to satisfy these

conditions:

3+2a3+3a;
4

The G(a;) terms are relevant only in the stability conditions, and they are exclu-

(4.58) ag>-1A <a4<1+a3+a§.

sively introduced by the function JJ, whose @’(a'z)O contribution vanishes. We can solve
background equations (4.12),(4.15) for J; to obtain

2 2
m=a,

Jy =
' ag)? (VKaoHo —«x)
(4.59)

2(1+az)(3a2+as(5-2ay) —(ag—1)(ay+4))

+2\/1+a3+a§—a4‘(4+a3(7+3a3)—a4—2a3a4—a3)

This is the main quantity needed when calculating the kinetic terms of perturbations. For
the region (4.58), where cosmological constant and tensor mass is positive, the positivity

of JJ requires
(4.60) ab(as—as+1)>0.

We now discuss the conditions for avoiding ghost and gradient instability in the
vector and scalar perturbations.
Schematically the action for the vector modes takes the form,

: ¢ k2
(4.61) sg’:dekdtaff%(WF—‘;—2|V|2+... :
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where ellipsis denotes other terms in the action, e.g. mass. For the vector modes, both

limits of the parameter & give the same result for the sub-horizon expressions, with

m2a(2)J1€0a’2 9 _)(1+r0)1“0

4.62 Iy — .
( ) v 1+r0 ’ v 2J1§0(X’2

Since ro given by (4.54) is positive, and we chose the branch where I'g > 0, avoiding both
ghost and gradient instability requires

(4.63) Jia,>0,

which, in the regime where we have positive cosmological constant, corresponds to the
range (4.60).

For the scalar mode that corresponds to the matter field, there is no ambiguity; as
long as the equivalent fluid obeys the null energy condition, and has a real propagation

speed, it is stable. For the scalar graviton, the action is formally

. cZk?
(4.64) SY = fdskdtasf’/_s (|S|2 -SSP+ .
a

As discussed in the previous section, the sub-horizon limit for g depends also on the

limit for the parameter &. We find

Sm2atH2T
i L LU

Mpro

(4.65) Ts — A

2 279 '
mcaik<éod1a

02 ‘o1, , k1
2M5(ro+1)

On the other hand, the sound speed for the scalar graviton has the same value when &
is send to the either of the two extremes,

20+rgly 4 9
4.66 2 =
( ) CS 3J1€00£’2 3CV

Regardless of the & limit, scalar kinetic term and squared-sound speed are positive in
the region where cosmological constant is positive, tensor mass is real (I'y > 0) and the
vector mode stability condition (4.63) is satisfied.

In Fig.4.2, we summarise all the conditions obtained in this section for the minimal
model. We show the region of the parameter space that has positive cosmological constant
and stable perturbations in Fig.4.2. Depending on the sign of a’2 parameter, the allowed

region is either constrained in a finite area (as;, > 0) or is open (a;, < 0).
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a'<0 a' <0

Figure 4.2: Allowed regions for a, > 0 (left panel) and a;, <0 (right panel). The blue
region is ¢y > 0 (bounded by the solid lines), orange region is a;/; > 0 (bounded with the
solid and the dotted lines), the green region is where both conditions are satisfied. We
also mark the positive cosmological constant as the shaded area (region between the
solid and dashed lines). The region where all conditions are satisfied is highlighted in
yellow.

4.5 Conclusions

In this chapter we have studied the cosmological perturbations of Generalised Massive
Gravity with a k-essence fluid as the matter sector. We calculated the quadratic action
for the tensor, vector and scalar sectors and identified the stability conditions. We found
that, unlike in constant mass dRGT massive gravity, the kinetic terms for the vector and
scalar gravitons are non-vanishing, and the background can be free from pathologies.
As an example, we introduced a minimal version of the theory where only one mass
function is allowed to vary slowly, which can be considered as a small variation from
standard dRGT. In this model, the contribution to the Friedmann equation from the
mass term is approximately a constant, which can be positive. In other words, the cos-
mology approximates GR with a cosmological constant. On the other hand, the effective
cosmological constant continues to vary, and this variation allows the background to be
perturbatively stable in a region of the parameter space, unlike constant mass dRGT

theory. The tensor graviton has a time dependent mass and propagates at the speed
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of light, while vector and scalar perturbations generically propagate at superluminal
speeds. Superluminality is not generically a problem. However if the scalar graviton
was sub-luminal, there would be a decay channel from photons to scalar gravitons [198]
which has been heavily constrained by observations.

Our results in this chapter qualitatively match the results in [106], however quanta-
tively the comparison is unclear when taking the dRGT limit. For instance, taking the
dRGT limit on the vector action (4.29) results in a vanishing kinetic term, signalling
the infinite strong coupling problem in dRGT cosmologies. However, taking the dRGT
limit on the vector action in [106], the kinetic terms are non-vanishing. One possibility
is that the apparent discrepancy is due to their choice of Fermi normal coordinates and
the decoupling limit potentially probing a different background than the one considered
here.

The cosmology of Generalised Massive Gravity has advantages over similar exten-
sions outlined at the end of chapter 2. In addition to being an extension that has the
same number of degrees of freedom as standard dRGT, the strong coupling problem can
be tamed, unlike some other extensions. For instance, the problem of vanishing kinetic
terms have been addressed in a similar manner in the mass-varying massive gravity
[132], where the mass parameters are promoted to functions of a new dynamical field.
On the other hand, in order to achieve self-acceleration the mass functions need to vary
slowly, making the scalar and vector modes strongly coupled. In contrast, in this chapter,
we showed that the scalar perturbations in the GMG theory effectively end up with finite
kinetic terms provided that one considers modes that are sub-horizon and below the
characteristic GMG length scale. This is an indication that the strong coupling problem
of the dRGT theory becomes milder even with a slight variation of the model parameters.

As we have established a simple model of a stable cosmology with (approximate)
self-acceleration, the next chapter presents a comprehensive study of the background
cosmology and linear perturbations. To date, this is the only current Lorentz invariant

model of massive gravity with 5 degrees of freedom that admits a stable cosmology.
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CHAPTER

PHENOMENOLOGY OF GENERALISED MASSIVE
GRAVITY

Introduction

n this section we study in detail the background cosmology and linear perturbations

of the GMG theory. As was shown in the previous chapter, we found that a stable

cosmology can be accommodated in the GMG framework. In this chapter, we build
upon the analysis in chapter 4 and study the full background evolution, identifying
the equation of state of dark energy and comparing the expansion history to that of
ACDM. We then study linear perturbations at the level of the equations of motion, and
derive the modified Poisson’s equation sourced by the extra scalar mode. Due to the
modified Poisson’s equation, the effective Newton’s constant is altered which results in a
modification to the growth rate of structure, so we compare the growth rate in GMG to
ACDM. Finally, we derive the equation of motion for the tensor modes and discuss their

evolution. This chapter is based on published results in [199].

5.1 Background Set Up

We begin the study of the background by considering the background in chapter 4, except

this time using the simplest matter source, a pressureless perfect fluid described by the
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energy momentum tensor,
(5.1) Ty =puplty.

As mentioned in chapter 4, the results are independent of the matter field, and a
pressureless perfect is the simplest choice for working at the level of the equations of
motion. The background equations of motion take the same form as in (4.12). We then
adopt the minimal model as studied in Chapter 4, which is outlined in (4.51) and derive

the background Friedmann and Stiickelberg equations, which take the following form:

3(H2- %) —m?[ -3¢ —2)(& — (1 - m?f2ah) + az(& — DAE — )+ aq — %] = %
P

(5.2)
3 (H— ‘/TF) (8- 26)(1 - m?F2aly) + ag(€ —3)(E — 1)+ ag(é — 1?] = 6m2F (€ —2)(E - 1)t}

In order to investigate the mass term’s effective equation of state and the Hubble rate,
we first introduce dimensionless variables and re-write every dimensionful quantity in
units of Hy and M),

m — Hop,
H — Hyh,
K — a(z)H(z)QKO ,
o, — L
2 ,U2 ’
3a3HEM2 Qo

(5.3) Iy "

With this choice the parameter ¢ now controls how far away from dRGT we are, where
q — 0 is the dRGT limit. We also use Eq.(4.13) to replace f(¢) with f(¢) — \‘;—i_ With these

replacements, (5.2) becomes:

(5.4)

200, 3(E=2)(& - 1)(qa?E2-a2Q, 3a3Q,,
; h2_a020)_’u2 €-2)¢-Diga’—a} o>+a3(5_1)2(5_4)+a4(5_1)3}zy

a aOQKO (o}
(5.5)

vV Qxoao qa?&? o| 6qa(E-2)&-1)é

3lh————||(B3-28|1- +a3(E=3)E-D+ay(é-1)°| = ;

a d a(z)QKo as(é ¢ aale aov ko

The full evolution for A and ¢ in terms of a can be determined by solving the above

equations.
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For numerical solutions, we will fix the following parameters !:

(5.6) Qo=3x10"2,  Q,,0=0.3, as =0, as=0.8,

where the specific choice of @, parameters correspond to a simple choice within the
allowed parameter space for stable cosmologies, depicted in Fig.4.2, as outlined in
chapter 4. We stress that in this chapter we are not exploring all of the parameter space
outlined in Fig.4.2. Our goal is to investigate the phenomenology and viability of the
theory for a choice of parameters which give stability, at least at the level of the quadratic

action for cosmological perturbations.

5.1.1 Varying q

In this section we study the background cosmology of GMG, whilst varying the parameter
q which controls the deviation away from dRGT.

From here on we rescale q in the following way
(5.7) Q@ =10%q,

as this is a typical value of ¢ which will appear in later solutions and for the purpose of
clarity later in the plots.

First, we outline the method taken to isolate the physical solution for {(a) and A(a).
Initially, we keep u arbitrary since it is sensitive to the value of @ and will later be
fixed by requiring that the effective energy density from the mass term is consistent
with the choice of cosmological parameters. We first solve the Stiickelberg equation (5.5)
for h(¢,a,Q, ). We then replace this solution in the Friedmann equation (5.4), which
results in a 10th order polynomial equation for {(a, @, 1t). To choose the physical solution
with positive real values, we compare the values of the roots of this equation to the
value of {srgT at early times, where the contribution from as, or @, is negligible. We do
this because constant mass dRGT yields a cosmological constant with equation of state
w = —1, which therefore means at early times we match ACDM. Whereas at late times, if
we have departures from dRGT we can have departures also from ACDM. We set aside
the roots that are closest. The solution for ¢ in dRGT is [114],

1+2a3i\/1+a3+oc§—oc4 +ay

+ —
(5.8) SdrRGT = X3+ 0y ’

INote we will allow Q. to vary later in this section.
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which arises from solving J(¢) =0, i.e. the quadratic equation (4.16) when the right hand
side is zero. As shown in chapter 4, only the + root allows for a real tensor mass so we
work with this solution. Using the parameter values (5.6), the solution is ¢ ; raT = 2-80902.
We can then compare the solutions for {gprg to this value. Fig. 5.1 shows the solution for

{aMme in comparison to €;RGT: 8 of the other solutions do not converge to {C;RGT at early

28"

2.7+ .

§(2)

25 | — @

§+dRGT

Figure 5.1: The black solid line shows the solution for ¢ zrgr. The blue curve shows
the only physical solution for {gprg which asymptotes to the solution for {jrqT at early
times. Parameter values taken are @ =1 and those outlined in (5.6).

times, whilst the other ¢ solution which tends to ¢ :l rar at early times does not satisfy
both (5.4) and (5.5), leaving us with one physical solution.

We have reduced the system to one {(a,®, 1) solution and its corresponding A(a,@, 1)
solution. We start by first determining the value of u that would be compatible with the
cosmological parameters today. We rewrite the Friedmann equation Eq.(5.4) as,

2 3
x0 m
g apL2 ay Qmo
- D) :QDE-I- o3 R

(5.9)

a

where we defined the density function for the effective dark energy as

2 2 2 2
_ _ppg  _pL_p 2 NI
(5.10) QDE_3H§M12,_ 3 —30(5 D8 -1+ 2)( 2 30) :

For a given value of @, we evaluate this equation today a = a¢ using the root {(ag, @, 1).
Since today we have Qo + Q0 + Qpro = 1, we fix the value of u using this relation.
We now investigate the effect of varying the parameter @ on the expansion rate and

the equation of state of the effective fluid for the mass term. The effective equation of
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PDE

state can be obtained by identifying the contribution ( + pPE) from the acceleration

equation, i.e. the second line of Eq. (4.12)
(5.11) PPE 4 pPE = _MZm?J(r - 1)¢,

then using the effective density defined in Eq.(5.10). As a result, we find

2 - p—
(5.12) wpp = PRE __q I -DE_ | Jr-DE

PDE 3QpE L

The functions J and L, defined in (4.14), are functions of { and a only, so using the
solution é(a), we can determine their evolution with a. For the quantity r, we use
Eq.(4.13) to write

a 3
(5.13) r:\/—? (H+E)’
which can be calculated by using the solutions A, ¢ and its derivative.

We can now discuss the effect of @ on the evolution. In Fig.5.2 we show the effect
of varying @ on the Hubble rate and the equation of state. Smaller values of @ lead to
smaller deviations of the Hubble rate from the ACDM value, which are typically at 1%
level. This is due to @ controlling how close we are to the dRGT background where the
effective density from the mass term is constant. We note that the normalisation of u
parameter ensures that the value of H recovers the ACDM value today. The evolution
of the equation of state parameter shows a late time departure from a cosmological
constant, with maximum deviation at a 20% level with wpg < —1, followed by a bounce
back towards wpg = —1. Notably, the value of @ does not affect the size of this departure
but only the time it occurs. This behaviour can be understood as follows. The departure
from dRGT is introduced in a9 via Eq.(4.51)

(5.14) ag = 1—1%4#,
Since f is an increasing function of time, with f2? & (1+2)~2 a smaller value of @ will
simply decrease the redshift where the deviation from dRGT starts and delays the bounce
in wpg to later times. Conversely, a large value of @ will cause the bounce at an earlier
time, thus allowing wpg to increase back up and cross wpg = —1. From (5.12), this
crossing occurs when either J ~ 0 or r ~ 1. When o/ crosses zero, the solutions collapse to
the self-accelerating solutions of dRGT, and scalar and vector modes becomes infinitely

strongly coupled [119]. On the other hand, there is no a priori reason that prevents
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Figure 5.2: Left panel shows fractional deviation in the Hubble rate in GMG compared
to ACDM with varying values of @, where % = %. The right panel shows the
equation of state w(z).

r from crossing 1. In the next section, we will determine the conditions for which the

background solution exists and how, if at all, it breaks down.

To study the regime of applicability of the solution, we will impose the perturbative
stability conditions derived in Chapter 4. We then evolve the background equations until
one of the above conditions are broken, which then results in the theory no longer being

applicable as a dark energy model.
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5.1.2 Case Study: @ =1

In this section we give a concrete example of the cosmological evolution for a value of

Q =1 with Q,o = 3 x 1073. We classify the evolution into several points.

1. The evolution starts at z = 10, at early times the solution tracks the dRGT evolu-

tion.

2. The equation of state undergoes a decrease away from w = —1 reaching a minimum
value of w ~ —1.19 at z ~ 0.8, and there is a small deviation away from the ACDM

value shown in the Hubble rate at about 2% level.

3. w then starts to bounce back to w = —1 and the difference in the Hubble rate

decreases as it evolves towards z = 0 and into the future, past z =0.

4. The critical point in the evolution now occurs. At z, ~ —0.178, w crosses —1 which
is caused by r = 1. At this point I' also crosses 0 which generates a tachyonic

instability in the tensor sector from the following condition,

(5.15) MZ=m?T>0.

This is not problematic though as the instability takes the age of the universe to
develop as the mass is typically of order Hubble. However, as the sound speeds of

the vector modes are also proportional to I',

1+nrr
5.16 C% ox ———
and the coefficient of the scalar kinetic term is proportional to I' in the & >> 1 case

(see chapter 4),
(5.17) Igx T

with o is still positive, the vector modes become unstable and a ghost mode is

generated in the scalar sector, meaning the background solution is no longer valid.

We see that @ = 1 marginally misses the point of instability. Requiring that the solution
does not break down before z = 0, we will only consider the values @ < 1.

The generation of future instabilities is not a cause for concern here. This can be
seen by the nature of the instabilities generated, which is a gradient instability in the

vector sector, but more importantly a ghost mode in the scalar sector in the limit & >> 1.
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As we approach the onset of the instability, the coefficient of the kinetic term for the
scalar mode approaches zero. This is an indication of strong coupling which means we
are entering a regime of the theory which is beyond the reach of the EFT. Therefore,
the instability is generated at an energy scale beyond which the theory can describe.
The upshot of this means we need to know the full UV completion to describe what is
happening around the point of the instability, i.e. into the future, and is therefore not a
concern for our model. Furthermore, the time of generation of the instability is sensitive
to the functional form chosen for a;, as in (4.51). Therefore, it is postulated that changing
the functional form can push the instability further into the future. In this work we are
mainly concerned with finding a proof of principle example and finding the observational

signatures of a stable model in the present universe.

5.1.3 Varying Q.

The evolution of the universe is also sensitive to the value of Q,. As can be seen from
(5.4), shifting the value of Q,¢, under the condition that Q¢ +Q,,0 + Qpgo = 1, effectively
shifts the value of Qpgg, whilst keeping Q,,¢ fixed. Fixing @ = 1, we plot the Hubble rate
and the equation of state in Fig. 5.3. Notably, a higher value of (2, pushes the time the
instability occurs further into the future. The fractional deviation in the Hubble rate
increases for higher values of Q. For a value of Q.o =6 x 1073, the deviation is around
4% at z = 0.8. There are two effects one can see here. For a fixed value of 0, decreasing
@ pushes the time the instability is generated into the future. Furthermore, for a fixed

@ increasing (2,¢ also pushes the time the instability is generated into the future.

In this section, we have outlined a case study of the cosmological evolution in the
minimal model of GMG. We find that the expansion history of the Universe can be
matched for values of @ < 1. For a value of @ = 1, we can describe the evolution up
to a redshift of z = —0.2 before a gradient instability is generated in the vector sector.
Decreasing the value of @ or increasing (2,(, pushes the time the instability is generated
further into the future. The equation of state undergoes a bounce from w < —1 to w =
—1 and has a dynamical dark energy-like effect which could be constrained using

observations.
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Figure 5.3: For different values of Q,(, top panel shows fractional deviation in the Hubble
rate in GMG compared to ACDM, % = %, and the bottom panel shows the equation
of state.

5.2 Linear Perturbations

In this section we outline the study of linear perturbations and the derivation of the

Poisson’s equation to determine the effect of GMG on the growth of structure.

5.2.1 Setup

Only the linear scalar perturbations are relevant for the derivation of the Poisson’s

equation, so we decompose the g-metric as:
(5.18) guvdxFdx’ = —(1+24)dt* +ad;Bdtdx’ +a®(Qij+hij)dx'da,
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with A;; decomposed as
1 !
(56.19) hijZZIIJQij+ DiDj_g-QileD S.

In this set up, D; is the covariant derivative compatible with the 3-metric 2;;. Spatial
indices are raised and lowered with Q. Perturbations to the matter sector are introduced
via p(t,x') = p(t) + 5 p(t,x) and u* = (1 - ¢,0'v), where v is the longitudinal component of

the velocity perturbation, this leads to the following form for T*,:

T% = —(5p +p),

T° = ap(;B +ad;v),
Tiy=—-pd'v,

T =0.

(5.20)

We exhaust the gauge freedom by fixing the unitary gauge, ¢ = 0, thus the fiducial
metric f,, remains unperturbed. Using the metric decomposition (5.18), along with
Eqs.(4.6) and (5.20), we calculate the perturbed Einstein’s equations. Schematically, we
end up with 4 coupled Einstein’s equations denoted by &%°,&%, &% &%, where “tr” and
“t]” denote the trace and traceless parts of the (ij) equation, respectively.

The unitary gauge that we are using leaves the metric and matter perturbations
intact. In order to compare with GR, it is useful to define gauge invariant variables that

can be constructed out of the available fields. We start with the coordinate transformation
(5.21) xtt — xH + 6xH,

where 6x* = (6x°,Q%0 i6x) is of order of perturbations. Under (5.21) the metric and

matter perturbations transform as,

¢ —p+6x°,

1
B —>B+a6a’c——5x0,

a

1 i 0

1//—»1//+§DiD ox+HOox",
S—S+20x,

5p—p+p6x°,
(5.22) v—ov—0x.
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With these transformations, we can construct the gauge-invariant variables that are

analogues of the Newtonian gauge in GR:

®=¢-0,C,
\I’:W_H(—%D‘Dis,
dp=0p-p¢,
1.
(5.23) d=v+=8,
2
where
1 5.
(5.24) (E—aB+§a S.

We also define a convenient combination for density contrast
(5.25) A=—-3d*H7,

and then substitute (5.23) and (5.25) into the equations of motion (3.6)? and expand all

perturbation variables in scalar harmonics,

w:fd3kw|E|Y(E,£)
S:fd?’kslk»lY(l%,az)

(5.26)

where the scalar harmonics satisfy D'D;Y — —E%Y. We also impose (4.12), (4.15) and
(5.13) to yield the perturbed Einstein equations with one covariant and one contravariant

index outlined below. For the 0i equation, we take out the overall covariant derivative D;.

. 5t
For the traceless part of the ij equation, we remove the overall D'D; - 4D D! operator.

2Note here that due to the f metric being non-dynamical, we only have the g metric equations.
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The equations of motion are given by

4(k? v 3 :
£% = k2m2JES + 6mPaHIreB - S IOV a2H(6v—§ —~3m2Jres
a M3
1228 4 6H20—3m2T '
s —3m2JEY —6HY |,
MP
: 2(r+1)20 : :
8% = ~om?adr2B— U2 L 2020 1) (- DES - 4+ DHO - D),
p
ot _ 4(k2 +61)® + (k2 + 3x)¥)
_ =
+3m%a|JrE@B - VK(r = 1S)+ 2B HET + JEGr - 2) + £ = DI + 7]
) .
+2|k2m2T'S + 3V m?r(r — 1)JEB +3m%(r — 2)J D — % —6m’T'Y +6H(BH® + d - 3V¥)
P
—3m2a?|[&((r—1J + I )+ 2H(T + JE@2r —1)|S +rJES | — 12V,

&M = m2a2ST - 2(® + V).
(5.27)

The conservation of the energy-momentum tensor, VMT”V =0 yields the Euler &
and continuity £¢° equations for the matter fluid,
eu 2 3a2p 2 2 2 - Qrrs A .
&Y =2k +31<)+M——3a 4H"+m°JE(r—-1)|0-2Ba"Hv + A+ 3Y¥),

2
p

(5.28) & =0+a22Hs+ 7).

5.2.2 Linear perturbation analysis

Looking at the form of the traceless equation &%, we see that S acts as a source of
anisotropic stress. In GR, the equation for the anisoptropic stress vanishes, ie: ®+¥ = 0.
Whilst in GMG, we have

1
(5.29) O+V¥ = 5mzaﬂrs.

This reveals that the dynamical scalar degree of freedom S could mediate a fifth force
which would alter the structure of the Poisson’s equation. Our goal is to investigate if S

affects structure formation, and what scales the modifications to gravity appear at due
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5.2. LINEAR PERTURBATIONS

to the presence of this extra mode. To do this, we first derive the equation of motion for

S. We start by solving the matter equations for i and A,

. 2a2Hi+® . 3 3a2
(5.30) =—2VTT A SH®+5|k2 + 3k + om2a2(1 - r)JE + 2P
a? 2 2M;,

-3VY,

and substitute it into the equations of motion to reduce the system to the 4 Einstein’s
equations. We next solve the constraint equations &% and &% for the non-dynamical
degrees of freedom ® and B,

1

_ b2 2\ 2 drr0n 2072 7rG
_12M]%a2H2[ 4%+ 30OM2rY — 30 H(20p + m2 M2 JES)+

a?(k2m?JrES +2rpA - 6m*MEJErY + 12M§H\P)]

(5.31)
_ r+l 20 2072 Tr(12 2 2 9~42 4 .
B= emtaHIre (Mm*M2JE(R2S - 69) +2pA) +4(k% + 3OM2Y + 3m*M2a HJES |

Upon substituting (5.31) and the time derivatives (&, B) into & and &%, we end up with
two equations & and & t in terms of (¥,S,?) and their time derivatives. We then solve
& for W(S,S,S,7,A) and replace into & as well as the time derivative ¥. Upon doing

this, we obtain a second order differential equation for S sourced by matter perturbations
(A, D).

(5.32) AS +HoBS + Hy€S + DN+ HoFi = 0.

The dimensionless coefficients («f,%8,€,92,%) are functions of (k,z) and various back-
ground quantities relating to the GMG theory. They are too complicated to present here,
but they will be discussed in certain limits later in the chapter. It is pertinent to note
that no assumptions have been made at this stage so this equation is the most general
equation one can write down for the scalar S.

In order to gain an analytic understanding of the system, we adopt the minimal
model (4.51) once more, in which we expand each of the background GMG quantities

around their dRGT values as below:

35571+ o)
J = J1+0
10000 1 10000/ ’
I'=Ty+ F1+@( ) ,
10000 10000
H
e Sl
Jx 10000 10000
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CHAPTER 5. PHENOMENOLOGY OF GENERALISED MASSIVE GRAVITY

where the leading order terms J; and I'y are not necessary for this discussion and can be
found in Chapter 4 in equations (4.59) and (4.55) respectively.

A peculiar feature of the scalar terms in the UV is the appearance of a new energy
scale H/J in addition to the scale of expansion H. For small departures from dRGT we
have JJ < 1. Depending on the relation to these scales, the subhorizon modes 2 < a H can
have two distinct behaviours. We define the following dimensionless parameter, as in
chapter 4, to distinguish between the cases [197]
k2
a?H?"

(5.33) &

There are three qualitatively distinct limits:

1. 1€ % : subhorizon modes with momenta larger than the new scale H/J.
For these modes, the variation of the mass parameters due to GMG affect the
UV behaviour. These cases are captured by first performing the subhorizon (UV)

expansion, then the dRGT expansion.

2. &1 % : subhorizon modes with wavelengths larger than the new scale. The
leading order terms in the UV expansion for these modes are identical to dRGT,
although the deviation due to GMG does not lead to infinite strong coupling. These
cases correspond to first carrying out the dRGT expansion, then the subhorizon

expansion.

2 . . . . .
3. & « 1 : superhorizon modes. There is no ambiguity for this case, and it corre-
a“H

sponds to taking the superhorizon limit.

For varying values of @, and for the parameters given in Eq. (5.6), we plot &(%) for z =10
and z = 0. The result is shown in Fig. (5.4). & being larger for a specified value of k& at
z =0 is expected as &  J: at later times the departure from the early dRGT (or ACDM)
behaviour, controlled by </, increases.

This feature is also seen in Fig.5.2, deviations away from ACDM occur at late times,
whilst at early times ACDM is recovered. At z = 10, larger values of @ favour a larger
& however at z =0 this is not the case: the @ =1 line coincides with the = 1/4, whilst
Q = 1/2 gives the largest value of &. This feature corresponds to the bounce of the effective
equation of state observed in Fig.5.2.

With this information, we investigate the coefficients in (5.32) and derive which terms
are dominant in the quasi-static approximation (QSA) [193], as these terms will become

relevant when deriving the Poisson’s equation. The quasi-static approximation amounts
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Figure 5.4: Bottom panel shows & evaluated at z = 0, whilst the top panel is z = 10.

to assuming B ~ HB < 8;B for any perturbation S, i.e. we neglect time derivatives
with respect to spatial derivatives. In terms of harmonic modes, it is an expansion for
large k/(aH). In Fig.5.5, we present a plot of each coefficient at z = 0 to justify this
approximation.

In Fig.5.5, the 3 regimes can be clearly identified. From right to left: regime 1 is
& > 1, regime 2 (the intermediate regime) is the subhorizon limit with & < 1 and regime
3 is the superhorizon limit. In Appendix D, we give explicit expressions of the analytic
approximations of these functions in each of the 3 regimes. We now apply the QSA to

(5.32) as the Poisson’s equation is defined in this limit.
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Figure 5.5: Coefficients in (5.32) at z =0 as a function of k. The left hand side is large
scales, whilst the right hand side is small scales. The dark shaded region corresponds
super horizon modes with & < 3(glepc_l. The light shaded region corresponds to modes

in the region 3é’”WMpc_l <k <k, where k, is the wave number corresponding to &|,-o =
1. The whole shaded region corresponds to & < 1, whilst the area with no shading
corresponds to modes with & > k&, which represents & > 1.

The QSA is valid on scales 1072 A Mpc ™! < £ while the linear theory is applicable up
tok <0.1 hMpc~!, so we consider the regime in which & > 1, which corresponds to the

non-shaded area of Fig. 5.5.

5.2.3 Poisson’s Equation

In the regime of interest, given by & > 1, we calculate the following ratios of the
coefficients in (5.32) to determine which are the dominant terms in the QSA. We are in
essence, comparing the time derivative terms (S,S) to the non- time derivative term S.
Observing that & ~ A/k? from the Euler equation (5.28), we are also comparing it to the

A term:

¢ k2 k2 |o k2

H\% a2*H?
€ k2

HOH) F  a’H?
H, '

2 21712
(5.34) (H)d o H

17(2) =~ o), ( o), (

From (A.7), we see that in this regime, (S, S,7) can be neglected as their coefficients are
suppressed with respect to (S,A) by a2H?/k2. In this approximation the master equation

(5.32) reduces to the algebraic equation,

(5.35) H26S+2A=0,
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for which the solution for S(A) at leading order in £ is,

9

S=-
HZ€

A = [2aJEr®(JE - 2T)p] % x
{21<M12, JEr@(r — DT + J(r +2)8) - 2Kk Maad Er(HAG + DT + JE(r — 4)) - 2J &)

+a® [ AMZH?(2(r + DI + JE(r - 4T - 2J°E(r - 1)

—AMZHETQ(r + 1)J +J7) = JE(JTF = I (r = 2)) +71))
+E(MmPMET (2= 3r)ré® + 2J2Er(m* M2 (3r — )T + p)

}'1.

Manipulating the equations of motion of linear perturbations, we can derive a Poisson’s

(5.36) +2Mo(r+1)J? = 2J(r(Tp+ MaES) — MoEd 7))

equation for the Newtonian potential sourced by the matter perturbations. We solve
(&%,8% gt &t for (B,B, ¥, ®). After applying the QSA limit, the equation takes the
form:
(5.37)

1 1 3 A
® = m @A =J S+ — |3m*a’(m?I*re*+ H*(AT-2J §)S +8ra’ (m2ZKJES -3 M’})) :

Substituting (5.36) into (5.37) we obtain the Poisson’s equation for the Newtonian
potential ®(A) in the QSA.
Ap

5.38 D=-———-G(2),

(5.38) 52D (2)
where G(z) is the scale independent effective Newton’s constant, whose value in GR is
given by Ggr = %Mlz, The full Poisson’s equation is too complicated to present, so we
perform the dRGT expansion after substituting the solution for S. Upon substitution,

3

and taking the leading order in dRGT expansion °, we obtain

2
(5.39) Ap ( mJl‘ra).

=— +
2M2(k2/a2)\"  2VKH

The term in the brackets is the extra factor with respect to GR. Note that in dRGT we

have J1 =0, so the Poisson’s equation is the same as in GR. This is not the case in GMG.

3The dRGT expansion is used to obtain a analytic understanding of the system and is not a truly
accurate representation of the underlying physics, therefore in the subsequent analysis we give all results
without performing the dRGT expansion but still working in the UV limit of the theory to make contact
with the QSA.
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5.2.4 Phenomenology

In this section we study the phenomenology of the theory. Our result will determine
whether the fifth force is in effect, ultimately allowing us to determine if there is a need

for a screening mechanism on local scales to recover GR. Fig. (5.6) shows a comparison of

020 T o o
M\
I ] — Q=
0.15 ]
[ ] _1
L -\ 4 Q_2
Sg|0 0.10? ] 1
i , Q=
0'05f ] Q=1_
8
0.00F 1 -4
1 1 I 1 I 1 1 10
0 1 2 3 4

Figure 5.6: % as a function of redshift for varying values of @, where 6G = G(z) - Ggpg.

the effective Newton’s constant in our model with respect to GR, for varying values of
Q. The largest deviation at z = 0, which is around a 20% enhancement, is shown by the
Q= % curve. The smallest deviation at z =0, around an 8% enhancement, is the @ =1
curve. This result matches the one in Fig. (5.2), the reason why @ = 1 has the lowest
deviation in the effective Newton’s constant is because the equation of state has already
undergone the turn back to w = —1. This implies that this branch of the theory is closer
to ACDM at z = 0 than other values of @, so this result is consistent with earlier results
found in the background section.

A feature of modified gravity models which alters the effective Newton’s constant is
the modification to the growth rate of matter perturbations. The equation which governs

the evolution of the linear matter overdensity, §,, = A/p,
(5.40) Om+2HS, —Gpdp, =0,

is dependent on two effects. The background expansion H(z) and the effective Newton’s
constant G. As has been seen in earlier section, GMG modifies both of these so one
expects the growth rate to be altered with respect to the ACDM case. We take (5.40) and
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convert to redshift using the following relations;

d d d? 9o A2
(541) —:—(1+Z)H£, ﬁ:(l-i_Z) H @4‘

dH d
1+2)°H— +(1+2)H?| —.
di (1+2) 72 +(1+2) p

z

Using (5.41) in (5.40) we obtain,

H' 1

H_1+z

o __Gp o _
mo(1+z)2H2 ™

(5.42) 8"+ 0,

where a prime denotes a derivative with respect to redshift. We solve (5.42) with the

initial conditions,

1
o1, (2i) =

5.43 Om(zi) = ) P
( ) m(2i) 1+2z; (1+Zi)2

which are the same initial conditions as ACDM. This is an accurate approximation as
GMG mimics the expansion history of ACDM at early times. We solve for §,,(z) and
compare with the solution in ACDM, the result is shown in Fig. (5.7). In this case, the

1.05F
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z — 9=
E|g 1.03F
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1.02} ] 4
i 1 _1
1.01F ] Q=3
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Figure 5.7: Ratio of the growth rate in GMG to the growth rate in ACDM as a function of
redshift.

highest deviation comes from @ = % at around the 5% level with respect to the ACDM
case. To determine the strongest contribution to the growth rate, from the change in
the background expansion caused by H(z) or the modification to the Newton’s constant,
we isolate the @ =1 case and solve Eq. (5.42) independently for 3 cases. In Fig. (5.8),
we show a comparison of the full GMG growth function to ACDM, along with two cases
where one of H(z) and G are modified. The main result of Fig. (5.8) is that the strongest
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Figure 5.8: Growth rate comparison, as a function of redshift, between competing effects
in GMG. The black curve shows the result in ACDM. The dashed curve shows result
using the Hubble rate in ACDM and the GMG Newton’s constant, whilst the dotted
curve shows the opposite scenario. The solid blue curve shows the solution using both
quantities in GMG.

modification to ACDM occurs when both the effects of the background expansion and the
modification to the Newton’s constant are included. However, the change in background
expansion with respect to ACDM has a larger effect on the growth rate than the modified
Newton’s constant. This is again consistent with the results of Fig.(5.2), whereby @ = %
has a larger deviation from ACDM at the background level in H than the case @ = 1. At
early times GMG matches the growth rate of ACDM, however at late times there is a
discernible deviation from ACDM.

5.2.5 Gravitational wave propagation

To study the propagation of gravitational waves, we first quote the equation of motion

for the tensor modes 4
(5.44) hij+3HA;;+[(1+2)%(k% - 2x)+ M2] h;; =0,

where the only modification with respect to ACDM is that the tensor modes acquire a
time dependent mass, My = mvT, which is also the same modification as dRGT [200].
We plot the tensor mass M7 for varying values of @ shown in FIG. 5.9. For lower values of

@, the tensors acquire a higher mass at any given redshift around an order of magnitude

4For the derivation of the quadratic action for the tensors, see Chapter 4.
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Figure 5.9: Mass of the tensor modes, normalised to H for varying Q.

higher than Hy. This is due to the normalisation of u. When we fix u, imposing that
the Hubble rate at z = 0 matches the value in ACDM, lower values of @ lead to a
higher values of p, therefore the mass of the modes increases towards lower values of .
Additionally, the mass of the tensor modes increases as redshift increases. This feature
is due to the behaviour of r, which appears in the functional form for I" (4.26), which is

an increasing function in redshift.

The modification to the mass modifies the speed of gravitational waves. However, the
modification is small as M7 ~ G(10)H, ~ 6(10)10733eV and is well within the bound on
the speed of gravity from the detected binary neutron star merger [201]. For instance,

the bound from LIGO on the mass of the tensor modes is,

(5.45) Mrp <1072V,

The friction term for the propagation of gravitational waves is unmodified with respect to
the ACDM case, which leads to the luminosity distance of gravitational waves in GMG
being unmodified with respect to that of light®.

5Modified gravity models with non-minimal coupling or higher order covariant actions such as the
Horndeski theory [47] can produce a modified friction term [153, 202—-204] which can invoke a time
dependent Newton’s constant for gravitational waves and modify the gravitational wave luminosity
distance. So it is possible that GMG with non-minimal coupling [205] could alter the GW luminosity
distance with respect to that of light
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5.3 Conclusions

In this chapter we studied the background cosmology and linear scalar perturbations
in the Generalised Massive Gravity theory. For simplicity, we considered a minimal
model where all these functions vanish except as, which slowly varies around its dRGT
value and a4, which was chosen to be a non-zero constant compatible with the stability
conditions found in chapter 4. Controlling the variation of ag with the parameter q =
1074Q, we studied the evolution of cosmological solutions in this model. The background
is FLRW with an effective fluid corresponding to the mass term, with an equation of state
satisfying w(z) < —1 throughout the evolution. At early times, this effective fluid starts
off like a cosmological constant, gradually decreasing. Eventually, it starts to increase
again until it reaches w = —1 where we lose perturbative control. The time of crossing
of the phantom divide® can be controlled by the g parameter. We find that for values
of ¢ <1074, the crossing can be moved to the future. We also find that increasing the
amount of negative curvature today has the same effect. The time dependent equation of
state modifies the expansion rate by G(1072) with respect to ACDM, with the maximum
deviation at redshifts z < 1, depending on the value of q.

We also studied the evolution of linear perturbations. We found that the growth
function for matter perturbation is modified at @(10~2) with respect to ACDM at low z.
The non-zero anisotropic stress indicates the presence of a fifth force which contributes to
gravitational interactions and increases the effective Newton’s constant. This strength-
ening of gravity contributes to the matter growth, although the modified background
evolution H(z) contributes about twice the amount than the former. In the tensor sector,
we find that the only modification to gravitational wave propagation arises in the tensor
modes picking up a time dependent mass, which increases with redshift and with lower

values of @.

6Crossing of the phantom divide defined as the equation of state crossing w = —1
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CHAPTER

CONCLUSIONS

n this thesis we have studied the cosmology of extended theories of massive gravity,
namely the bigravity theory and the generalised massive gravity theory. In particu-
lar, we have studied the viability of the aforementioned theories as alternatives to
general relativity in the context of cosmology. However as we have seen, modifying gen-
eral relativity is not easy. Finding a stable theory of massive gravity that brings wanted
effects, such as late time acceleration, without introducing pathologies is a non-trivial
exercise. Nevertheless in this thesis we have identified a stable model of massive gravity,

namely the generalised massive gravity, which could be a candidate for dark energy.

In chapter 2 we outlined the history of the construction of dRGT massive gravity,
from the linear theory of Fierz-Pauli to the full non-linear theory. We found that stable
massive gravity cosmologies have been hard to find, which led to the construction of
many extended theories of massive gravity attempting to resolve the issues plagued by
massive cosmologies in dRGT. In particular, the lack of stable flat/ closed FLRW solutions
[116] posed a serious question over the viability of massive gravity as a possible solution
for dark energy. However it was found that open FLRW solutions were allowed [114] at
the background level, but when analysing the perturbations the self-accelerating branch
was shown to have infinite strong coupling [119]. The upshot of this result being that

normal perturbation theory techniques can no longer be applied.

In chapter 3 we studied the cosmology of the bigravity theory, where there are two
dynamical metric tensors which propagate 7 degrees of freedom. We then discussed

cosmological solutions in bigravity that exist in the literature, of which there are many

113



CHAPTER 6. CONCLUSIONS

branches. To find a stable cosmology, we studied the low energy limit model which
assumes m2M§ > p. The effect of this is to push a gradient instability [171] generated in
models where m ~ H to early times [169, 191]. The viability of this model was studied
as a candidate for dark energy. We identified the effective cosmological constant that
appears in the Friedmann equation, which in turn causes a late-time acceleration of
the universe. Analysis of the linear perturbations allowed us to identify the modified
Poisson’s equation which showed modifications at scales £ > 0.1Mpc/h, where linear
perturbation theory is no longer applicable. The Poisson’s equation is modified by the
extra scalar mode present, that needs to be screened by the Vainshtein mechanism. We
derived the non-linear equations for the extra scalar mode and identified the Vainshtein
radius. Then, imposing that we can describe the evolution of the scale factor back to
the last scattering surface, we found that the early time solution does not exist if we
require a working Vainshtein mechanism to satisfy observations. There are two ways
to circumvent this apparent no-go theorem for bigravity cosmologies. One is to impose
a hierachy between the two Planck scales [184] making the theory indistinguishable
from GR. This brings the theory in-line with observations. The second is to postulate the
presence of a Vainshtein-like mechanism [189, 190] to screen the effect of the instability

at early times to recover GR.

In chapter 4 we introduced the Generalised Massive Gravity theory which was first
studied in [106]. The theory promotes the mass parameters of dRGT to functions of the
Lorentz invariant combination ¢, . This choice means the Stiickelberg constraint equa-
tion is modified with respect to dRGT. We derived the quadratic action for cosmological
perturbations for the tensor, vector and scalar modes. From the quadratic action, we iden-
tified the no-ghost and no-gradient instability conditions, as well as the tensor mass, as a
function of the model parameters. Due to the modification of the Stiickelberg constraint
equation, the kinetic terms for the vectors and scalars were non-vanishing. This indicates
that the modes are not infinitely strongly coupled, which is an advantage over dRGT
massive gravity. We identified a region of parameter space that was compatible with
the stability conditions, as well as imposing that the model admits a self-accelerating
solution from the effective cosmological constant. From this we concluded that at the

level of the quadratic action, GMG is stable and could be a viable dark energy model.

In chapter 5 we studied generalised massive gravity in more detail, focusing on the
phenomenology and effect on large scale structure. We found a modified background
expansion rate with respect to ACDM and a dynamical equation of state of dark energy.

For a particular choice of the a functions we found that the Hubble rate today is modified
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at the percent level with respect to ACDM, whilst the equation of state exhibits a bounce
away from w = —1 to the phantom regime, showing a maximum deviation from ACDM
at around the 20 percent level. The solution then breaks down as w crosses —1, which
is caused by a gradient instability that is generated in the vector sector. The time the
instability is generated can be pushed into the future by considering values of @ < 1,
where @ is a parameter which controls the deviation away from dRGT. In addition, the
time of the instability is sensitive to the value of Q,¢. Increasing the value of Q,( also

pushes the time the instability is generated into the future.

We then performed a linear study of the scalar perturbations. This study revealed the
presence of anisotropic stress which modified the Poisson’s equation, via a modification to
the effective Newton’s constant. We found the modifications to the Newton’s constant are
enhanced at late times, with a maximum enhancement of 20 percent. We then compared
the growth rate of matter perturbations with that of ACDM and found that the growth
rate is enhanced at late times at around the percent level. We finished chapter 5 by
discussing the propagation of gravitational waves. The tensor modes acquired a time
dependent mass ~ Hy which make this model distinguishable from scalar-tensor theories
which also predict similar effects on LLSS. The linear study reveals the presence of a fifth
force, which needs to be screened at solar system scales via the Vainshtein mechanism.
GMG theory is known to admit a Vainshtein mechanism similarly to dRGT [106] in the
decoupling limit. In order to determine the details of the screening it is necessary to
study non-linear perturbations and identify the Vainshtein radius. This is left for future

work.

A second motivation for investigating the non-linear behaviour is provided by the
dRGT limit of our model. The evolution in the asymptotic past coincides with the self-
accelerating branch of dRGT. These solutions have exactly vanishing kinetic terms,
controlled by the function ¢/, leading to an infinitely strong coupling in the vector and
scalar sectors. The solutions in GMG however never have vanishing / although as we
go back in the evolution, they do decrease. Whether these modes are strongly coupled
depends on the evolution of the non-linear terms and how they depend on . Unlike in
dRGT, this is not trivial. The non-linear study will allow us to determine the fate of the
perturbative expansion, and provide the scale associated with this strong coupling if it
exists. It should be noted that this issue has been observed in the context of the minimal
theory, where only the ao(¢) function varies rapidly. However, generalised massive gravity
is a theory with four arbitrary functions, and by using a very limited set of parameters,

we have only scratched its surface. In general, we expect that using a slowly varying
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CHAPTER 6. CONCLUSIONS

function we can keep the strong coupling scale finite without affecting the past evolution
of the Universe. This is to be explored in a future publication [206].

Moreover, GMG has been extended to a general theory class in Ref. [205], including
non-minimal couplings. Finally, relaxing the dRGT constraint to be valid only within
the range of the effective field theory, we expect that disformal couplings to matter can
be allowed [207]. A natural next step is to exploit the full freedom of this theory class,
determining new ways to achieve self acceleration and finding other applications in
cosmology.

The main conclusion of this thesis is that whilst some models of massive gravity
are plauged with pathologies, and have been ruled out on theoretical consistency or
observational grounds, there are still models which are interesting for cosmology. It
is important to continue analysis of the healthy models, combating them with all the
observational data which we have at our disposal to really understand their viability. At
the end of the day, if the models indeed do get ruled out, we will have learnt more about
the robustness of General Relativity and maybe future observations will give an idea of

where to look next.
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APPENDIX

VAINSHTEIN MECHANISM IN THE CUBIC GALILEON
MODEL

As discussed in chapter 2, the nature of the non-linearities in massive gravity allow
a working Vainshtein mechanism. This mechanism allows the recovery of GR on local
scales, but allows the effect of the 5th force due to the extra degrees of freedom to
manifest on cosmological scales, driving the accelerated expansion of the universe. To
illustrate the Vainshtein mechanism, we take for simplicity the cubic galileon which
arises in the decoupling limit of massive gravity [90, 101] and in the boundary effective
action of DGP [49, 208]. The action for the cubic galileon takes the form,

(A1) S= f dix— % (00)% = = (002 0p + — T,
P

3
A3 M

where the non-linear term is suppressed by the scale Ag =m2M »- Replacing ¢ — ¢+ 8¢,
where ¢ is the background field value and §¢ the perturbation to the field, expanding the

action to linear order and varying with respect to ¢ we obtain the equation of motion,

1 . o1 T
(A.2) O+ Al |20 (0,606) - 0 (0)*| + i, ="

We then consider a static and spherically symmetric source, so the 4 gradient operator

reduces to the del operator in spherical coordinates. The equation of motion becomes,

2z 1 Fo2 7 2 on2l . T _
(A.3) v </>+A—g |29 (V$92) - V2 (V) ]+M—p_o.
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APPENDIX A. VAINSHTEIN MECHANISM IN THE CUBIC GALILEON MODEL

Factoring out a del operator, using a static matter source described by T'= —-M§3(r) and

using vector identities the equation can be rewritten as,

= £53(r>,

A4 V.r
(A.4) r M,

! 4 i
P'(r)+ A_gr"’ ()

where 7 is a unit vector in the radial direction. Integrating this equation once over the

3-dimensional volume we obtain,

21 f i-/ 2 _ﬂ
(A.5) 4nr ((,b (r)+A§r(p(r) )— M,

Reducing the order of the equation with u(r) = ¢'(r) we can solve the resulting quadratic

equation for u(r) and replace back ¢'(r),

3 3
o\ rAy  Aj 3 )
(A.6) (p(r)——T+\/n_r\/7tr +4R?,,

where we have defined the Vainshtein radius as R;Q’, = A;‘]{J
3P

solution. Letting @ = r/Ry we can examine the behaviour for different regimes in r. For

and taken the positive

small a, so r < R, the solution becomes,

- 3 M 1
(A7 PO~25\ Teadtyr ~ 7
p

whilst for large a, or r > Ry the solution is,

1
4nM,r? Tz

(A.8) ¢'(r)~

Equations (A.7) and (A.8) perfectly show the essence of the Vainshtein mechanism. At
large distances, the field becomes GR like with the usual 1/r2 profile. Whilst at shorter

distances, the force exerted by the scalar is much weaker than GR and is suppressed.
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APPENDIX

VARIATION OF THE DRGT MASS TERM

n this appendix we compute the variation of the mass term for dRGT with a
I dynamical reference metric in order to derive the equations of motion for bigravity

as outlined in section 3.1. The mass term takes the form,

4
(B.1) PLrnass =m*Mor/=8 Y anUn(K),

n=0

%, are the dRGT potential terms.

U (A )=1,
UK )=[X],

1
UK ) = E([Jz]z —[2?)),
1
UK ) = 5([%]3 —3[A LA 21+ 2[%2)),

(B.2) UyH) = %([Jg]‘* — 6L PLA 1+ 8LA WA 1+ 3[4 - 614,
and in this case a, are free parameters. The £ tensor is,

(B.3) Hh =54 - X1,

and we define X ”V to be,

(B.4) X”v:( g‘lf) ,



APPENDIX B. VARIATION OF THE DRGT MASS TERM

which implies
(B.5) XM Xy =" oy

The tricky part here is the variation of the trace of the square root tensor, we compute

the variation as follows,

(B.6) O1X" = 2 (X", (gar08™ ~ furSfH)

which is valid for any power n = 1. In the above we made use of 6 fuy = —fuafvpdf @B The

variation of the interaction terms can be written in the following form:

1 v v
0% = _éXO;J (gav5g“ _favéf“ ) ’

0Un = ‘§+1[X])X—1X2 (gavOg™” = farSF),
L2 2 2 H
(3 1., 1., 1 , 1_4]° ) .,
6%s = ||-=+[X1- =X+ =[X] )X+(—1+—[X])X -=X°| (gav08" —farof™),
I\ 2 4 4 2 2 .
e Y, Ly Lyl L > 13)
6%4—L 2+2[X] 4[X] +12[X] +4[X] 4[X][X]+6[X]X
(B.7)
_l 1 _1 2 l 2) 2 (_1 1 ) 3_1 40! uv uv
+ 2+2[X] 4[X] +4[X]X+ 2+2[X]X 2X (gav08™ = farOfH).

U
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APPENDIX

ALGORITHM FOR CALCULATING THE SQUARE ROOT
MATRIX

For a generic metric g and f, which are non diagonal, to calculate the square root tensor

we first define,
(C.1) X =g"'f.

We use € as a parameter which controls the order of perturbations. The zeroth order part

of X is diagonal,
(C.2) X=g"] o
so we can trivially take the square root as the square root of the components,

(C.3) VX0= /g7 If | -

To calculate the first order part, we introduce a trial 4 x 4 matrix X with 16 independent

components and write the square root of X as,

(C.4) VX2 VX0 4 eX.

We then solve the first order equation for the 16 components,
(C.5) X - (vxet).(vxet) =,
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APPENDIX C. ALGORITHM FOR CALCULATING THE SQUARE ROOT MATRIX

and substitute into (C.4) to obtain the expression for the square root under perturbative

expansion. To extend to second order, we write

(C.6) VX2 = VX1 2,
and again solve the equation,

(C.7) X - (VXe2). (VX2 =0,

for the components of the matrix X and substitute into (C.6) to obtain the desired
expression. This algorithm can then be extended to arbitary order. As a sanity check,

once we have reached the order we require, we calculate,
(C.8) X - (VXen). (VXET) =0 + 1),

and if the right hand side satisfies the relation in (C.8) then we have successfully

calculated the square root.
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APPENDIX

FUNCTIONS IN THE EQUATION OF MOTION FOR S

In this appendix we present exact expressions of the coefficients in the equation of motion
for S, given by 5.32, in the three different regimes for the parameter & as outlined in

section 5.2.

D.0.0.1 Casel:&>1

_ 9xm*M;Toa’ Hep - 9xm®Mpa*(To+5HT0) _, — 3Vkm’MpIgaH  3m2Tga?p
2kt 0 0T 2k* N 7> R VT
27\/xm*T2a°H?p
D.1 HoF =-
(D.1) 0 J1ek6
D.0.0.2 Case2: 6«1
3J1\/F6am2M§
- 4H k2
He o 3m2¢[2J1x¥2 M2 + 2xM2a(Jy +5J1H) + K a®(2J1M2H +8J1M2H? + J1 p]
0 8aH?2k2
(D.2) Hig = Lntutr,, oo g g 3Nmidp
. = —m , = o> -
0% = g™ Fpt0 4/ HE? 0 4/ k2

D.0.0.3 Case3:k—0
_ Jim’Mpag e mP&[2J1kM3 + 2Kk Maa(J +5J1H) +a*Q2J1M2H + 8J H> M2 + J1p)]

4yxcH ° ° 8v/xKaH?
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P =|2J1x° M5 + 22 M2a(J1 + 3HI1) + J1 VK a®Hp + J1a*H?p + xa*2J1 Mo H + 4J  M2H? + J1 p)

m2&p
X —
24x%2M2aH?

Jlém2a3p

(D.3) Hz%—lszzr HyT =
: 0% =5 L I T
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