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Abstract

For more than a century, Einstein's theory of general relativity has described gravitational phenomena with astonishing
precision. However, for the theory to fit observations we need to add two elusive substances: dark energy and dark matter.
Together they add up to 95% of the energy budget of the Universe. Yet, we do not know what these substances are. Another
question mark is the expansion rate of the Universe; two incompatible values are obtained depending on the measuring
method. These problems (dark energy, dark matter, and the expansion rate) belong to the big questions within gravity today
and they may be interpreted as signs that general relativity is not the final theory for gravity. As an alternative, in this thesis
we analyze an extended theory of gravity called bimetric gravity.

In general relativity (GR), gravity is massless which means that gravitational waves propagate at the speed of light.
Hence, a natural extension is to consider theories where gravity has a mass. This is precisely what bimetric gravity achieves.
The theoretical consistency of this theory is firmly established but it is also crucial to test if the theory agrees with
observations. In fact, in this theory there are two types of gravitational waves/fields, one massless as in GR but also one
massive. When observing gravitational phenomena, we observe a mix of the two. Depending on the mixing and on the mass
of the massive field, observational signatures appear for example on cosmological scales, in gravitational wave events or on
solar-system scales. Until recently the phenomenology of the full theory was still uncharted, and an important question was
if all observational tests could be satisfied at the same time. To address this, we devised a unified framework that enables
straightforward comparison between constraints from different probes, without being restricted to a particular region of
the parameter space. The result is that bimetric gravity is compatible with observations and even fit data slightly better
than GR. Together with the fact that the dark energy can be explained by the interaction between the two gravitational
fields, we have shown that the theory is a viable dark energy candidate. At the same time, the observational data provides
a substantial restriction on the parameter space that excludes many of the popular models in the literature — an important
result in and of itself.

A longstanding issue within this theory has been to predict the growth of structure while avoiding exponential
instabilities. Here, we propose a simple model which solves the full, nonlinear equations of motion, which can be used to
calculate the growth of structure, without any instabilities. We also describe our work towards a framework for calculating
the process of gravitational collapse in this theory where we manage to solve the equations numerically for a short time
interval. The results indicate that the gravitational collapse proceeds as in general relativity, assuming that the initial
conditions are similar.

Future work is needed to decide whether bimetric gravity can solve any of the other big questions within gravity today,
such as the discrepant expansion rate of the Universe. In this thesis, we show that it is an observationally viable dark energy
candidate that exhibits novel gravitational features. In short, gravity can be massive.
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The heavens declare the glory of God;
the skies proclaim the work of his hands.

Psalm 19:1, New International Version,
attributed to King David c. 1000 B.C.






Abstract

For more than a century, Einstein’s theory of general relativity has described
gravitational phenomena with astonishing precision. However, for the theory
to fit observations we need to add two elusive substances: dark energy and
dark matter. Together they add up to 95 % of the energy budget of the Uni-
verse. Yet, we do not know what these substances are. Another question mark
is the expansion rate of the Universe; two incompatible values are obtained de-
pending on the measuring method. These problems (dark energy, dark matter,
and the expansion rate) belong to the big questions within gravity today and
they may be interpreted as signs that general relativity is not the final theory
for gravity. As an alternative, in this thesis we analyze an extended theory of
gravity called bimetric gravity (a.k.a. massive gravity).

In general relativity (GR), gravity is massless which means that gravita-
tional waves propagate at the speed of light. Hence, a natural extension is to
consider theories where gravity has a mass. This is precisely what bimetric
gravity achieves. The theoretical consistency of this theory is firmly estab-
lished but it is also crucial to test if the theory agrees with observations. In
fact, in this theory there are two types of gravitational waves/fields, one mass-
less as in GR but also one massive. When observing gravitational phenomena,
we observe a mix of the two. Depending on the mixing and on the mass of
the massive field, observational signatures appear for example on cosmological
scales, in gravitational wave events or on solar-system scales. Until recently
the phenomenology of the full theory was still uncharted, and an important
question was if all observational tests could be satisfied at the same time. To
address this, we devised a unified framework that enables straightforward com-
parison between constraints from different probes, without being restricted to
a particular region of the parameter space. The result is that bimetric gravity
is compatible with observations and even fit data slightly better than GR. To-
gether with the fact that the dark energy can be explained by the interaction
between the two gravitational fields, we have shown that the theory is a viable
dark energy candidate. At the same time, the observational data provides
a substantial restriction on the parameter space that excludes many of the
popular models in the literature — an important result in and of itself.
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A longstanding issue within this theory has been to predict the growth of struc-
ture while avoiding exponential instabilities. Here, we propose a simple model
which solves the full, nonlinear equations of motion, which can be used to cal-
culate the growth of structure, without any instabilities. We also describe our
work towards a framework for calculating the process of gravitational collapse
in this theory where we manage to solve the equations numerically for a short
time interval. The results indicate that the gravitational collapse proceeds as
in general relativity, assuming that the initial conditions are similar.

Future work is needed to decide whether bimetric gravity can solve any of
the other big questions within gravity today, such as the discrepant expansion
rate of the Universe. In this thesis, we show that it is an observationally
viable dark energy candidate that exhibits novel gravitational features. In
short, gravity can be massive.



Svensk sammanfattning

I mer an ett sekel har Einsteins allménna relativitetsteori varit den teori som
bést beskriver gravitationen. Hans teori éverensstémmer med observationer
till en makalds precision. Detta under férutsattning att vi introducerar tva
mystiska substanser: mork energi och moérk materia, som tillsammans utgor
95 % av universums energiinnehall. For narvarande kdnner vi till mycket litet
om dessa substanser. Ytterligare ett fragetecken ar det uppmétta viardet av
universums expansionshastighet. Beroende pa vilken métmetod som anvénds,
erhalls tva olika, och motsigelsefulla, viarden. Dessa gator (mork energi, mork
materia och universums expansionshastighet) hor till de stora fragorna inom
gravitation idag och kan tyda pa att den allménna relativitetsteorin trots allt
inte ar den slutgiltiga teorin for gravitationen. Som ett alternativ studerar vi
i denna avhandling en generaliserad teori som kallas bimetrisk gravitation.

I Einsteins teori ar gravitationen masslos, vilket innebéar att gravitationsva-
gor fortplantas med ljusets hastighet. En naturlig generalisering &r att intro-
ducera en massa till gravitationsfaltet, vilket ar precis vad bimetrisk gravita-
tion gor. Att bimetrisk gravitation dr teoretiskt konsistent ar ett véletablerat
faktum men det dr ocksa av yttersta vikt att underséka om teorin stdmmer
6verens med observationer. Faktum ar att det finns tva typer av gravitations-
falt /vagor i denna teori: en masslos, som i Einsteins teori, och en massiv. En
observator ser en blandning av dessa tva. Nya fenomen dyker till exempel
upp pa kosmologiska langdskalor, for gravitationsvagor eller i solsystemstest
beroende pa hur stor massa gravitationen har och pa hur stor del av det to-
tala gravitationsfaltet som utgors av det massiva faltet. Fram till nyligen var
det oklart hur olika gravitationsfenomen ter sig for allmdnna modeller i denna
teori och om det finns ndgon modell som kan uppfylla alla observationella
gravitationstest pa en och samma gang. For att klargora detta konstruerade
vi ett enhetligt ramverk som goér det mojligt att, pa ett enkelt sitt, jam-
fora resultat mellan olika typer av test utan att begrénsa sig till en specifik
bimetrisk modell. Slutsatsen ar att bimetrisk gravitation, eller massiv gravita-
tion som vi ocksa kallar det, stdimmer val 6verens med observationer, till och
med nagot béttre &n Einsteins allmédnna relativitetsteori. Tillsammans med
det faktum att den morka energin kan forklaras av interaktionen mellan de tva
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gravitationsfilten sa visar vi att denna teori ger en mojlig forklaring till vad
mork energi dr. Samtidigt begrdnsar dessa observationer det méjliga parame-
terutrymmet, vilket leder till att manga populdra modeller som har studerats
tidigare i litteraturen maste uteslutas — ett viktigt resultat i sig.

En utmaning inom bimetrisk gravitation ar att forklara hur universums
nuvarande struktur har uppkommit till foljd av de ursprungliga krusningarna
i det tidiga universum. Problemet édr att linjér storningsteori, som anvénds
inom den kosmologiska standardmodellen, ofta dr oanvindbar pa grund av en
exponentiell instabilitet. Har presenterar vi en enkel modell som l6ser de full-
stdndiga ickelinjéra roérelseekvationerna och som kan anvindas for att mod-
ellera strukturformation utan nagon instabilitet. Vi presenterar ocksa vart
arbete med att analysera gravitationskollaps i denna teori, dér vi lyckas losa
ekvationerna numeriskt under ett litet tidsintervall. Resultaten tyder pa att
gravitationskollaps i denna teori skiljer sig mycket litet fran den allménna rel-
ativitetsteorin, forutsatt att initialvillkoren liknar varandra.

Ytterligare insatser krévs for att avgora huruvida bimetrisk gravitation kan
l6sa nagon av de andra stora fragorna inom gravitation idag, som till exempel
universums motsagelsefulla expansionshastighet. Denna avhandling visar att
teorin stdmmer vél Overens med observationer och ar en mojlig kandidat till
mork energi. Kort sagt, gravitationen kan vara massiv.
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Preface

This doctoral thesis consists of two parts. The first includes Chapters 1-8.
Chapters 1-2 introduce the topic. In Chapters 2-4 and Chapter 6-7, we provide
a context to and present some of the results obtained during the author’s PhD
studies, that is, Refs. [1-12]. Chapter 5 is based on a master thesis project
by Erik Schildt which the author was co-supervising together with Edvard
Mortsell. Most of the results in this chapter can be found in the literature
although the stability analysis in Section 5.2 is, to the author’s knowledge,
presented in a novel way. Section 5.3 follows Ref. [13] to large extent, although
the analysis of the propagation speed of gravitational waves and gravitational
wave echoes was not studied in this reference and we parameterize the theory in
terms of the physical parameters rather than the usual S-parameters. Towards
the end of Chapters 3-7, we provide a summary of the most important results.
The busy reader may want to concentrate on these. The second part of this
thesis consists of the corresponding scientific papers.

Tensors are denoted by their components, for example the (physical) metric
is referred to as g,,. Space-time indices are denoted by Greek letters and run
from zero to three. Spatial components are denoted by Latin indices and run
from one to three. We use the convention where the Minkowski metric reads
N = diag(—1,+1, 41, +1). Quantities constructed from the second metric f,,
are denoted by a tilde. For example, G*, is the Einstein tensor of the second
metric. Unless stated otherwise, we use geometrized units, setting Newton’s
gravitational constant and the speed of light to unity (G = ¢ = 1), in which
case length, time, and mass have the same units, L = T = M. Occasionally, we
state the result in so-called natural units where the reduced Planck constant
and the speed of light are set to unity (A= c = 1). In this case, L=T = M~!
and we give the mass in units of eV.

The main subject of this thesis is a massive gravity theory where both
metrics are dynamical. We will refer to this as massive gravity, massive bi-
gravity, bimetric relativity (BR), bimetric gravity, or bigravity. The massive
gravity theory where one of the metrics is nondynamical is referred to as dRGT
massive gravity which is a special limiting case of BR.
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Material from the licentiate thesis. Parts of Section 1.2 are based on Sec-
tion 1.2 of the licentiate thesis [14]. The “Quantization of gravity” paragraph
in Section 1.4.2 is similar to the same paragraph in the licentiate thesis. Sec-
tion 2.3 is based on material from Chapter 2 of Ref. [14]. The section is
rewritten slightly and Fig. 2.1 is new. Section 2.4 is largely copied from the
licentiate thesis. Section 7.1 have similarities with Section 2.8 of the licentiate
thesis. Section 7.3 and Section 7.4 share most content with Section 2.4 and
Section 2.6 of Ref. [14], respectively. Fig 7.5 is new. Appendices B-C are
copied from the licentiate thesis with only slight modifications.

New results. Some of the results in the thesis cannot be found in the pub-
lished literature. This includes the stability analysis in Section 5.2 which is
presented in a novel way, the grid scan related to the excision of the gradient
instability in Section 6.3 and the application of the nonlinear structure for-
mation model to the best-fit cosmologies in the same section, as well as the
analyzes in Section 7.1-7.2.



Abbreviations and symbols

Abbreviations

AdS anti-de Sitter

AlIC Akaike information criterion

BBN Big Bang nucleosynthesis

BIC Bayesian information criterion

BR bimetric relativity. This is the main subject of the thesis and
is also referred to as bimetric gravity, bigravity,
massive bigravity, massive gravity

CDM cold dark matter

CMB cosmic microwave background (radiation)

COBE Cosmic Background Explorer

D deuterium

DE dark energy

DGP Dvali—-Gabadadze—Porrati

dRGT de Rham-Gabadadze—Tolley

dS de Sitter

EEP Einstein equivalence principle

EH event horizon

FLRW Friedmann—Lemaitre-Robertson—Walker

FP Fierz—Pauli

FRB fast radio burst

GR general relativity

GW gravitational wave

h.o. higher orders

HR Hassan—Rosen
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KVF Killing vector field
LIGO Laser Interferometer Gravitational-Wave Observatory
LTB Lemaitre—Tolman—Bondi
MOND modified Newtonian dynamics
0OS Oppenheimer—Snyder
RNG radial null geodesic
SAdS Schwarzschild-anti-de Sitter
SdS Schwarzschild—de Sitter
SNIa supernova(e) type Ia
SS spherically symmetric
SSS static, spherically symmetric
WEP weak equivalence principle
ACDM A cold dark matter
Units
AU astronomical unit = 1.50 x 10" m
eV electronvolt = 1.60 x 107 ]
pc parsec = 3.26 light-years = 3.09 x 10'®m
Operators
~ same order of magnitude
~ approximately equal to
= identically equal to (by definition)
x proportional to
Vi covariant derivative
oM partial derivative 9/0z*
\% Laplacian ViV,

wave operator/d’Alembertian ¢V ,V,

g

overdot denotes a time derivative, e.g. f = df /dt
in Chapters 5-6, prime denotes derivative with respect to conformal

time d/dr and in Chapter 3, prime denotes the derivative d/d Ina
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Symbols

a scale factor of the physical metric

a scale factor of the second metric

Cs sound speed

cot =1/tan6

cscd =1/sind

da angular diameter distance

Dy comoving angular diameter distance

dg, luminosity distance

Dy, dimensionless luminosity distance Dy = Hyd,

dphys proper (physical) size/distance

Dy volume average distance

diag(+,-,+,-) components of a diagonal matrix

det determinant

dQ0? line element on the unit 2-sphere, dQ? = df? + sin® 0 dp?

E normalized expansion rate £ = H/H,

fq growth rate f, =d Ind/d Ina

fuw second metric

G physical metric

G Einstein tensor

h h = Hy/(100 km/s/Mpc)

H Hubble parameter H = a/a = a~'da/dt

Hy Hubble constant Hy = H(z = 0) ~ 70km/s/Mpc, or in natural
units Hy ~ 10~ eV

H conformal Hubble parameter H = a~*da/dr

K;; extrinsic curvature

L likelihood, £ = e~x*/2

mep in natural units: graviton mass/Fierz—Pauli mass, measured
in units of H,

Mmpp (dimensionful) graviton mass

M, mass of the Sun (~ 2.0 x 10% kg)

rH Hubble radius rg = 1/Hy ~ 5 Gpc ~ 10%m

Ts comoving sound horizon

rs Schwarzschild radius, rg = 2M
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R Ricci curvature scalar

R Ricci tensor

R*,pe Riemann tensor

Tr trace

S modified expansion rate S = H/Hggr

sec =1/cosd

x x = (da/dr)/(da/dT)

X X =uz/y

Y ratio of scale factors y = a/a

Y, “He abundance

2 redshift z = ag/a — 1

24 redshift of the baryon drag epoch z; ~ 1060

Zeq redshift at matter-radiation equality

Z redshift before which there is a gradient instability at the
linear level

Z redshift of photon decoupling z, ~ 1090

o growth index/gravitational slip, depending on the context

Vij induced metric

0 density contrast 0 = (P, — Pm)/Pm

0ij Kronecker delta

€ijk Levi-Civita symbol

i Minkowski metric, i.e. diag(—1,1,1,1)

0 mixing angle between the massless and massive gravitons

0, volume expansion rate

list of the physical parameters, © = (0, mpp, Qa, , 5)

K ratio of the gravitational constants k = ky/ky

Kf gravitational constant of the f-metric

Kg gravitational constant of the g-metric

Ag Compton wavelength of the massive graviton

A (effective) cosmological constant

Pe critical energy density of the Universe today, p. = 3H3 /k,
Di energy density of species 7

T denotes proper time in Chapter 1 and conformal time in the

remaining chapters
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(Newtonian) gravitational potential

scalar curvature
energy density in units of the critical energy density today,

O = Pz’/Pc
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Chapter 1

Introduction

1.1 What is gravity?

More than three centuries ago, Newton proposed a grand idea, namely that
the same force is responsible for the motion of the celestial bodies as well
as the motion of an apple falling to the ground. The signature of this force
is that it affects all objects equally. For example, neglecting air resistance,
all objects fall towards the Earth at the same rate. This is known as the
weak equivalence principle and it has been confirmed experimentally to at
least thirteen digits precision [15]. In contrast, the other fundamental forces
of nature affect different particles in different ways. For example, a proton
and an electron accelerate in opposite directions in the same electric field.
Also, the other forces are either short-ranged or cancel out on astronomical
length scales, so the net charge of a planet or a star is effectively zero. Gravity
is different. The gravitational charge is mass, which is always positive. So,
although the gravitational force is weak compared with the other fundamental
forces, astronomical objects accumulate a lot of mass. Hence, gravity plays
the main role in the large-scale evolution and fate of our universe.

In the beginning of the 20th century, Einstein proposed general relativity
(GR) as a theory for gravity, providing important corrections to Newton’s
law of universal gravitation. Together with quantum field theory (describing
the other fundamental forces), GR is the cornerstone of modern physics. A
major achievement of these two theories is that they lead to the cosmological
concordance model, which successfully describes the evolution of our universe
from a few fractions of a second after the Big Bang to present day. But
there are some caveats. In the cosmological concordance model, the main
content of the Universe consists of largely unknown substances, known as dark
matter and dark energy, whose properties we can only infer indirectly. Dark
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energy is required to explain the accelerated expansion of the Universe [16,17].
Within general relativity, this effect is attributed to the cosmological constant.
However, its value must be fine-tuned to at least 60 digits to almost exactly
cancel the contributions from vacuum energy and thus give rise to the observed
expansion. Dark matter is normally assumed to be a, yet-to-be discovered,
invisible particle whose presence explains why galaxies are not ripped apart
despite the rapid motion of their visible components such as stars and gas.
The problem is that dark matter has never been observed directly. Moreover,
improved cosmological observations within the last decade have revealed an
internal crack in the cosmological concordance model. Namely, measuring the
current expansion rate of the Universe (the Hubble constant) using probes in
the nearby universe or at large distances yields incompatible results [18]. This
is called the Hubble tension.

A possible solution to one or several of these issues is that general relativity
is not the ultimate theory for gravity, hence the main question of the thesis:
Was Einstein wrong? In general relativity, gravity is massless, meaning that
gravitational waves travel at the speed of light. A natural modification to
Einstein’s theory is to give gravity a mass. A first step was taken already in
1939 by Fierz and Pauli [19] but the final form of this theory was not found
until 2010 by de Rham, Gabadadze, Tolley, Hassan, and Rosen [20-23]. This
class of massive gravity theories is the main subject of this thesis.

Any new theory for gravity must pass elementary observational tests. In
this thesis we expose massive gravity to observations probing the theory on
cosmological scales as well as on galactic and solar-system scales. We also
analyze the behavior of gravitational waves and gravitational collapse in this
theory. We find that the theory is viable and has interesting implications
for the nature of dark energy and dark matter as well as the propagation of
gravitational waves, and, possibly, the Hubble tension.

1.2 Gravity as geometry

The inertial mass, m;,, appears in Newton’s second law and is the resistance
of a body towards changing its velocity, as a certain force is applied. The
gravitational mass, mg,, appears in Newton’s law of universal gravitation and
is the gravitational charge of a body, determining how strongly it couples
to gravity. An empirical fact is that the gravitational mass and the inertial
mass take the same value, mg. = myy,, for every single particle in the whole
Universe, which is by no means obvious a priori. A consequence of this is
that freely falling particles follow the same trajectories (given the same initial
conditions). This is the weak equivalence principle (WEP). The principle may
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Figure 1.1: Left: Freely falling particles in a generic coordinate system.
Each particle trajectory is labeled by a number. Since the trajectories are
non-intersecting (at least locally), we can define a new coordinate system
where the time coordinate is the proper time along the trajectories t. = 7
and space is labeled by the trajectories. Right: Freely falling particles in
comoving coordinates.

appear miraculous when treating gravity as a force, but changing perspective
and treating gravity as a manifestation of space-time geometry makes the
principle inevitable. This is what we will do now.

Let us imagine a (small) region filled with hypothetical, freely falling par-
ticles. In a general coordinate system, the particles follow curved paths as
illustrated in the left panel of Fig. 1.1. However, we can define a comoving
coordinate system z¥ where time is labeled by the proper time 7 along each
trajectory and space is labeled by the trajectories as in the right panel of
Fig. 1.1. Which coordinates that are comoving depends on the gravitational
field at hand, hence z# contains information about gravity. In these coordi-
nates, any freely falling body tracing out the trajectory z#(7), remains at the
same spatial coordinate. Hence,

d*zH(7)
— 2 =0. 1.1
dr? 0 (1.1)

This equation can be transformed to some other (generic) coordinate system,
x#, using the chain rule,

Ozt d*z” N Pat dx”da’
oxv dr? Oxvoxr dr dr

(1.2)
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With some manipulations we get the geodesic equation [24],

2 b v P
d°x e dz” dx —0 (1.3)

i T =0

where the connection I'*,, is defined by,

Ozt 9%xg
Y 0xg Qxvdxr

TH

(1.4)

Note that the form of the geodesic equation depends on the connection only.
So, eq. (1.3) is independent of the internal decomposition of the freely falling
particles. In this perspective, the uniform motion of freely falling particles (the
WEP) is due to them moving in the same space-time geometry, as encoded in
the connection.

Note that I'#,, contains information both about the coordinates x* and
about gravity (via the comoving coordinates x#). See below for two examples.
Using I'*,,, we can define the Riemann tensor, which is a geometric object
quantifying the space-time curvature,

Ry = 0,15, — 0,10, + TH AT, — THTA (1.5)

The Ricci tensor is defined as R,, = R”,, and the Ricci curvature scalar as
R = ¢g"™R,,. The covariant derivative V, specifies how vectors are parallel
transported. A vector V*# is parallel transported along itself if,

VIV, VY = VRO, VY 4TV, VFV? = 0. (1.6)

Identifying V# as the tangent vector of a curve, V# = dz* /dr, this defines the
notion of a straight line (a geodesic). In fact, V#V,V¥ = 0 is equivalent to
the geodesic equation (1.3).

Note that our geometrization of gravity assumed only the WEP and since
this principle holds both in Newtonian gravity and in general relativity, they
can both be formulated in geometric terms. The geometrical formulation of
Newtonian gravity is referred to as Newton—Cartan theory [25-27].

Example 1. In Newtonian gravity the connection can be written in terms of
a scalar field @ [28] (the gravitational potential),

, , , 0P
IY,=T"4%=I"%=0, I'yg= PR (1.7)
and the geodesic equation takes the form,
d?at o
= (1.8)

dr?2 Ozl
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which we recognize as Newton’s second law for a particle in a gravitational
potential ®. Here, the Riemann tensor R*,,,(I') does not vanish, hence de-
scribing a curved geometry.

O

Example 2. Assuming that there is no gravity present (R*,,, = 0), the
comoving coordinates coincide with the inertial coordinates. Let us write the
geodesic equation (1.3) in rotating coordinates, (x,y),

(o) = (et o) () 19
Calculating I'*,,, using eq. (1.4), we find,
I%,=0, T'p=-w' TI=we I';=0, (1.10)
and the geodesic equation reads,
it =W+ 26077 & ma=mwlx +2mw x v, (1.11)

where we defined w; = (0,0,w) and ¢;j;, denotes the Levi-Civita symbol. This
is Newton’s second law in rotating coordinates. The Riemann tensor of this
connection is zero, so there is no curvature, as expected. However, since we
used curvilinear coordinates, inertial (fictitious) forces appear on the right-
hand sides of eq. (1.11) as encoded in I'*,,. The first of these is the centrifugal
force and the second is the Coriolis force.

O

Based on the WEP, we introduced the connection and related geometric objects
like the Riemann tensor and the covariant derivative. To introduce the metric,
we invoke the Einstein equivalence principle (EEP) stating that an observer in
free fall measures the same physics, locally, as in the absence of gravity (i.e., as
in special relativity). According to Einstein himself, this was his most fortunate
thought [29]. The EEP implies that, at an arbitrarily chosen point, p, we can
construct a coordinate system z! such that special relativity is recovered in
the close vicinity of p. That is, space-time appears locally flat to an observer
so that V|, = J, and the proper time dr between two infinitesimally close
events, is given by,

dr? = —n,dalday, (1.12)

where 7, = diag(—1, 1, 1, 1) is the Minkowski metric and dzl is the coordinate
distance between the points. Transforming to some generic coordinates z#, we
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obtain,
81:5 0:6; .
Oxr Ozv P’

where we have defined the metric g,,. At a point p we can use the EEP
to identify the comoving coordinates of an observer, x*, with the locally flat

c?

coordinates x}. From eqgs. (1.4) and (1.13) it then follows [24],

(1.13)

dr* = —guwdatdx”, g, =

Dy = 50" (D0 + Dyt — Do) (1.14)
A freely falling observer making a local measurement finds that the laws of
physics conform to special relativity. To get a valid description throughout
the whole space-time (not just locally), we replace 7, — g,, and 9, = V,.
This recipe is called the minimal coupling prescription. As an example, we
obtain the Lagrangian for a massless scalar field ¢ in a curved space-time from
flat space-time by making the replacement: —n*"0,60,¢ — —g"*'V 6V, ¢.

In the words of Wheeler, “Spacetime tells matter how to move; matter
tells spacetime how to curve” [30]. We have explored the first part of this
statement. The next step is to specify how to determine the metric (and hence
the connection), given some matter content.

1.3 General relativity

As shown by Lovelock in 1971, it is possible to derive the Einstein equations
(in vacuum) with only a small number of assumptions [31]. Namely, assuming
that the equations of motion can be derived from an action principle where the
Lagrangian is a scalar density of the form £(g,,) (i.e., depending on the metric
only), the only local second-order equations of motion in four dimensions are,

G +Agu =0, (1.15)

where G,, = R, — g,“,R/ 2 is the Einstein tensor and A is the cosmological
constant. These are the (vacuum) equations of motion for the metric in gen-
eral relativity. Expanding eq. (1.15) to linear order around a flat background
solution, that is g, = 1, + hy with b, small, the Einstein equations can be
written as a massless wave equation,

Ohy, = 0. (1.16)

Hence, in GR gravity is massless, propagating with the speed of light. With-
out imposing any constraints, h,, has ten independent components in four
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dimensions. However, the freedom of choosing coordinates (plus the associ-
ated constraints) can be used to eliminate eight of these, resulting in an effec-
tive number of two propagating modes, corresponding to the two polarization
modes of a massless spin-2 field.

The action giving rise to the Einstein equations is the Einstein—Hilbert

action,
1
— 4 _ _
SEH_/d T4/ detg[% (R—2A)+ L], (1.17)

where we have included a matter Lagrangian, £,,. Varying eq. (1.17) with
respect to the metric, we get the Einstein equations (now with matter),

G+ ANguw = KT . (1.18)

The stress—energy tensor is the variation of the matter Lagrangian with re-
spect to the metric, T, = —2/v/—det gd(y/—det gL,,)/0g"". To reproduce
Newtonian gravity in the weak-field limit, we set k = 87G/c* = 87 where G
is Newton’s gravitational constant and c is the speed of light.

General relativity is a remarkably simple theory in the sense that there are
only two free parameters, the cosmological constant, A, and the Einstein grav-
itational constant, x (henceforth called the gravitational constant). However,
this does not mean that it is straightforward to solve the Einstein equations,
on the contrary, they constitute ten coupled, non-linear, partial differential
equations in four independent variables. Accordingly, there are only a few
analytical solutions, valid under special symmetries. In general, the equations
must be solved numerically, in itself a nontrivial task [32].

1.4 The status of general relativity

1.4.1 Successes

For more than a century, Einstein’s theory of general relativity has been re-
markably successful in explaining and predicting observations of gravitational
phenomena ranging from sub-millimeter scales to the length scale of the observ-
able universe (10%° m) [33]. On solar-system scales (~ 1 AU ~ 10" m), we can
test the laws of gravity by observing the motion of the planets and the bend-
ing of light around massive sources. In general relativity, the Schwarzschild
metric describes the gravitational field around a static, spherically symmetric
source like the Sun. This solution predicts a small correction to Kepler’s law
of elliptical orbits. Applied to the motion of Mercury, this results in a shift
of the perihelion of about 43" /century which was observed already in the mid
19th century, before the invention of general relativity. Explaining this fact
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was one of the first observational successes of Einstein’s theory. Concerning
the motion of light, Newtonian gravity and general relativity both predict that
light rays bend when passing massive sources. However, there is a factor of two
difference between the predicted deflection angle, with GR forecasting ~ 1.7”
for light passing just outside the surface of the Sun. This was subsequently
confirmed by Eddington’s famous observations during the 1919 solar eclipse.
As we will see in Chapter 4, there is a screening mechanism which can make
massive gravity agree with general relativity in the solar system.

A consequence of GR is the existence of black holes. These are regions
where gravity is so strong that nothing can escape, not even light. When a
star runs out of fuel, it cannot support its own weight and undergoes a series of
transformations. If the mass of the remnant exceeds the Chandrasekhar limit,
1.4Mg), it can collapse into a black hole. The final black hole is characterized
by its mass and angular momentum. (In principle, it can also have electric
charge but we expect typically a net charge of zero.) Such a space-time is
described by the Kerr metric. In 2019, the Event Horizon Telescope captured
the first image of the shadow of a supermassive black hole (~ 10'°M) in the
galaxy M87. This observation is consistent with the Kerr metric as predicted
by GR [34]. In massive gravity there are both Schwarzschild solutions and
Kerr solutions. The question is if and how they can form from reasonable
initial conditions, which is the topic of Chapter 7.

In general relativity, binary systems emit gravitational waves (GWs) carry-
ing energy away from the system. Hence, the orbital period decreases, which
was confirmed by the observation of the Hulse-Taylor binary system in 1974
where a neutron star and a pulsar orbit their common center of mass. Binary
systems can merge and then emit gravitational waves that can be observed
directly by gravitational wave interferometers on the Earth. The first such
detection was made in 2015 by the LIGO collaboration, measuring a signal
from two merging black holes [35]. In 2017, LIGO/Virgo observed the GW
signal from the merger of a binary neutron star system and at the same time,
an electromagnetic signal from this merger was detected [36,37]. This coun-
terpart signal was detected with a time delay of 1.7s, setting a tight limit on
the speed of GWs, which can differ from the speed of light by at most one
part in 10'® [38]. This imposes strong constraints on theories predicting an
anomalous speed of GWs. In the general class of massive gravity theories that
we study in this thesis, there is not only a massive graviton but also a massless
graviton propagating at the speed of light. This makes it possible to satisfy
GW observations without severely restricting the parameter space of the the-
ory, see Chapter 5. A theoretical success of general relativity is the possibility
of setting up the equations of motion in a way which is suitable for solving
numerically. This is called numerical relativity and is used to calculate and
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Planck

Figure 1.2: Three generations of satellites measuring the temperature
distribution of the cosmic microwave background. Each panel shows a
10-square-degree patch of the full sky. The anisotropies are order 10~°
perturbations of the background temperature ~ 2.7 K and are the seeds to
all structure that we see today. Credit: NASA/JPL-Caltech/ESA.

predict the behavior of for example merger events. See Chapter 7 for more
details.

The A cold dark matter (ACDM) model is the concordance model for the
evolution of the Universe. The model is based on general relativity and the
standard model of particle physics plus the cosmological principle, that is,
that the Universe is homogeneous and isotropic on large enough scales (2
100 Mpc). This means that the Universe looks, on average, the same from all
points and in all directions. On scales in the range ~ 1 — 100 Mpc, there are
inhomogeneities whose evolution is modeled with linear perturbation theory
[39]. On smaller scales (< 1 Mpc), linear perturbation theory breaks down and
N-body simulations are used to model the evolution of the inhomogeneities.
The cosmological concordance model has been very successful in predicting and
accounting for observations, with the relative abundance of hydrogen versus
helium and the existence of the cosmic microwave background radiation (CMB,
Fig. 1.2) as two of the first predictions [40-42]. We can use data from the CMB
observations to constrain the parameters of the ACDM model, with the result
that the dominant contributions to the energy budget of the Universe resides in
dark energy (~ 70 %) and dark matter (~ 25 %) [43]. Only ~ 5% of the energy
content is due to “ordinary” (baryonic) matter like neutrons and protons plus
an even smaller contribution from radiation (photons), see Fig. 1.3. Comparing
the results from the CMB measurements with other cosmological probes, the
ACDM model is consistent except from (at least) one important case, namely
the value of the Hubble constant Hy (see below).
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Figure 1.3: Energy budget of the Universe according to the cosmological
concordance model.

The list of successes can be extended even further. To summarize, Einstein’s
theory describes most aspects of gravitation with exquisite precision. Never-
theless, there are reasons to believe that it is not the final theory for gravity,
as we explore now.

1.4.2 Challenges

On solar-system scales and below, general relativity gives an excellent descrip-
tion of gravity. It is only on larger scales (or very small length scales close
to the Planck length) that problems appear. So, what we are looking for is
a theory of gravity that gives significant modifications on cosmological scales
while restoring GR results on solar-system scales and below.

Dark energy. From observations on cosmological length scales, we infer that
~ T70% of the energy content of the Universe is due to dark energy, which
is needed to explain the accelerated expansion of the Universe. To give an
accelerating contribution, the dark energy must have a negative pressure. The
question is, what substance has this unexpected property? In the ACDM
model, the accelerated expansion is due to a (positive) cosmological constant,
A, which appears as a geometric term in the Einstein equations (1.18). To
give a significant contribution on cosmological scales, we expect its value to
be A ~ H? ~ 1072 m~2. The quantum vacuum energy also gives a contribu-
tion to the accelerated expansion of the Universe. However, its value differs
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Figure 1.4: Marginalized confidence contours for the dark energy pa-
rameters wy and w,, where the equation of state is parameterized as
w(a) = wo + (1 — a)w,. The cosmological concordance model (ACDM)
corresponds to (wg = —1,w, = 0), that is, the intersection between the
dashed lines in the figure. The gray shaded area corresponds to phantom
dark energy, and we see that it is preferred when using CMB data only
(purple). Including other data sets such as baryon acoustic oscillations
(BAO), centers the best-fit value around ACDM. Credit: Ref. [43], repro-
duced with permission ©ESO.

from the observed value by at least 60 orders of magnitude [39]. This is al-
legedly the worst prediction in the history of physics, so to be consistent with
observations, the cosmological constant A must be fine-tuned with enormous
precision. This sort of fine-tuning is contrary to the philosophical preferences
of many physicists although, it should be stressed, there is no mathematical
inconsistency in it.

One can go beyond the ACDM model and allow for dynamical dark energy
where the equation of state changes with time. In fact, CMB data alone
prefers a phantom dark energy which means a growing energy density with
time [44], see Fig. 1.4. As we will see in Chapter 3, massive gravity provides
such a contribution. Although this theory exhibits some novel features, it
does not solve the fine-tuning problem. As an example of a new feature, there
are self-accelerating cosmologies (i.e., without a cosmological constant) where
the accelerated expansion is due to the interaction between the massless and
massive gravitons. To date, there is no established solution to the fine-tuning
problem [39].



12 Chapter 1. Introduction

Figure 1.5: Image of the type Ia supernova SN 1994D (bright spot on the
bottom left) exploding in the host galaxy NGC 4526. A type la supernova
is an exploding star with a peak absolute magnitude that can be standard-
ized. Hence, by measuring its apparent magnitude, we can estimate the
distance to it. Credit: NASA/ESA, The Hubble Key Project Team, and
The High-7 Supernova Search Team.

Hubble tension. As cosmological observations have become increasingly pre-
cise, a discrepancy has appeared in the ACDM model. There are several ways
to determine the Hubble constant, Hy. The nearby probes are based on ob-
servations in our cosmological neighborhood and are largely independent of
the assumed cosmological model. There are several independent probes of this
type and they all give “high” values of Hy. Most significantly, the SHOES
team reports Hy = 73.0 & 1.0km/s/Mpc, using a Cepheid-based cosmic dis-
tance ladder method measuring distances and redshifts of type Ia supernovae
(SNIa, Fig. 1.5) [45]. Most of the distant probes involve CMB data. Here,
Hy is not measured directly but is inferred, assuming the ACDM cosmolog-
ical model. Any CMB data set predicts a “low” value of Hy in the range
67 — 68.5km/s/Mpc [18]. For example, the inferred value from the Planck
2018 data release is Hy = 67.3 + 0.6km/s/Mpc [43]. It is clear this value
disagrees with the one from the Cepheid-based distance ladder. In Ref. [18],
it is concluded that the discrepancy is at least 40. The discrepancy is largely
independent of the methods and data sets employed. Thus, explaining it by a
systematic error appears to be difficult, although there are some noteworthy
exceptions, see for example Refs. [46-49]. This may suggest that there is new
physics beyond the ACDM model.
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Dark matter. There are observations spanning a wide range of length scales,
from galactic scales to the largest cosmological scales, indicating that the grav-
itational field is stronger than what can be inferred from the amount of vis-
ible matter, assuming that GR is the correct theory for gravity. Granted
this, there must be some sort of (yet) undetected matter, dubbed dark matter
(DM). Observations suggest that this particle is “cold” (i.e., non-relativistic)
and interacting very weakly with standard model particles.

One of the most striking observations of this phenomenon is the motion
of the stars and gas in galaxies. Instead of the orbital velocities decreasing
towards the edge of the galaxies, they remain constant, meaning that the
galaxies would be ripped apart unless the gravitational force is much stronger
than indicated by the amount of matter that can be observed. This also holds
on galaxy cluster scales.

On cosmological scales, observations of the CMB anisotropies lead to the
conclusion that ~ 25 % of the energy content of the Universe is in form of dark
matter (again, assuming a cosmological concordance model, based on GR).
Only 5% of the energy budget is in form of ordinary matter (baryons). Within
the cosmological concordance model, dark matter is also needed to account for
the formation of structure (e.g., galaxies) from the initial perturbations as
imprinted in the CMB. Without it, there would not have been deep enough
potential wells for the matter to fall into in order to form the structure that
we observe today.

Since there is no established direct detection of dark matter particles, one
may want to look for alternative explanations. Perhaps the dark matter phe-
nomenology is not due to a new particle but due to gravity working differently
compared with GR. However, since dark matter is observed on such a wide
range of length scales, it is challenging to find a modified law of gravity taking
all these observations into account. This is in contrast to dark energy whose
existence is inferred from cosmological scale observations only, allowing for a
wide range of possible explanations. Massive gravity can give two important
contributions to the dark matter problem. First, the massive graviton can act
as a dark matter particle [50-52]. However, to provide a viable dark matter
particle, the theory is pushed towards a limit where it becomes indistinguish-
able from GR. Second, massive gravity exhibits (for some parameter values)
a screening mechanism that restores GR far inside some radius, ry. However,
as one approaches this radius, gravity becomes stronger than what GR pre-
dicts. Applied to galaxies and galaxy clusters, this can reduce the need of dark
matter as gravity becomes stronger towards the edges, compared with the GR
prediction. Moreover, ry adapts to the density and mass of the object, so
that the gravitational force is not affected on solar-system scales while giving
a significant contribution on galactic scales.
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Quantization of gravity. In the Einstein equations (1.18), the right-hand
side contains the matter fields in form of the stress—energy tensor and the left-
hand side describes the space-time geometry. Since matter (at the microscopic
scale) is described by quantum theory, the left-hand side of eq. (1.18), which
contains the space-time geometry, should also be quantized. We expect the
quantum properties of gravity to be important at least at the Planck scale
(~ 107% m) which is relevant in the very early universe or very close to the
singularity of a black hole. Despite persistent efforts during at least half a
century, there is no satisfying theory of quantum gravity. We will not say
much more about this within the scope of this thesis. An interesting feature of
a modified theory of gravity is if singularities can be avoided, possibly evading
the need for a quantum theory of gravity. However, the results of Chapter 7
do not indicate that this is the case for massive gravity.

1.4.3 Ways forward

With a new theory of gravity, the hope is that one or several of the above
problems could be solved. To construct new theories for gravity, one or several
assumptions of Lovelock’s theorem must be broken, that is:

o Introducing fields other than (or in addition to) the metric. Examples
include adding extra fields of (non-minimally coupled) scalar, vector, or
tensor type [53]. Another option is to encode gravity in terms of torsion
or non-metricity [54].

« Allowing higher-order equations of motion, for example f(R) theories
where the Lagrangian is some function of the Ricci scalar [53].

o Giving up locality. One example is f((0"!'R) theories.

 Introducing new dimensions, for example Kaluza—Klein theories or Dvali—
Gabadadze—Porrati (DGP) gravity [53].

o Abandoning the action principle with a scalar density as the Lagrangian.
Modified Newtonian dynamics (MOND) as initially formulated by Mil-
grom in Ref. [55] is an example of this as the modification of gravity is
at the level of the equations of motion.

In this thesis, we study massive gravity where we introduce an additional spin-2
field, hence belonging to the first category.



Chapter 2

Massive gravity

Relativistic fields with spin < 2 come in two versions, massless and massive,
see Tab. 2.1. Spin 0 is described by a scalar field, ¢, spin 1/2 by a spinor,
Yo, spin 1 by a vector field A%, and massless spin-2 by a metric g, (i.e., a
symmetric nondegenerate rank-2 tensor field). In case spin < 1, the massive
version is obtained by simply adding the square of the field to the massless
Lagrangian. For example, the Lagrangian of a massive spin-1 field is,

2
Lopin1 = —EF‘”’FW - %A“Au, F,, =0,A, — 0,A,, (2.1)
where the first term is the Maxwell Lagrangian for a massless spin-1 field and
the second term provides mass to the field. The free spin < 1 theories are
simple in the sense that their equations of motion are linear. A spin-2 field
coupled to matter is different. First, the equations of motion are nonlinear (see
the Einstein equations (1.18)). Second, adding the square of the field to the
Einstein—Hilbert action in eq. (1.17) only amounts to adding a cosmological
constant term, since g"”g,,, = 4. To give mass to the spin-2 field while preserv-
ing Lorentz invariance, we must introduce an additional metric, f,,, allowing
non-trivial terms like g"” f,,, to be added to the Einstein—Hilbert action.
There are infinitely many ways to add Lorentz invariant combinations of
g, and f,,, so the question is what combinations (if any) that give sensible
theories for a massive spin-2 field. In fact, as shown by Boulware and Deser a
generic theory of massive gravity propagates six degrees of freedom including
a ghost-like scalar mode with a negative kinetic energy, thus rendering the
theory unstable [56]. Hence, the theory must be constructed to avoid this
feature.
The first massive gravity theory was proposed in 1939 by Fierz and Pauli
who constructed the linear theory for a massive spin-2 field propagating on
a flat background [19]. Here, the second metric f,, was fixed to the flat

15
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spin 0 spin 1/2 | spin 1 spin 2

Massless | Klein-Gordon | Dirac | Maxwell | GR/Massive gravity

Massive | Klein-Gordon | Dirac Proca Massive gravity

Table 2.1: Relativistic theories of spin < 2. As we will see later, the
massive gravity theory studied in this thesis exhibits both a massless and
a massive spin-2 field, which is why it appears in both the massless and
massive spin-2 rows.

Minkowski metric and the mass term was carefully designed to exhibit only
the five healthy degrees of freedom of a massive spin-2 field. Nevertheless, the
linear theory is problematic. In particular, in the zero mass limit, the scalar
mode of the spin-2 field remains coupled to the trace of the stress—energy, hence
general relativity is not recovered, contrary to expectations. On the other
hand, setting the graviton mass identically equal to zero recovers GR. This is
referred to the van Dam—Veltman-Zakharov (vDVZ) discontinuity [57,58]. In
particular, the bending of light differs by a factor of 4/3 compared with GR,
thus ruling out Fierz—Pauli theory on observational grounds.

Shortly after the discovery of the vDVZ discontinuity, Vainshtein showed
that nonlinear terms can become influential in the zero mass limit, thereby
invalidating the linear Fierz—Pauli theory in this limit [59]. Thus, we should
look for a nonlinear theory of massive gravity. However, Boulware and Deser
showed that a generic nonlinear completion of Fierz—Pauli theory reintroduces
the pathological ghost mode [56], thereby impeding further advances in the
subject until it was reexamined almost forty years later.

The resurrection of massive gravity occurred in 2010 when dRGT (de
Rham, Gabadadze, and Tolley) carefully constructed a nonlinear theory for
massive gravity that avoids the Boulware-Deser ghost, thus propagating only
the five healthy modes of a massive spin-2 field [20-23,60,61]. In this the-
ory, the second metric is a fixed reference metric, usually taken to be flat
Minkowski. We will refer to this version of massive gravity as dRGT theory,
see Ref. [62] for a review. Unfortunately, dRGT massive gravity does not
seem to be observationally viable, for example with respect to the expansion
history of the Universe [63]. It might also appear unsatisfactory to have a
non-dynamical second metric in the theory without any fundamental principle
determining its form.

The natural extension of the dRGT theory is to promote the second metric

to a dynamical field, as proposed by Hassan and Rosen in 2011 [23]. This
is achieved by adding an Einstein-Hilbert term for f,, to the action, under
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which the theory remains ghost-free [23,60,64]. We will refer to this theory as
bimetric relativity (BR), bimetric gravity, massive gravity, massive bigravity,
or simply bigravity and it is the main topic of this thesis. For a review of the
subject, see Ref. [63]. In this theory, with both metrics being dynamical, there
are 2+5 propagating modes corresponding to the two modes of a massless spin-
2 field plus the five modes of a massive spin-2 field. The mass of the spin-2 field
is referred to as the Fierz—Pauli mass, mpp. Notably, the mass eigenstates are
linear superpositions of the metric perturbations, with the amount of mixing
parameterized by an angle . With these remarks, we can already anticipate
that massive bigravity allows for a rich phenomenology compared both with
GR and dRGT massive gravity. In fact, GR and dRGT are retrieved at special
points in the bimetric parameter space where one of the metrics is completely
aligned with the massless mode (f = 0) or the massive mode (§ = 7/2),
respectively.

It has previously been demonstrated that massive bigravity is observation-
ally viable, with its cosmology being in accordance with data from the cosmic
microwave background, baryon acoustic oscillations (BAO), and type la su-
pernovae [10,11,65-71]. The theory can also satisfy solar-system tests [72-74],
observations of velocity dispersion and gravitational lensing on galactic scales
and galaxy cluster scales [72,73,75,76] as well as gravitational wave observa-
tions [13,77-80]. These observations set constraints in the bigravity parameter
space. However, the previous literature have only explored particular subsets
of the parameter or have only taken a subset of the observations into account.
In Papers III-V, we treat the constraints in a unified way and explore the full
parameter space of the theory. Thereby, we show that BR is compatible with
the union of all these data sets, see Chapters 3-5 for details.

2.1 Action and equations of motion

The action for the ghost-free bimetric theory reads [23],

Sur = / d'z

1 1 . S
T%mg i %\/_ det f R —/~ detg;}ﬂnen(SH
/= detg £y~ det [ £). (22)

R is the Ricci scalar of g, and R is the Ricci scalar of fuv, so the first two
terms in the Hassan-Rosen action (2.2) are Einstein-Hilbert terms for each
one of the metrics, rendering them both dynamical. This is in contrast to
dRGT massive gravity exhibiting an Einstein—Hilbert term for only one of the
metrics.
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The third term in eq. (2.2) is the interaction potential between the two metrics,
which by its special form guarantees the absence of the Boulware—Deser ghost
[23]. Here, e,(S) are the elementary symmetric polynomials of the square root
of the two metrics, defined by the equation S*,S?, = ¢"*f,, [81,82].! The
elementary symmetric polynomials are,

60(5) =

—_

er(8) = (5], ex(8) = 5 (ISP~ [57)

(ISP = 3[S2)[S] + 2[S%]) ,  ea(S) = det S, (2.3)

D=

63(5)

where [S]=Tr S.

There can be two independent matter sectors, with Lagrangians £, and
Ly, coupled to 9w and f,,, respectively [83,84]. With £,, containing the
standard model particles and fields, we identify g,, as the physical metric
since it determines the motion of freely falling observers. Thus, g,, defines
the observable curvature of the Universe which can be measured by rulers and
clocks. For an observer, although f,,, is a metric by definition (i.e., a symmetric
nondegenerate rank-2 tensor field), it can only be measured indirectly via its
interaction with the physical metric.

In eq. (2.2), K, and Ky are the gravitational constants of g,, and f,.,
respectively. In geometrized units, k, = 87. The ratio of the gravitational
constants is denoted,

K= Kg/Kf. (2.4)

In the limit K — 0, BR approaches GR continuously and in the limit xk — oo, it
approaches dRGT theory [85]. In addition to the gravitational constants there
are five, constant, free parameters in the Hassan—Rosen action (2.2), referred to
as f3,, with dimensions of curvature 1/L2. Since ey(S) = 1, the Byp-term adds
a cosmological constant term with respect to the g-metric. Moreover, since
es(S) = det/g1f and /—detgdet\/g~1f = /—det f, it follows that the
Bs-term contributes with a cosmological constant to the f-metric. The other
[-parameters (31, B2, f3) determine the interaction between the two metrics.

Varying the action (2.2) with respect to the metrics, we obtain the equa-
tions of motion,

GHV - /{gT'uln THI/ = THI/ + VMI/7 (253)
G', =kgTh, TH, =T, + V", (2.5b)

!Note that there is no unique solution to this equation. However, as argued in Ref. [81],
choosing the principal square root guarantees a sensible space-time interpretation of the the-
ory. The principal square root is unique and defined by the requirement that its eigenvalues
lie in the right-half complex plane.
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where the bimetric stress—energies V*, and V#, are obtained by varying the
interaction term with respect to g,, and f,,. The result is,

Vi, =— Z Bn Z 1)" e (S) (SR, (2.6a)

n=0 k=0

‘7“1/ = - Z 54 n Z n+k k(Sil)(Si(nik))#V' (26b)
k=0

To avoid the Boulware—Deser ghost, each matter field must couple to a single
metric [83,86] (see Ref. [87] for an analysis of the phenomenology of doubly
coupled bigravity). Henceforth, we assume that there is no matter sector
coupled to f,,, that is, T#, = 0. See Refs. [88,89] for examples of works
analyzing bimetric theories with nonzero T*#,. If we assume that the stress—
energy is conserved,

v, 1, =0, (2.7)
the bimetric stress—energy is also conserved,
Vv,.V#, =0, (2.8)

which follows from eq. (2.5a) and the Bianchi identity V,G*, =0

2.2 The physical parameters

The p-parameters have traditionally been used to parameterize the bimetric
interaction. However, there is a problem. Using the identity e, (AS) = A"e,(5)
where A is a scalar, it is straightforward to show that the Hassan—Rosen action
is invariant under the constant rescaling,

(fuvs Ky, Bn) — (wfw”wnf,w*”ﬂﬂn), w = const. (2.9)

This means that the [S-parameters are not observables and cannot be con-
strained by observations. To circumvent this issue, we introduce below a set
of physical parameters which is independent of the rescaling.

As we will see in Chapter 3, there are several types of homogeneous and
isotropic solutions in massive bigravity. However, the only ones that have
proven healthy (in a sense that is specified in Chapter 3) are those for which
the metrics approach a proportional de Sitter solution in the infinite future,

fm/|t~>oo = C2g,u1/|t~>ooa (210)

with ¢ = const. For the local and cosmological solutions to be consistent with
each other, we consider local solutions which are proportional asymptotically
(i.e., at radial infinity).
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In terms of the conformal factor ¢, the rescaling in eq. (2.9) reads,
(K, Bn) = (e, w ik, w™™?23,). (2.11)

So, in the bigravity action (2.2) we have the theory parameters s, £, So, ..., fa
of which one is redundant due to the rescaling invariance. Hence, there are five
free parameters (or six, if including k,). Usually, the rescaling invariance is
used to set ¢ = 1 or k,/ks = 1. Here, we introduce a set of parameters which
is independent of this choice. First, note that (,c" is invariant under the
rescaling. Thus, we define the dimensionless, rescaling invariant parameters,

B, = K,8,c"/H;, (2.12)

that is, expressing the [-parameters in units of the curvature scale defined
by the Hubble constant H,. This is convenient for cosmological applications
where we expect significant massive gravity contributions to the present-day
expansion rate if ky3,c" ~ H, that is B, ~ 1.

Instead of the B-parameters, we can use the dimensionless physical param-
eters © = (0, mpp, Q, a, 3), given by,

_ By +3By+3B3+ By

tan? 6 = , 2.13a
By + 3By + 3B, + Bs (2.13a)
mip = (By + 2By + Bs) /sin® 6, (2.13b)
B B
QA:?O+BI+B2+?3a (2.13c)
B; + Bs
= 2.13d
T 7B+ 2B, + By (2.13d)
B
= 2.1
9= B, 128, 1B (2.13e)

In Refs. [68,90], a limited parameterization in terms of (6, mgp,2s) was first
proposed, applicable to models with three free parameters, or less. In Paper I1I,
by introducing « and 5 we generalized the framework to include any bimetric
model. The parameters in eq. (2.13) have immediate physical interpretations,
as explained further in the following chapters.

o In massive bigravity, the spin-2 mass eigenstates are not aligned with the
metrics. Here, 0 < 6 < 7/2 is the mixing angle between the massless
and massive gravitons. In the limit & — 0, the physical metric is aligned
with the massless spin-2 field (GR) and in the limit  — 7/2, it is aligned
with the massive spin-2 field (dRGT).
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o In so-called natural units, mpp is the mass of the graviton in units of
Hy ~ 1073 eV. In geometrized units, mpp is the inverse Compton wave-
length of the massive graviton in units of the Hubble radius, that is,
mpp = 1 /Ay where ry = 1/Hy ~ 5 Gpe. We will refer to the Compton
wavelength and the graviton mass interchangeably, keeping in mind that
they reflect the same physical parameter.

o y is the effective cosmological constant in the final de Sitter phase of
the expansion history of the Universe.

« «and f are parameters that determine (among other things) the screen-
ing mechanism, restoring GR locally.

The relations in eq. (2.13) can be inverted, resulting in,

By = 3Q) —sin® 0 mip(3 + 3a + ), (2.14a)
By = sin® 0 mip(1+ 2a + ), (2.14b)
By = —sin? 0 mip(a + B), (2.14c)
Bs = sin? 0 mip 3, (2.14d)
By = 3tan® 0 Qy +sin® Ompp(—1 +a — ). (2.14e)

The Jacobian determinant of eq. (2.14) is 18sin® @ m¥pQs. Hence, there is
a one-to-one correspondence between the physical parameters and the B-
parameters, except when 6, mpp, or 2, vanishes. In the limit § — 0, we
have By, By, B3, B4, — 0 and only the cosmological constant of g,, survives.
In this limit, GR is recovered, as expected. From eq. (2.14), one may expect
to recover GR also as mpp — 0. However, this limit is problematic since it
excites the Higuchi ghost (see Chapter 3 for details).

2.3 Symmetries and topology

Besides the theoretical consistency of BR (avoiding the Boulware—Deser ghost),
it should agree with observations. Therefore, it is of paramount importance
to understand the spectrum of solutions to the equations of motion. A first
step is to analyze the equations under the assumption of certain symmetries.
In this way, one can obtain approximate solutions to more realistic setups. In
this section, we review the main results of Paper I. Due to the presence of
the second metric, “spherical symmetry” for example is an ambiguous notion.
Does it mean that g,, is spherically symmetric or both g,, and f,,7 If the
latter, do the metrics look spherically symmetric in the same coordinates?
Since g,, can be identified as the physical metric due to its coupling to
matter, it is sufficient to demand spherical symmetry (SS) with respect to
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g in order for an observer to measure a spherically symmetric space-time
geometry. The second metric may or may not be spherically symmetric, that
is, have an SO(3) isometry, and if it is, the Killing vector fields (KVFs) of
g and f,, may or may not coincide. A KVF generates a set of curves along
which a metric stays invariant. For example, if the two metrics are both SS
(i.e., they have the same isometry group) but their KVFs do not coincide, it
means that the spherical symmetry is manifest in different coordinates for g,,
and f,,, see Example 1 below. For a recap of symmetries and topology, see
Appendix B.

Example 1. Let usfix By =1, 51 =0, B = —1/2, B3 =1, and B, = —=7/4.
In this case,
dsy = —dt* + da® + dy* + d2?, (2.15a)
dst = —A1dt* + Nida® + Njdy? + Nodz*, (2.15b)
solves the equations of motion, with A\; = 2 — \/5, Ao = 24 /2. The metrics in
eq. (2.15) are written in the Cartesian coordinates of g,,, hence the spherical

symmetry of g,, is manifest. The Cartesian coordinates of f,, are given by
the rescaling,

(', 2y, 2") = (Mt, Mz, Ay, Aa2), (2.16)

in which the metrics read,
dsy = =A[2dt” + X 2da” + X Pdy” 4 Xy 2d2”, (2.17a)
ds} = —dt”? + dz” + dy” + d=". (2.17b)

Both g, and f,, are Minkowski metrics, but they do not share their Cartesian
coordinates. Hence, they are both spherically symmetric but with different
Killing vector fields,

Jy = y0, — 20, Jy = —20, + 20, J, =20y — YOy, (2.184a)
Jo =00 — 20y, Jy=—20p+20s, J.=20y, 0y  (2.18b)
The KVFs of f,, can be transformed to the Cartesian coordinates of g,,,, for

example,
= A2 A
Jy = ——y0, + —x0,, 2.19
)\1 Y )\2 Yy ( )
and we see that J/ # J.. In other words, g,, and f,, look manifestly spher-
ically symmetric in different coordinates. An observer in the Cartesian chart
of g,, sees this metric as spherically symmetric while a transformation on the

surface of an ellipsoid represents the symmetry of f,,, see Fig. 2.1.

O



2.3 Symmetries and topology 23

Figure 2.1: Symmetry orbits of the space-time (2.15). The g,,-metric is
invariant when transformed along the blue surface while f,, is invariant
when transformed along the orange surface. Both metrics are spherically
symmetric but they do not share their KVFs. Left panel: Cartesian coor-
dinates of g,,. Right panel: Cartesian coordinates of f,,.

Example 2. An example of a solution where the two metrics have different
symmetry groups is the case of the non-bidiagonal cosmological solutions, see
Chapter 3. Here, the second metric f,, is maximally symmetric (anti-de Sitter)
while the physical metric g, is only homogeneous and isotropic.

O

Since the two metrics live on the same manifold, they must be compatible with
the same topology. This imposes an additional consistency requirement besides
satisfying the equations of motion. See Tab. 4.1 for examples of compatible
and incompatible solutions for a set of static, spherically symmetric solutions.
Note that the topological constraint applies also to dRGT massive gravity. In
this case, the auxiliary metric is a fixed reference metric, usually Minkowski.
However, note that the requirement applies only to the full space-time. If we
think of our solution as an approximation, valid in some limited region, the
requirement does not apply.
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2.4 Spherical symmetry

Within this thesis, we make extensive use of spherical symmetry: (1) for the
background cosmology, (2) for the local solutions, modeling for example the
gravitational field of stars and galaxies, and (3) for gravitational collapse. Here,
we assume that the metrics exhibit the same spherical symmetry, that is, that
they share their KVFs. With these assumptions, a general ansatz is,

ds} = —A(t,r)dt* + B(t,r)dr* + 2C(t,r)dtdr + R*(t,r)dQ?, (2.20a)
ds? = —A(t,r)dt* + B(t,r)dr® + 2C(t,r)dtdr + R*(t,r)dQ?, (2.20b)
where d)? is the line element on the unit 2-sphere, dQ? = df? + sin® 0 d¢>.

Using the coordinate freedom, one can for example choose ¢t and r such that
R =r and C' =0 (at least locally),

2
dsg

2
dsf

—A(t,r)dt* + B(t,r)dr?* + r?dQ?, (2.21a)
—A(t,r)dt* + B(t,r)dr? + 2C(t,r)dtdr + R*(t,r)dQ>. (2.21b)

These solutions can then be classified according to whether C' = 0 (bidiagonal
solutions) or C' # 0 (non-bidiagonal solutions). If the physical metric is also
homogeneous (cosmological background solutions) or static (local solutions,
e.g. for a galaxy), the non-bidiagonal configuration reduces to a GR solution,
see Refs. [91-93]. Hence, in these cases only the bidiagonal configuration yields
interesting deviations from GR.

2.5 Summary

Bimetric gravity is free from the Boulware-Deser ghost and exhibits both a
massless and a massive spin-2 field. The theory has a continuous GR limit as
well as a continuous limit to dRGT massive gravity, thus embracing these two
theories in a unified framework. Bimetric gravity can be conveniently param-
eterized by five dimensionless (constant) parameters, the physical parameters,
which have immediate physical interpretations. Those are the mixing angle
between the massless and massive spin-2 field, #, the graviton mass, mgp, the
effective cosmological constant (25, and two parameters, denoted « and 3, that
determine (among other things) the screening mechanism which restores GR
locally. Since there are four additional parameters compared with GR (which
only has the cosmological constant and the gravitational constant), BR has a
very rich phenomenology but it is also more difficult to solve the equations of
motion.
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Due to the presence of two metrics, a symmetry with respect to one metric
does not imply the same symmetry with respect to the other metric. Moreover,
even if the metrics have the same symmetry (i.e., the same symmetry group),
their Killing vector fields can be different, that is, the symmetries of the two
metrics are manifest in different coordinates. Usually, in the literature it is
assumed that the metrics exhibit the same symmetries as well as the same
Killing vector fields. Our result demonstrates the possibility of finding new
solutions which may satisfy our demands on the physical metric but leaving
the second metric on a more general form.






Chapter 3

Background cosmology

The cosmological principle states that the Universe is homogeneous and iso-
tropic on large scales (2 100 Mpc), that is, it looks the same from all points and
in all directions. This is an observational fact that is supported for example by
large-scale structure surveys, observing the distribution of galaxies in space,
and by the isotropy of the cosmic microwave background radiation. However,
the Universe is not the same at all times. In fact, the Universe expands at an
accelerated rate, which was discovered more than two decades ago by observ-
ing type Ia supernovae. Tracing the evolution backwards in time hints of a
very dense initial state 13.8 billion years ago. However, it is still a matter of
dispute what drives the accelerated expansion. The simplest explanation is a
cosmological constant but, as we have seen, it is usually regarded as problem-
atic. In this chapter we show that, in BR, the accelerated expansion can be
due to the interaction of a massive spin-2 field, in which case no cosmological
constant is needed. These expansion histories are called self-accelerating.

3.1 Ansatz and equations of motion

Applying the cosmological principle, we assume that the physical metric is
homogeneous and isotropic. For simplicity, we also assume that the second
metric exhibits the same spherical symmetry (with the same KVFs). In this
case, the general ansatz reads,

2
1— kr?
ds} = —A(t,r)dt* + B(t,r)dr® + 20 (t,r)dtdr + R*(t,7)dQ?, (3.1b)

ds? = —dt* + a*(t) ( + rzdﬁz) , (3.1a)

where k is a constant determining the spatial curvature of the physical metric.
The freedom of choosing coordinates have been used to write the physical

27
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metric on the form in eq. (3.1a). As shown in Ref. [91], for the non-bidiagonal
solutions (i.e., with C' # 0), the two metric sectors decouple and the bimetric
interaction contributes with a cosmological constant term to the equations
of motion for g,,. In this case, the background cosmology is identical to
that of GR. For these solutions, the second metric is anti-de Sitter (AdS).
However, the topologies associated with the two metrics are incompatible,
which is inconsistent.

Henceforth, we focus on the bidiagonal branch (C' = 0). Assuming that
also the second metric is homogeneous, the general ansatz is,

2

ds} = —dt* + a*(t) (1 frkﬁ + T2d§22> , (3.2a)
2 _ 2| .2 2 |, =2 dr’ 2 702

dst = ¢ | =z (t)dt” + a*(t) T2 +7r2dQ° )|, (3.2b)

with a(t) being the scale factor of the physical metric and a(t) the scale factor
of the second metric. The constant factor ¢ has been included for convenience
but can be absorbed in x and @ if desired. From now on, we let the time
dependence of the functions be implicit.
The matter content can be split into relativistic and non-relativistic species,
with equation of state,
Pi = w;p;, (3.3)

where i is a label referring to the species. The relativistic species (also referred
to as radiation) have w, = 1/3 and include photons and neutrinos.! The non-
relativistic species (also referred to simply as matter) have w,, = 0 and include
baryons (i.e., ordinary matter) and cold dark matter. A cosmological constant
has equation of state wy = —1.

The stress—energy takes the form of a perfect fluid,

T”V = ptot((;'uu + UHUV) + ptotUHUya (34)

where pyot = Y; pi and pyoy = Y, i is the total pressure and energy density,
respectively and U* is the four-velocity of the fluids. Here, the coordinates
are comoving with the flow of the perfect fluid, hence U* = é#, and T#, =

diag ( — Ptot s Ptot ) Ptot ptot)'

!The neutrinos are very light (< 0.1eV), hence they are relativistic at least in the early
universe. In the late universe (depending on their mass), they can be non-relativistic.
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With the ansatz (3.2), the bimetric stress—energies in eq. (2.6) can be written,

V*#*, = ppr(é*, + U"U,) + ppeU*"U, = diag(—ppE, PoE, PoE, PDE),  (3.53)
V*#, = ppe(d*, + U*U,) + ppeU*U, = diag(—ppE, PpE, PDE, PDE),  (3.5b)

where the explicit expressions for the energy densities and pressures can be
found in eq. (D.1) of Appendix D. Notably, the bimetric stress—energies act
as perfect fluids, comoving with the matter fluid. We use the subscripts DE
(dark energy) for the bimetric energy densities and pressures since, as we will
see, it gives a dark energy contribution to the equations of motion, that is,
contributing to the accelerated expansion of the Universe.

With the ansatz (3.2), the bimetric conservation law (2.8) reads,

(z—a/a) [1+2a(1—y) + B —y)*] =0, (3.6)

where an overdot denotes a time derivative and y is the ratio of the scales
factors,
y =a/a. (3.7)

Setting the expressions within the square brackets of eq. (3.6) to zero, yields
y in terms of the constant parameters o and 5. Hence, the scale factors
of the two metrics are proportional. In this case, V*, contributes with a
cosmological constant term to the equations of motion and the cosmological
background solutions are again identical to those of GR [65]. This branch has
a tachyonic instability at the linear level in the late universe [94] and exhibits
a non-perturbative ghost mode [95]. Therefore, we will focus on the dynamical
branch from now on. This branch is obtained by setting the expression within
the first parenthesis of eq. (3.6) to zero, thus y becomes dynamical. The
equation is solved for x with the result,

_ oy Y (3.8)

T=a7Y dlna’

Q|

The last step can be shown using the chain rule. The Hubble parameter is
defined as the expansion rate of the Universe. Since we have two metrics,
there are two Hubble parameters,

H=a/a, H=a/(ax). (3.9)

From eq. (3.8), it is straightforward to show the following relation between the
Hubble parameters, -
H=yH. (3.10)
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In the following, we write the energy densities in terms of the critical energy
density today,?

pe = 3H3 /Ky, (3.11)
defining,
Q=" g=_-_"_ (3.12)
1= pc7 k= HgaQ. .

More explicitly, the dark energy density is,
Ope = Q —sin?0mip(1 —y) [1+a(l —y) + §<1 -y)?|. (3.13)

Note that Qpg is a function of y (and the physical parameters) and since y is
dynamical, the dark energy Qpg is also dynamical.
The tt-component of the g,,-equations of motion yields a Friedmann equa-
tion,
E? = Quor + Qp + O, (3.14)

where we have defined the normalized expansion rate and the total energy
density due to matter and radiation as,

E=H/Hy, Qo = U + Q. (3.15)

The tt-component of the f,,-equations of motion reads,

E? = Q, + Qopg, (3.16)
where,
~ cos?Omzp | 1
DE = TFP 314204 B)y — (a + B)y* + By’
1 3sec? 0 Q)
o ((—1 ta— g+ T A) y} (3.17)
3 Migp

so that Qpg can be expressed as a function of y and the physical parameters
only. Using eqgs. (3.14) and (3.16), we can eliminate £ and €2, and write,
Qiot = Qpg — Qpe. Expanding the equation gives,

2When piot + pDE = Pe, the Universe is spatially flat. For piot + ppE > pe, the Universe
has a positive spatial curvature and for piot + ppE < pc, the Universe has a negative spatial
curvature.
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1
—3 cos? O mpp (1 + 2o+ 3)

+ {Qtot + Qp +mip <<30829 (a+ ) —sin? 6 (1 +a+ g))} Y

+ mip {— cos? 0 B +sin® 0 (1 + 2a + 5)] y?

— {QA + %mip (C0820 (—14+a—B)+3sin0 (a + 5))] Y’

+ ésinQ 0 m2pByt = 0. (3.18)

This equation can be used to solve for y in terms of ;,; and the physical
parameters. Conversely, {2,y can be expressed purely in terms of y and the
physical parameters.

To close the system of equations, we write down the conservation equation
(2.7) for matter and radiation,

de
dlna

dQ,
dlna

= —3(1 + w) s = 31+ w,)Q,, (3.19)
and solve,
Qm(z) = Qm,O(l + 2)37 97(2) = §27',0(1 + 2)45 (320)

where we used w,, = 0 and w, = 1/3. Here, we have introduced the redshift,
z, defined by,

142z =ap/a, (3.21)

where subscript “0” denotes the present-day value of the quantity. The equa-
tion of state parameter wyy is defined by the equation,

thot
dlna

The value of wy,y depends on whether matter or radiation is the dominating
contribution to {2;. During matter-domination, w,, = w,, = 0, and during
radiation-domination, wyy, = w, = 1/3.

Summarizing, the equations of motion for the bimetric background cos-
mology are given by eq. (3.14) (or, alternatively, eq. (3.16)) together with the
evolution of the matter and radiation densities, eq. (3.20), and the quartic
polynomial for y, eq. (3.18).

Instead of the quartic polynomial for y, eq. (3.18), we can use eq. (3.22)
and write down an evolution equation for y,

= —3(1 + wtot)Qtot- (322)

(3.23)

dlna

At \
dy ’

d
yo_ —3(1 + wior) Lot (
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Here, d$o/dy can be calculated by solving eq. (3.18) for Q. as a function of
y and then differentiate.
Two useful identities are,

dQpg 1\,
= (14+—— 24
Yy dy ( + tan2 0 y2> meff7 (3 )
Ao ~
— d; L = m2g — 2QpE. (3.25)

They can be shown by plugging in the definitions of Qpg, QDE, and meg and
simplifying the expressions. From eq. (3.24), it follows that Qpg increases if y
increases and vice versa. In the equations, we introduced an effective graviton
mass,

1
mig = (1 + tanQ@yg) (B1y + 2Boy* + Bsy®)
= mpp (sin2 0y + cos? Byfl) (1 +2a(1 —y) + B(1 — y)Q) . (3.26)

In the final de Sitter phase, we have y|;» = 1 and the effective mass coincides
with the Fierz—Pauli mass, Me|i—00 = mrpp.
Using eq. (3.25), we can rewrite eq. (3.23) as,

dy 3(1 + wtot)y Qtot

dlna mgg _ QQDE

(3.27)

The right-hand side can be expressed as a function of y (and the physical
parameters) only. Hence, the phase space of y is one-dimensional, see Fig. 3.1
for some examples. In this figure, we plot (1 + wi.) tdy/d Ina against y in
the range 0 < y < 1. In these cases, y = 0 at the Big Bang and then increases
monotonically until reaching the de Sitter point y = 1 in the infinite future.
In the intermediate region, the evolution of y can take a wide spectrum of
different forms depending on the physical parameters.

The equation of state parameter for the bimetric fluid is given by wpg =
ppE/ppE or, equivalently, by the equation,

dQpg
dlna

= —3(1 4+ wpg)SdpE, (3.28)

which can be rewritten as,

. 1 dy dQDE
3pedlna dy

(3.29)

WpE — —1
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— ©=(11/4,10,0.7,4,4)
©=(77/16,10,0.7,4,4)

O©=(7/4,10,0.7,—4.5,25)

Yy l/(1+wt0t)
S

— ©=(11/4,10,0.7,-2,6)

00 02 04 06 08 1.0

Yy

Figure 3.1: Examples of the phase space of y (the ratio of the scale
factors). Here, prime denotes d/d Ina. Recall, © = (6, mpp, Qp, @, ).

Using eq. (3.24), we get,

m? 1 dny
=—1-_—< (] . .
pe 30pE ( + tan? 9y2) dlna (3.30)

As the next step, we solve the cosmological equations of motion (3.14) and

(3.18).

3.2 Solutions

The Universe is currently expanding, as shown by observations of type la super-
novae [16,17]. Here, we assume that the Universe has always been expanding,
that is H > 0.® This means that the scale factor, a, is increasing with time and
accordingly the matter and radiation densities dilute as the Universe evolves.

Equation (3.18) is a quartic polynomial in ¥, so it has up to four real solu-
tions. We can classify them according to their behavior in the early universe,
that is when Qo — 00 (i.e., 2 — 00) [67]. Looking at eq. (3.18), there are two
possible solutions, either y — 0 or y — 0o as Qo — co. They are referred
to as the finite branch and infinite branch solution, respectively. They can be
visualized in the phase space of y as shown in Fig. 3.2. Since the points where
dy/d Ina = 0 cannot be crossed dynamically, they set the borders between the
branches. This implies that the sign of dy/d Ina is the same on each branch

3In some regions of the bimetric parameter space, there are also exotic branches, for
example bouncing cosmologies where the scale factor decreases to then turn around and
start increasing, hence violating our assumption of expanding cosmology.
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Figure 3.2: Phase space of y (the ratio of the scale factors). Here,
Yy = dy/dIna and (0, mpp,Q, «,5) = (45°,10,0.7,0,6). The solution
branches are marked in different colors. The gray dots indicate when
y' = 0, separating the branches. The arrows mark the future time direc-
tion on each branch, assuming expanding cosmology.

(unless it diverges at some point). From eq. (3.27), we see that there are two
ways to satisfy dy/d Ina = 0, either y = 0 or Q = 0. The latter case cor-
responds to a de Sitter solution. The finite branch cosmology starts with the
Big Bang at y = 0. Thereafter, y increases monotonically until it hits the de
Sitter point, ¥ = 1, in future infinity. The infinite branch solution starts with
the Big Bang at y = oo after which y decreases monotonically and approaches
the de Sitter point towards the infinite future.

Infinite branch (inconsistent)

In this branch, y spans an infinite range, starting from infinity at the Big Bang,
then decreasing monotonically until reaching the final de Sitter point in the
asymptotic future. Hence,

dy
dlna

<0, (infinite branch). (3.31)
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< Non-bidiag. = GR
Bidiag, < Alg.branch = GR
Dyn.branch < Inf.branch = Higuchi ghost

Finite branch

Figure 3.3: Flow chart for the cosmological background solutions, start-
ing from a homogeneous and isotropic ansatz for the physical metric, g,
and assuming that the second metric has the same spherical symmetry
as g, according to eq. (3.1). The green branches are viable and provide
corrections to the background cosmology of GR.

This implies that the dark energy density, {2pg, decreases with time on this
branch (cf. eq. (3.24)). From eq. (3.18) we read off (assuming 3 # 0),

30 1/3
Y ~ <_sin291t7c”)Lt%PB> ,  (early universe). (3.32)

Thus, to have a real solution in the early universe, we require f < 0 (cor-
responding to Bz < 0). This implies that there is no Vainshtein screening
mechanism, as we will see in Chapter 4. Moreover, as we show below, due to
eq. (3.31), this branch excites the Higuchi ghost and is hence not viable. There-
fore, we focus on finite branch solutions henceforth. In Fig. 3.3, we show a flow
chart of different solution branches for the bimetric background cosmology.

Finite branch (consistent)

In this branch, y spans a finite range, starting at y = 0 at the Big Bang, then
increasing monotonically with time until the final de Sitter point is reached in
the infinite future, that is, when y = 1. Thus,

dy
dlna

>0, (finite branch), (3.33)

and hence the dark energy density, {dpg, increases with time (cf. eq. (3.24)),
see Fig. 3.4 for some examples. In other words, {)pg is a phantom dark energy.
However, since the equation of state approaches wpg = —1 sufficiently fast in
the future, the Big Rip is avoided, see Ref. [96] and Paper III.
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Figure 3.4: Examples of Qpg(z) and y(z). The evolution of these quan-
tities varies significantly depending on the physical parameters. pg ap-
proaches €2, in the late universe. Both Qpg and y decrease monotonically
with redshift. Remember, ©® = (0, mpp, s, @, 3). Blue curves: © =
(18°,1.2,0.70,1.0,10.3). This is a self-accelerating model, hence Qpg van-
ishes in the early universe. Yellow curves: © = (19°,2.3,0.74, —2.4,8.5).
This is a model with parameters close to the dynamical Higuchi bound,
giving rise to a sharp transition in y and Qpg at z ~ 0.03. This can be
understood from eq. (3.27). Green curves: © = (0.6°,10,0.70, 10, 10). Red
curves: © = (45°,10,0.70,10,10). In the early universe, this model ap-
proaches Qpg|, 0o = —716.

The cosmological constant in the asymptotic future is 24, as seen from eq. (3.13).
For the (normalized) expansion rate to be real-valued in the late universe where
E? ~ Q,, we demand,

QA > 0. (334)

Expanding eq. (3.18) around large Qo (i.e., early universe), we see that,

_ cos® Omip(1 + 20 + )

o ., (early universe). (3.35)
Therefore, for ) to be positive, we require,
1+2a+8>0, (3.36)

or, equivalently, B; > 0.
In the early universe (in the limit y — 0), the bimetric dark energy is,

QDE |2 500 = Q4 — sin? 0 mip (3 + 3a + B)/3, (3.37)

and gives a cosmological constant contribution to the Friedmann equation
(3.14) since wpg|, 0o = —1. See Fig. 3.5 for some examples of the equation of
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— ©=(18°,1.2,0.70,1.0,10.3)
©=(19°2.3,0.74,—2.4,8.5)
©=(19°,2.0,0.75,-2.0,8.5)
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Figure 3.5: Examples of the equation of state for the bigravity fluid. The
resulting evolution of wpg varies significantly depending on the value of
the physical parameters. However, all models approach —1 in the asymp-
totic future. In the past, they also approach —1, except from the self-
accelerating model (blue) which approaches —(2+w;o). For the red curve,
Qpg is negative in the early universe. Hence, wpg diverges as {2pg passes
through zero. There is no physical singularity at this point. Both the
yvellow and green models have a pronounced phantom dark energy phase
around z ~ 10. The physical parameters of the yellow model are close to
the dynamical Higuchi bound and it also has a very brief phantom phase
around z ~ 0.03. The equation of state does not diverge here but has a
sharp dip, reaching a minimum value wWpg min = —12.

state. From eq. (3.37) we see that the dark energy density in the early universe
achieves negative values for large mgp, «, or 3, see Fig. 3.4 for some examples.
The exceptions are the self-accelerating models, defined by a vanishing dark
energy density in the early universe (i.e., 5y = 0, cf. eqgs. (2.14a) and (3.37)).
In this case, Wpg|, 500 = —(24+wiet). For these models, there is no cosmological
constant term in the action (2.2), so the accelerated expansion of the Universe
is only due to the interaction of the massive spin-2 field.

Since Qpg approaches a cosmological constant contribution both in the late
universe and in the early universe (except for self-accelerating cosmologies),
there are two ACDM phases in bigravity cosmology. It should be stressed that
the redshift ranges of these phases (and hence what is meant by “early” and
“late”) are determined by the physical parameters. In the transition between
these two regions the expansion history can differ considerably from ACDM.
Due to the richness of the interaction between the spin-2 fields, this transition
can take many different forms depending on the physical parameters.
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From the equation of state (3.30), we see that wpg > —1 when Qpg < 0 and
wpg < —1 when Qpg > 0. This means that the standard energy conditions
(i.e., weak, strong, null, and dominant energy conditions) are violated by the
bimetric stress—energy. The violation of the dominant energy condition means
that the energy density of the bimetric stress—energy V*#, flows faster than
the speed of light. However, there is no problem with causality since the null
cone of the f,,-metric is wider than the g,,-metric (see below), so there is no
superluminal propagation with respect to the overall causal cone [97].

Null cones. We calculate the null cones of the two metrics in conformal time,
7, defined by adr = dt. It is straightforward to show that the slope of the
g-null cone is 45° in the 7r-plane, that is, dr,(7)/dr = £1 where r = r (1) are
the radial null geodesics of g,,. In these coordinates, the f-metric reads,

dsfc = 22 [—$2d72/y2 +dr* + r2dQ2] , (3.38)
hence the slope of the f-null cone is,

dry(T) x
— =4 3.39
A _ 42 (3.39)

in the 7r-plane. The relative width of the f-null cone, compared with the

g-null cone, is,

dry dlIny
-~ -1 3.40
dry vy Tima (3.40)

where we used the identity (3.8) to get the last equality. See Fig. 3.6 for some
examples. Since y is increasing with a on the finite branch, eq. (3.40) means
that the f-null cone is always wider than the g-null cone, hence allowing for
superluminal propagation while still being inside the overall causal cone. In
the early universe (expanding around y = 0),

d
Ll 44 3wt + O(y), y=~0, (3.41)
dry

while in the future de Sitter phase, d Iny/d Ina = 0, and the null cones coin-
cide. Eq. (3.41) implies that the f-null cone is five times as wide as the g-null
cone in the early universe where radiation is dominating (i.e., wio, = w, = 1/3).
In Chapter 5, we show that some of the gravitational wave modes propagate
on the f-null cone in the early universe (i.e., faster than the speed of light).
A wider casual cone has potential consequences for the cosmological horizon
problem which is the problem of explaining how CMB photons from seemingly
causally disconnected regions of the sky can have the same temperature. Fur-
ther work is needed to prove the effectiveness of this mechanism, in particular
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Figure 3.6: Width of the f,,-null cone (compared with the g,,-null cone)
as a function of redshift. The physical parameters are the same as in
Fig. 3.5. In the plot range, the Universe is matter dominated (wyo; =~ 0),
so the f,,-null cones are four times as wide as the g,,-null cone at large
redshifts. In the infinite future, the null cones coincide and the function
approaches unity, although some of the models are far away from this
state at present-day. The yellow curve has a sharp and brief peak around
z ~ 0.03 where the ratio of the scale factor increases rapidly, cf. Fig. 3.4.

to show that this faster than light propagation affects the temperature dis-
tribution of the cosmic fluid, which is not obvious. In any case, the fivefold
increase in the causal cone can only serve to widen the causally connected
region of CMB photons from ~ 2° to ~ 10°, which is not enough to cover the
whole sky and thus solve the horizon problem.

3.3 Dynamical Higuchi bound

Bimetric gravity was constructed to avoid the Boulware—Deser ghost, plagu-
ing generic theories of massive gravity. However, this does not preclude the
appearance of other types of ghosts or instabilities around certain background
solutions. It is well-known that the Higuchi ghost is excited for small enough
values of the graviton mass around a de Sitter background [98]. This ghost
mode is propagating on a de Sitter background, rendering these solutions un-
stable. This is opposed to the Boulware-Deser ghost which would make the
theory itself unstable, independent on any particular solution. Nevertheless,
since our cosmological models approach a de Sitter phase as t — o0, the
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Higuchi ghost should be avoided, imposing a lower bound the on graviton
mass,
mipp > 2. (3.42)

This can be generalized to dynamical background cosmologies (including spa-
tial curvature) as shown in Refs. [89,99],

m2; > 2QpE. (3.43)

In the final de Sitter phase where mqg = mpp and QDE = Qpg = Q,, it reduces
to the ordinary Higuchi bound (3.42). Alternatively, we can use the identity
(3.25) to rewrite eq. (3.43) as,
thot
dy

<0. (3.44)

Now, (it can be written as a function of y and the physical parameters.
Analyzing this expression and demanding eq. (3.44) to be satisfied in the range
0 <y <1 (ie., the range of the finite branch solution), one obtains a set of
necessary and sufficient conditions on the physical parameters for eq. (3.44) to
be satisfied. The complete expressions can be found in Appendix A and more
details of the derivation can be found in Paper III. In Fig. 3.7, we show the
region of parameter space excluded by demanding the absence of the Higuchi
ghost and how it varies with the value of § and m2p/(2024). In the figure, we
also included the constraint from demanding a positive energy density in the
early universe, eq. (3.36).

As we have seen, dy/d Ina > 0 is a consistency condition for the finite
branch solutions. However, at a generic point in the parameter space, we are
not guaranteed that this condition is satisfied at all redshifts, even if it is
satisfied at some initial time. As an example, it can happen that the solution
is well-behaved at y = 0 (i.e., at the Big Bang) and then as the Universe
evolves encounters a pole (i.e., y diverging). If we plug the dynamical Higuchi
bound (3.43) into the identity (3.27), we see that dy/d Ina is positive and well-
behaved whenever eq. (3.43) is satisfied. In other words, the dynamical Higuchi
bound provides a requirement on the physical parameters which guarantees
that the finite branch solution exists at all redshifts. The infinite branch
solutions violate the dynamical Higuchi bound since in that case, dy/d Ina < 0
(cf. eq. (3.44)).
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Exclusion plot m#p/(2Q4)=2

=0

Dynamical higuchi

-10

Figure 3.7: Exclusion plot in the a8-plane due to the cosmological viabil-
ity conditions, that is, a positive matter density (3.36) and the dynamical
Higuchi bound (3.43). The solid blue curve is the boundary in case # = 0
while the dashed blue curve is the boundary in case § = 7/2, showing
that the constraint depends only weakly on #. The black curve shows the
boundary in the limit m2p/(2Q,) — oo and the arrow shows how the
boundary moves as this limit is approached. Figure reprinted from Pa-
per III under the terms of Creative Commons Attribution 4.0 license.*

3.4 General relativity limits

In Chapter 2, we saw what,

60— 0, (3.45)

is the GR limit for the full bigravity theory. Nevertheless, for special solu-
tions there may exist additional limits, where the bimetric solutions approach
GR solutions. In the case of background cosmology, this translates to the
Friedmann equation (3.14) reducing to the ordinary Friedmann equation,

E? = Qp + Qo1+ 2)3 4+ Q01 + 2)*, (3.46)

for some positive constants (2a, Q2 0,0). To identify such limits in the
bimetric parameter space, we start by expanding eq. (3.14) around Qo = 0

4See https://creativecommons.org/licenses/by/4.0/.
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(i.e., around the final de Sitter point),

Ky sin26 20, /m?

E2=0Q RN O 142 FP 02 10 (0P ., .
At Kg ¢ t+( + Q)QW%P (]_ — QQA/m%P)3 tot ( tot) ) tot <K 1,
(3.47)

where we have defined an effective gravitational constant,

L2
off _ sin” @

=g\ 1= 1o me |- 3.48
" Kg( I—QQAﬂn%P> (348)

The same expansion can be found for example in Ref. [52]. An expansion up
to order Qf can be found in Paper III. The idea with the expansion (3.47)
is that any GR limit for the cosmological background solutions should, as a
necessary condition, approach GR at the final de Sitter phase when Q,; = 0.
To agree with the GR Friedmann equation (3.46), we must set all quadratic
terms and higher in the expression (3.47) equal to zero. The cases @ — 0o and
[ — oo must be treated separately since the higher-order terms in eq. (3.47)
diverge in these limits. Thus, we identify the possible GR limits,

9 — 0, (3.492)
(o, B) = (=1/2,0), (3.49b)
mpp — 00, (3.49¢)
o — 00, (3.49d)

B — o0, (3.49¢)

for the cosmological background solutions. In case (3.49b), By = B = 0 and
the background cosmology reduces to ACDM with rescaled matter density
and cosmological constant as shown in Ref. [65]. However, this limit saturates
the matter positivity constraint eq. (3.36) and there is a singularity in the
past, before reaching the Big Bang. Moreover, the requirement of a working
screening mechanism excludes also the neighborhood around this point, see
Chapter 4.

Large mpp, «, [ limits

As we show in Paper III, it is possible to make series expansions around each
of mpp,a™t, 71 = 0. To first order, the result is the same in all cases, namely,

E? = Qp + cos? 0 Qi + hoo., (3.50a)
Qtoto = (1 —Qp)/cos?0 + hoo., (3.50b)
QDE = QA — Sin2 0 Qtot + h.O., (350C)
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where h.o. stands for higher order corrections. The higher order terms in
eq. (3.50a) grow faster with redshift than the first order term. Hence, the
expansion is valid up to a certain redshift. In fact, the range of applicability
of eq. (3.50a) increases with increasing values of mpp, a, or 5. See Paper 111
for more details.

Recall that €y is the sum of matter and radiation, Qio; = 2, + 2. The
present-day value of the radiation density is set by the CMB temperature and
neutrino physics (which we assume is standard). We set [43],

Q,0h? =4.4x 1077, (3.51)

that is, Q0 = 9.0x107° (assuming h = 0.7), corresponding to matter-radiation
equality at zeq ~ 3350 for €, o ~ 0.3.
From eq. (3.50b), we get,

Qno = —Qo+ (1 —Qy)/cos’ + h.o. (3.52)
Since £, 0 > Q,.¢ for viable models,
Qo = (1 —Qy)/cos? 0 + h.o. (3.53)

So, for a fixed cosmological constant {24, the present-day matter density is
rescaled with a factor 1/ cos? § compared with a ACDM model with the same
expansion history. Interestingly, from eq. (3.50c), we see that the dark en-
ergy imitates the dominating matter component (but with a negative energy
density) plus a cosmological constant, see Fig. 3.8. This is the reason for the
rescaling between the cosmological constant and the present-day matter den-
sity in eq. (3.53). Summarizing, in the limits studied here, the expansion rate
is,

E?>=Qp+ (1= Qp —cos’0Q,0)(1+ 2)* + cos’ 0 Q,0(1 + 2)* + hoo. (3.54)

That is, a Friedmann equation.

However, as mentioned, the redshift range where the expansion (3.54) is
applicable is always finite for any finite values of (mpp, @, 3). But what hap-
pens at earlier times when (3.54) is not valid? Remember that there is always
a redshift, z;, before which the dark energy contribution is subdominant, which
follows from wpg — —1 as y — 0. That is, Qpg approaches a cosmological
constant contribution at early enough times and is thus subdominant com-
pared with matter or radiation. At redshifts earlier than z; (i.e., z > z), the
dark energy is subdominant and we get a Friedmann equation again,

N
0s2 6

1
E*=Q) + . (1422 4+ Qo(l+2)" 2> z. (3.55)
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Figure 3.8: Equation of state of the dark energy as a function of redshift.
For large values of mpp, Q2pg acts a cosmological constant plus an ordinary
matter component (but with negative energy density). This can be seen
as wpg = —1 in the late universe and wpg = wi,; = 0 during the matter-
dominated era. Increasing mgp extends the wpg = wi; phase to higher
redshifts. Accordingly, z; is also pushed to higher redshifts in this limit.
Similar behavior is observed in the large a and S limits. The divergence
at z ~ 1 is due to Qpg crossing zero. There is no physical divergence at
this point.

Increasing values of mpp, «, or 8 pushes the transition z; backwards in time,
see Fig. 3.8.

We quantify the difference between the bimetric expansion history and
ACDM by the difference in their squared expansion rates,

AE? = E? — B3 pur- (3.56)

The difference vanishes at present-day due to the normalization, E|,—o = 1.
At early enough times (z > z;), the dark energy density is subdominant and
matter or radiation gives the dominant contribution to the expansion rate. In
this case, the relative difference in the (squared) expansion rate is,

AE? O — QACDM o
2 = xoov = AéDtlEIZ) -1, z>z. (3.57)
Eicom Qi Qo "M (2)

We split into two cases depending on whether Qpgr becomes subdominant be-
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fore or after matter-radiation equality, that is, whether z; < 2y or 2z, > zeq.S

Case 2; < 2eq. If (mpp,a, ) are not too large, Qpg becomes subdominant
during the matter-dominated era. In Fig. 3.9, this corresponds to the cases
mpp = 10 and mgp = 10, In the region z < z, both €, and Qpg contribute
as matter components in such a way that the expansion follows a ACDM model
with cosmological constant €25, according to eq. (3.54). Hence,

AE?/Ecpy =0, 2 < 2. (3.58)

After the transition but before matter-radiation equality, z; < z < zeq, the dark
energy becomes subdominant and only €2, contributes. Due to the rescaled
present-day matter density in eq. (3.53), there is a temporary phase of in-
creased expansion according to,

AE? (1 —Q4)/cos*0
EJQ\CDM B 1=y

—l=tan’0, 2 <z < 2. (3.59)

The increased expansion continues to matter-radiation equality. During radi-
ation domination, the expansion follows ACDM again and,

AE?/E ooy =0, 2> 2. (3.60)

Recall, ©, is fixed by the observed CMB temperature according to eq. (3.51).
From egs. (3.58)-(3.60), it follows that tan? 6 is a maximum value for how much
the expansion rate is increased in the region z; < 2z < 2oq. Increasing mpp, a,
or /3 pushes the transition closer to zq, implying that the maximum value is
not reached before radiation becomes influential, see Fig. 3.9.

Case z; > zeq. U mpp, o, or J are large enough, the dark energy density
becomes subdominant after matter-radiation equality. This corresponds to
the cases mpp = 10%, mpp = 10'2, and mpp = 10%° in Fig. 3.9. During matter
domination, €2, and 2pg contribute as matter components in such a way that
the expansion follows a ACDM model with cosmological constant €25, hence,

AE?/ERopy =0, 2 < Zeg. (3.61)

However, when radiation becomes dominant but before the dark energy be-
comes subdominant, zeq < z < 2, {dpg contributes as radiation with negative
energy density according to eq. (3.50c) and,

AE?*  cos®0Q0(1 + 2)*

~ —1=—sin’0, zq <2<z 3.62
EXcpm Qro(1+2)* b ' (3.62)

5The redshift at matter-radiation equality, zeq, is set by .0, which depends on 8 ac-
cording to eq. (3.53).
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Figure 3.9: Relative difference between the (squared) expansion rate of
the bigravity model and the cosmological concordance model. We recog-
nize the late- and early-universe phases where the expansion agrees. The
transition between these phases is pushed backwards in time by pushing
mpp to larger values. Similar behavior is observed in the «a, 8 — co limits.
Constraints from Big Bang nucleosynthesis requires the expansion rate to
be in the hatched region (see Section 3.6), so the mpp = 10'® model vio-
lates this.

In this phase, the BR model has a slower expansion rate, set by —sin?#6, see
Fig. 3.9.

When dark energy becomes subdominant (i.e., z > z;), the only remaining
contribution to the expansion is due to radiation and thus,

AEQ N Qr70(1 + 2)4
EXcom So(1+2)

—1=0, z> %, (3.63)

so the bimetric model again follows the cosmological concordance model. Since
z; increases with increasing mgp, «, or 3, the phase of slower expansion is
extended in the limits where these parameters are large, see Fig. 3.9.
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3.5 Special models

The bimetric parameter space is five-dimensional, corresponding to the five
physical parameters. In the literature, submodels are typically studied, that
is, models obtained by setting one or several of the B-parameters (or (-
parameters) to zero. This makes the physical parameters depend on each
other [68]. We will refer to a model which has n free parameters as an n-
parameter model (e.g., a three-parameter model). It seems reasonable to de-
mand that at least the mixing angle, graviton mass, and cosmological constant
are independent, meaning that one can set at most two of the B-parameters
to zero at the same time. This is confirmed by the combined cosmological
constraints (as presented in this chapter) together with the constraints due to
the requirement of a working Vainshtein screening mechanism (see Chapter 4
for details). Nevertheless, two-parameter models are common in the literature
and we review one example below.

Two-parameter models. As an example, consider a By By-model (i.e., By =
Bs = By = 0). For more examples, see Ref. [68]. From eqgs. (2.13)-(2.14), we
deduce,

1
mip = 5(0802 0 + 3sec® 0)Qy, (3.64a)
1 —3tan?6
= 3.64b
“ T T 3tan’0’ (3.64b)
p=0, (3.64c)

so the graviton mass depends on the mixing angle and the cosmological con-
stant. In particular, in the GR limit 8 — 0, the graviton mass goes to infinity.
Moreover, eq. (3.64a) guarantees that the Higuchi bound m2p > 2, is satis-
fied. The B-parameters can be expressed in terms of the physical parameters
as,

B, = 2(1 — tan? 0)(Qy, (3.65a)
1
By = —5(1 — 3tan? 0)Q,. (3.65b)

To have a positive matter density in the early universe, we need B; > 0, that
is, @ < 7w/4 (see eq. (3.36)). However, since B3 = 0, there is no working
Vainshtein screening mechanism for this model, see Chapter 4.

For the two-parameter models, we can predict analytically the confidence
contours in the parameter space without making any statistical data analysis,
assuming that the best-fit cosmology is close to a ACDM model [10]. We set
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Figure 3.10: Predicted confidence contours of the B;Bs-model. The
black curve is traced out by fixing 2y = 0.7 and letting &8 — 0. The
dark blue region is defined by 2, = 0.70 £ 0.05 and the light blue region
by Q4 = 0.70 £ 0.10. To facilitate comparison with Ref. [67], we have
introduced the 3-parameters which can be identified with the -parameter
of Ref. [67]. They are related to the B-parameters as 3, = B,/tan”6.

Figure reprinted from Paper IV under the terms of Creative Commons
Attribution 4.0 license.

Qa = 0.7 and consider the curve § — 0 approaching the GR limit in the
parameter space. With our assumptions, the best-fit cosmology should lie in
the neighborhood of this curve. An example is shown in Fig. 3.10. The result
is in agreement with statistical data analysis of Refs. [66,67]. In this model,
the GR limit corresponds to (B1, By) — (1.05,—0.35), assuming 2, = 0.7.

Three-parameter models. In Chapter 4, we show that (Bj, By, B3) must
all be nonzero to satisfy the cosmological viability constraints presented in
this chapter and the constraints guaranteeing a working screening mechanism.
Hence, the By By Bs-models (i.e., By = By = 0) are the most minimal models
compatible with these constraints. From the Hassan-Rosen action (2.2) and
the definition of the elementary symmetric polynomials (2.3), we see that By
and B, are the cosmological constant terms of the g,,- and f,,-metrics, respec-
tively. Setting the cosmological constants to zero gives rise to self-accelerating
cosmologies where the accelerated expansion of the Universe is due to the
interaction between the metrics.

Setting By = By = 0, we can solve for @ and [ in terms of the other
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parameters,
—mip/Qa + 3cot?§ — 3tan? 6
o= FP 4m%P/QA , (3663)
—2mi, /0 20 + 3sec?
g — 3 2mie/ XECSCQ Tose (3.66b)
mip /S

For the B;B;Bs-models, an additional symmetry appears in the limit where
these parameters vanish. Then, the metrics decouple and two copies of diffeo-
morphism symmetry appear, one for each metric, which means that the action
stays invariant under independent coordinate transformations acting on each
metric separately. This means that small values of (By, By, Bs), and hence also
the effective cosmological constant (€24), are technically natural in the sense
of 't Hooft and the value of 2 is protected against quantum corrections [100].

Four-parameter models. The four-parameter models with viable cosmol-
ogy and working screening mechanism (i.e., By, By, By # 0) are ByByByBj
and B1ByB3B,. The latter deserves extra attention since it presents self-
accelerating cosmological solutions without a cosmological constant for the
physical metric. Setting By = 0, we obtain a linear relation between a and
(see eq. (2.14a)),

B L Qy

—=—-14———, (B1B:B3B dels). 3.67

a+3 Jrsin2t9m%p (B1B> B3 By models) (3.67)

Using this relation and demanding the dynamical Higuchi bound to be satis-
fied, one can derive the constraint,

sin? 0 < 2Qp /mpp,  (self-acc.), (3.68)

see Paper IV. The result is plotted in Fig. 3.11. For the theory to contribute
with significant modifications to GR, the mixing angle must be nonzero (which
is the GR limit). From Fig. 3.11, we see that this requires mpp ~ 1, that is,
that the graviton mass is of the order of the present-day Hubble scale, assuming
QA ~ (.7.

3.6 Observational constraints

A viable theory of gravity must pass observational tests including cosmological
observations of the cosmic microwave background (CMB), baryon acoustic
oscillations (BAO), type Ia supernovae (SNIa), and the observed abundance
of light elements. These data sets can be used to constrain the free parameters
of the theory, thereby focusing in on the viable part of the parameter space.
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Figure 3.11: Inclusion plot for self-accelerating models due to requiring
a consistent cosmology satisfying the dynamical Higuchi bound. For the
theory not to be in the GR limit (i.e., § = 0), the graviton mass must be
around mypp ~ 1.

3.6.1 Cosmological distances

The expansion of the Universe affects the physical distance scales determining
the SNIa, BAO, and CMB observations. In a curved space-time the physical
distance to an object does not coincide with the coordinate distance. The
proper size dphys of an object at a time ¢ is given by,

dpnys = a(t)Ar, (3.69)

where Ar is the extent of the object at time ¢, measured in units of comoving
coordinates. Remember, we have set £k = 0 so there is no spatial curvature.
The luminosity distance dj, is defined such that the energy flux F' satisfies the

usual inverse-squared law,
Foc1/d2, (3.70)

and can be calculated using,
z d
o H(z')

Rescaling with a factor Hy we obtain the dimensionless luminosity distance
DL(Z)7

dp(z) = (1+2) (3.71)

Di(z) = (1+2) /O Edé). (3.72)




3.6 Observational constraints 51

For small angles, the angular diameter distance d4 is defined by,
da = dynys/ 00, (3.73)

where 00 is the angle subtended on the sky by an object of proper size dppys,
and it can be calculated from,

da(z) =dp(2)/(1+ 2)*. (3.74)
The comoving angular diameter distance is defined as,
Dy(z) = (1 + 2)da(z2). (3.75)

The volume average distance is defined as,

1/3

Dy(2) = [2D3(2)/H(=)] (3.76)

The comoving sound horizon designates how far a density perturbation have
had time to travel in the cosmic fluid at a certain point in time. It is given by,

rs(z) = /:O dz';;i,/)), (3.77)

where ¢, is the sound speed,
1
3 +82)

with p, being the baryonic energy density and p, is the energy density of the
photons.

(3.78)

Cs =

3.6.2 Statistical data analysis

As a measure how well a theoretical model fits data, we compute the y2-value
and the likelihood £ of the model. The former is given by,

X2 — Z(H?Odd o H(i)bs)Ci;I(H;podel o 1—[?b5)7 (379)

ij
where the indices i, j run over the data points, C' is the covariance matrix,
[1medel i the theoretical model prediction of data point 4, and TI$™ is the
observed value of the data point i. A smaller value of y? means a better fit
of the model to the data and vice versa. As a rule of thumb, the model is a
poor fit if x2/Ngef > 1, where the number of degrees of freedom Ngof is the
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number of data points minus the number of parameters, Ngof = Ngata — Nparam-
When combining independent data sets like SNIa and CMB/BAO, the total
chi-squared value is obtained by adding the individual x2. The likelihood is,

L=eX" (3.80)

A good model is one which gives as good fit to data as possible with as few free
parameters as possible. We will use the Akaike information criterion (AIC)
and the Bayesian information criterion (BIC) to indicate how well a model

is performing against some reference model (e.g. a bimetric model against a
GR-based model) [101-104]. They are defined as,

AIC = 2Nparam + Xins (3.81a)
BIC = Nparam In Naata + Xiins (3.81b)

with x2;, being the minimal y? value. With a lower value of X2, or Npaam
giving a smaller [A/B]IC, we see that a small value of [A/B]IC signifies a good
model. The BIC gives a heavier punishment on a larger number of parameters
compared with AIC. We define,

A[A/BJIC = [A/BJIC, .., — [A/BJIC,,;. (3.82)

model

A value AAIC > +5 is commonly regarded as strong preference for the refer-
ence model [104].

3.6.3 Data sets

Type la supernovae. A white dwarf in a binary system can accrete mass
from the acompanying star until it reaches a critical mass of ~ 1.4M.5 When
it reaches this mass, a thermonuclear explosion can take place that can be
detected several billion light-years away—a type Ia supernova. The common
origin of these dramatic events make them standardizable candles, meaning
that we can infer their luminosity distance from eq. (3.70) by measuring their
apparent magnitude (mp) and redshift. Since the luminosity distance depends
on the expansion history as in eq. (3.72), these measurements probe E(z). The
SNIa are standardized by including an empirical correction for the color (C')
and width (X) of the light curve so that,

mp =m%* + aX; — BC + Ay (3.83)

Here in a cosmological context, o and [ are nuisance parameters and A,
is a correction depending on the stellar mass of the host galaxy. A mass

6 Another possible SNIa progenitor is a merging binary white dwarf system.
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< 10'°M,, gives Ay = 0 while a mass > 10" M, gives Ay = 0.04 [105]. We
use the binned version of the Pantheon data sample containing 1048 SNIla in
the redshift range 0.01 < z < 2.3 placed in 40 redshift bins.” The empirical
corrections are included in the tabulated values of mp.

The theoretical model prediction of the apparent magnitude is,

mp = M + 510g10 DL, (384)
where M is defined as,
M =25+ Mp — 5log,o(Hy Mpc), (3.85)

with Mp being the absolute magnitude which is defined as the apparent mag-
nitude that the source would have if it was placed at a distance of 10 pc from
the observer. Here, we marginalize over M with the result,

Xent. = X° — B*/D +1In(D/27). (3.86)
Here,
B=Y wC;'A;,  D=Y uChluy, (3.87a)
i i
V=Y ACL'A;, Ay =5logyy Dr(zi) — mp(z), (3.87b)
ij

with the indices ¢, j running over the 40 redshift bins and,
u; =1, foralli=1,2,...,40. (3.88)

See for example Ref. [106] for a detailed derivation.

The cosmic microwave background. During the first 400 000 years after the
Big Bang, the photons, electrons, and baryons interacted very frequently, thus
behaving as a single fluid, referred to as the baryon-photon fluid. Due to the
frequent interaction, the photons could only travel a very short distance before
being scattered by an electron. Hence, the Universe was opaque. However, as
the temperature dropped due to the expansion, the electrons were captured
by the protons to form electrically neutral hydrogen atoms and the Universe
became transparent to the photons. This happened around z ~ 1090 and
is referred to as the epoch of photon decoupling. From this last scattering
surface, the photons have traveled almost freely, carrying the imprint of the

7Available at https://github.com/dscolnic/Pantheon/tree/master/Binned_ data, last
checked 2020-11-05.
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baryon-photon fluid at the time of decoupling. Today, we can observe these
photons as the cosmic microwave background.

In the CMB temperature map, there is a typical angular scale which ex-
hibits maximal correlation between two points, Ocys ~ 1°. This defines a
standard ruler of physical length,

dpnys(2+) = da(2:) Ocomp. (3.89)
The multipole number corresponding to this angular scale is,
la > 7/0cvs = Tda(2:)/dpnys(24), (3.90)
observationally constrained to [43,107],
L4 = 3014627000, (3.91)

There is much more information in the CMB than the value of 4. However,
since there is no established framework of treating small perturbations on a
cosmological background in BR (see Chapter 6), it is difficult to make a theory
prediction of the CMB in massive bigravity without introducing questionable
assumptions. Accordingly, we will be very conservative and only make use of
the CMB standard ruler in combination with BAO in a way that eliminates
the dependence on the physics before photon decoupling and which does not
require us to specify the physical origin of the standard ruler (see below).

We use the analytical approximation of Ref. [108] and the best-fit values
of the baryon and matter densities from CMB and BAO data [43] to set the
redshift of photon decoupling, z, = 1090.

Baryon acoustic oscillations. Since the baryons and photons were interact-
ing very frequently in the early universe, the distance between typical density
fluctuations in the baryon distribution coincided with the CMB standard ruler.
However, due to the excess of photons over baryons (~ 10 : 1 at the time of
decoupling), the baryons were released from the photon pressure slightly af-
ter photon decoupling at z ~ 1060 and we refer to this as the baryon drag
epoch. This means that the same standard ruler that can be observed in the
CMB is also imprinted in the baryon distribution, only at a slightly later point
in time. Today we can observe this distance scale by measuring the typical
angular separation between galaxies at some redshift z,

B10(2) = dyns(z0)/da(2). (3.92)

Here, we take a conservative approach and combine the CMB and BAO mea-
surements,
Oomp  dpnys(za)  da(z)

Hi - — )
Opao(2i) dphys(z*) da(z.)

(3.93)
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where ¢ runs between the BAO points. Note that II; only depends on the ex-
pansion history between present-day and photon decoupling. The dependence
on the Hubble constant H, disappears in eq. (3.93) so the measured values of
II; constrain the dimensionless expansion rate E(z). Using eq. (3.79), we get,

X2CMB/BAO = Z(H?Ode] - H?bs)Ci;l(H;'nOdel - H?bs)- (3.94)
ij
Here, we use the BAO data sets 6dFGS at z = 0.106 [109], SDSS MGS at
2 = 0.15 [110], BOSS DRI2 at z = {0.38,0.51,0.61} [111], BOSS DR14 at
z = 0.72 [112], and eBOSS QSO at z = {0.978,1.23,1.526, 1.944} [113]. Note
that 6dFGS, SDSS MGS, and BOSS DR14 include observations of the galaxy
distribution along the line-of-sight and thus measure 7nys(24) /Dy (2) where Dy
is the volume average distance (3.76). In this case, we let II; = Dy (2;)/Da(z4).
See Paper IV for details.
In eq. (3.93), we set the ratio of the standard ruler at z; and z, equal to the
ratio of the ACDM values of the sound horizon at these redshifts [43]. Thus,

dpnys(2d) [ dphys(24) = 75(2a) /75(2) = 1.019 £ 0.005. (3.95)

We expect this to be a good approximation since the difference in redshift
between zg and z, is relatively small. In fact, to change the ratio of the sound
horizons at the percent level in the interval z; < z < z, requires an O(1)
modification of the expansion history, which is a rather extreme deviation from
the standard expansion history. The redshift of the drag epoch is calculated
using the equations in Ref. [114] with the result, z; = 1060.

Matter density constraints. The ACDM cosmological concordance model
has Qp =~ 0.7, Q0 >~ 0.3, and Q, 9 ~ 9 x 107°. In the large (mpp, a, 3) limits,
if we set Q4 = 0.7 the bimetric background expansion mimics a cosmological
concordance model during matter domination. However, due to eq. (3.50b),
the present-day matter density is Q,,0 = 0.3/ cos? 6 rather than 0.3. This
phenomenon is referred to as a “dark degeneracy” [115] and makes it impossible
in these limits to determine the value of €, o by only probing the background
cosmology during matter domination as we do using SNIa and CMB/BAO
data. To break the degeneracy and thus rule out arbitrarily large values of
(2,0, we invoke a constraint on 2, ¢.

The Chandra satellite measures the X-ray gas fraction in galaxy clusters,
faas = Paas/pm [116]. It is assumed that the matter content of the largest
galaxy clusters resemble that of the Universe as a whole. Hence, the average
gas fraction should be the same as the cosmological density fraction,

.fgas,O = ans,O/Qm,O- (396)
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Following Ref. [116], we assume that the energy density of the luminous mat-
ter amounts to 0.19h%° of the energy density in the X-ray gas. Here, h =
Hy /(100 km/s/Mpc). Hence, the total amount of baryonic matter can be writ-
ten , = (1 + 0.197%%)Qy,s and,

Feaso = (14 0.190°%) 710 0 /D 0. (3.97)

Thus, we can infer the present-day matter density in the Universe from the
observed gas fraction, given a measurement of (). However, the analysis is
complicated by the fact that the gas fraction is measured at different redshifts,
feas(2). To obtain the present-day matter density, we need to assume a cos-
mological model. We are interested in constraining €, o in the limit of large
values of mpp, a, or 8. In this case, the background mimics a ACDM model
in the relevant redshift range.

Here, we use data from Ref. [116] which is based on 26 galaxy clusters
in a redshift range 0.07 < z < 0.9. They assume a prior Qoh* = 0.0214 +
0.0020 and h = 0.72 £ 0.08 and obtain €, = 0.24 £ 0.04. The prior on
the baryon density is due to the observed abundance of deuterium compared
with hydrogen plus the assumption of standard Big Bang nucleosynthesis [117].
However, since the expansion history in the early universe is modified in models
with large values of mpp, «, or 5 (see Fig. 3.9), we use an independent prior
on the baryon density from a sample of fast radio bursts (FRBs).® A fast radio
burst is a transient pulse in the radio frequency regime. The physical origin
of FRBs is not known, but since the photons interact with the free electrons
in the extragalactic gas, longer wavelengths from the burst lag behind and
the time delay can be measured. The number of free electrons traces the
number of baryons, which makes it is possible to obtain a constraint on the
baryon density. In Ref. [119], they use five localized FRBs in the redshift range
0.1 < 2z < 0.5 and obtain 2,0k = 0.036 &+ 0.011 [119]. This is larger than the
BBN-based prior used in Ref. [116]. Assuming that the present-day matter
density scales up with the same factor (cf. eq. (3.97)), we get,

Qo = 0.29 4 0.09. (3.98)

We refer to this data point as XCL (X-ray cluster) due to its origin from the

8Here, we discuss the results of Paper IV. At the time of writing that paper, we had not
analyzed Big Bang nucleosynthesis (BBN) in BR. A modified expansion history during BBN
can for example be accounted for by introducing an effective number of neutrino species,
see e.g. Ref. [118]. This allows us to make a theory prediction for the abundance of the
light elements also in the case of a modified cosmology. Together with the measured value
of these abundances, we obtain a constraint on Qb,[)hZ (or, equivalently, 719) also in the case
of modified cosmology, see the section below for more details. Note that this is independent
of CMB data.
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X-ray gas fraction in galaxy clusters. The x? value is calculated as,
Xer = (g = Q%) /0%, (3.99)

where Q0% and ¢ are given by eq. (3.98). Assuming that Q, ~ 0.7, we can
use eqgs. (3.98) and (3.53) to estimate an upper limit on the mixing angle in
the limit of large mgp, «, or 3,

0 <27, (large mpp, «, or f3). (3.100)

Big Bang nucleosynthesis. During the first few minutes after the Big Bang,
the light elements were formed, including deuterium (D) and *He. The re-
sulting abundances of these elements depend on the expansion in the redshift
range 0.2 x 107 < 2z < 3.7 x 10%, corresponding to temperatures 0.06 MeV <
T < 1MeV (in units where the Boltzmann constant is set to unity kg = 1).
This can be used to constrain the physical parameters which determine the
expansion history in the early universe. The observed abundance of D can be
used to constrain the baryon-to-photon ratio [120],

Mo = 10", /1, (3.101)
with the result [118,121],
o = 6.1 £0.2. (3.102)

Here, n, denotes the number density of species x. We define the fractional
difference in the expansion rate (compared with GR/ACDM) as S = H/Hgr =
E/Egr with S — 1 the relative difference in the expansion rate (cf. Fig. 3.9).
The abundance of “*He, Y,,, can be approximated as a linear function in the
modified expansion rate S and the baryon-to-photon ratio 1o [120,122],

Y, = 0.2386 + (0.0006)um + [100(S — 1) + 110] /625. (3.103)

The second term on the right-hand side is the numerical error due to the linear
approximation. A slower expansion rate (smaller S) results in more time for
the neutrons to decay into protons and thus a decreased abundance of *He
(smaller Y,). In GR, S =1 and the theory prediction for Y, is,

YR = 0.2484 %+ (0.0006) 1umm, (3.104)

P

which is slightly greater than the observationally inferred value [123],
Y, = 0.2449 £ 0.0040. (3.105)

From egs. (3.102), (3.103), and (3.105), we can derive a constraint on the
modified expansion rate during BBN,

S =0.978 + 0.025. (3.106)
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The allowed region is marked as hatched in Fig. 3.9. For large values of mpp,
a, or 3, the expansion history is modified in the early universe. From eq. (3.62)
and assuming that S ~ 1, we can derive,

1
S~1-— 5 sin@, large (mgp, a, 3) (3.107)

valid in the redshift range z > z,,. From eqs. (3.106) and (3.107), we can
immediately derive a constraint on the mixing angle 6 in the limit of large
mgp, @, or f3,

0 < 18°, large (mpp, a, ). (3.108)

3.6.4 Results

CMB/BAO+SNIla+XCL. Here, we explore the physical parameter space of
BR by fitting the cosmological models to data from CMB/BAO, SNIa, and
XCL as described above. These data sets probe the dimensionless expansion
rate, F(z) = H(z)/Hop, between present day and photon decoupling. Evalu-
ating the Friedmann equation (3.14) and the quartic polynomial for y (3.18)
at z = 0, we get two equations for the two unknowns (o and yp that can
be solved numerically (recall that the spatial curvature is set to zero). The
present-day matter density is then obtained from Qo9 = Qo + €20 and
eq. (3.51). Hence, the dimensionless expansion rate E(z) is fixed entirely in
terms of the physical parameters.

Since the parameter space is only five-dimensional, it is possible to set up
a discrete grid and scan each of the grid points. At each point we check if the
conditions for a consistent background cosmology are satisfied (i.e., real-valued
expansion history with positive matter density, devoid of the Higuchi ghost)
and if there exists a Vainshtein screening mechanism that restores GR results
on solar-system scales (see Chapter 4 for details). If not, the likelihood is set
to zero. This ensures that the model has a consistent cosmology and that it
can satisfy observations in the local neighborhood of our universe.

We report the results for three different models: the general bimetric mod-
els (ByBy B2 B3 By), the self-accelerating models (B By B3By), and the minimal
models (ByB2Bs). In Fig. 3.12, we plot the two-dimensional (marginalized)
confidence contours, showing the results in the parameters 6 (mixing angle),
mpp (graviton mass), and Q, (effective cosmological constant). Results for
the parameters a and  can be found in Paper IV. In Tab. 3.1, we show the
constraints on the physical parameters (90 % confidence). In Fig. 3.13, we plot
the best-fit models. The expansion rate follows a ACDM concordance model
except in the range 0.01 < z < 10 where it is smaller. For the general and
self-accelerating models, there is a quick, temporary dip in the equation of
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(c) General models (ByB;ByB3By).

Figure 3.12: (a)-(c):
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(b) Self-acc. models (B1B2B3By).
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(d) Present-day matter density.

Two-dimensional confidence contours from

CMB/BAO+SNIa+XCL data. The plots on the diagonals are normal-
ized likelihoods, £/L.x. The graviton mass mgp is expressed in units of
Hy = 100h km/s/Mpc = 2.1h x 10733 eV. Figure reprinted from Paper IV
under the terms of Creative Commons Attribution 4.0 license.
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Figure 3.13: Cosmological parameters for the best-fit bimetric models.
In the upper left panel, we plot the relative difference in the expansion
rate between the best-fit bimetric and the best-fit ACDM model. Note the
different horizontal axis for the wpg plot.

state around z ~ 0.03. For the general model, the equation of state diverges
at z ~ 5. This is due to Qpg crossing zero there. Hence, this is not a physical
divergence.

It is interesting to note that these cosmological data sets do not force 6
towards the GR limit, but allow for significant modifications of gravity. For
the general and self-accelerating models 6 < 28° and for the minimal models
0 < 21°. On the other hand, the GR limit is not excluded by the data.
This means that we can set § = 0 and the model fits data irrespective of the
values of mpp, o, and 3. Accordingly, the only constraints on these parameters
come from the requirements of a consistent cosmology and a working screening
mechanism. In Fig. 3.12, we see that there is a degeneracy between 6 and €2, .
The reason is that a large value of # implies that we are far away from the
final de Sitter phase today, hence a larger value of €2, can be allowed.

The BR models fit the cosmological data sets slightly better than ACDM,
see Tab. 3.1. On the other hand, they exhibit 2-4 additional parameters.
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General model | Self-accelerating | Minimal (B;ByB3) | ACDM

0 11°77 7otz 680 0°
mep 2.8 2.7 1.6%5% -

Oa 0.7175:2 0.7070:8 0.700:05 0.701001
o —5.1+% - - -

B 34755 29157 - -
Qo 0.3170:03 0.317902 0.3170:02 0.317001
X2 52.0 52.0 52.2 52.5
DoF 5 4 3 1
Table 3.1: Constraints on the physical parameters from

CMB/BAO+SNIa+XCL data.

the number of free parameters.

DoF (degrees of freedom) denotes

ACDM | General bimetric | Self-accelerating | Minimal (B BsBs)
AIC 54.5 62.0 60.0 58.2
BIC 56.4 1.7 67.7 64.0
AAIC 0 +7.5 +5.5 +3.7
ABIC 0 +15.3 +11.3 +7.6
Table 3.2: Information criteria. The reference model is ACDM, thus

A[A/BHC = [A/B]Icmodel - [A/BHCACDM'

To assess the performance of these models compared with ACDM, we show
the AIC and BIC in Tab. 3.2. Interestingly, since the minimal x? value is
unchanged when going from the general to the self-accelerating models, the
best fit is provided by a self-accelerating model. Since these models exhibit
one parameter less than general models, one may argue that the former are
preferred. This is clear when comparing their AIC and BIC values, see Tab. 3.2.
A AAIC > 45 is commonly regarded as strong preference for the reference
(flat ACDM) model compared with the (bimetric) model [104]. The BR model
performing best with respect to the information criteria is the miminal model.
As a final note, even if a bigravity model is performing worse than ACDM
according to AIC/BIC, the theory may have other beneficial properties which
are not quantified by these measures such a self-accelerating cosmologies.
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Figure 3.14: Exclusion plot due to BBN constraints. The dashed curves
are the best-fit points were S = 0.978. Figure reprinted from Paper V
under the terms of Creative Commons Attribution 4.0 license.

BBN. As above, the physical parameters plus the observed CMB tempera-
ture specify uniquely the cosmological parameters determining the dimension-
less expansion rate E(z). In Fig. 3.14, we show the result of imposing the
constraint (3.106) due to the measured *He abundance. The GR limit (van-
ishing 0) is allowed but the bimetric model gives a slightly better fit with a
slower expansion rate at BBN. If mpp > 10'7 (i.e., mpp = 10716 6V), a > 103,
or B 2 10%¢, the BBN constraint requires # < 18°, in accordance with the
estimate (3.108). The results are consistent with those in Ref. [124].9

3.7 Summary

In bimetric gravity we introduce a massive spin-2 field, which results in an
additional energy component, 2pg, in the Friedmann equation. This species
is dynamical, growing, and contributes to the accelerated expansion of the
Universe, hence acting as a phantom dark energy, though without a Big Rip.
In the late and early universe, {pg approaches constant values and thus the
background cosmology is characterized by a late-time ACDM phase and an
early-time ACDM phase with the former exhibiting a greater value of the
cosmological constant than the latter. Between these phases, there is a rich
spectrum of possible evolution histories. Due to the interaction between the
massless and massive spin-2 fields, we can set the cosmological constants of the
two metrics to zero and still have an accelerated expansion in the late universe.
These solutions are called self-accelerating. Interestingly, these submodels give

9This paper appeared after the publication of our results in Paper V.
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the best fit to the cosmological data sets that we use. For the theory to
contribute with a significant correction to GR, the mixing angle should not
be too small. In fact, provided that the graviton mass is of the order of the
present-day Hubble scale, the cosmological data sets do not enforce the GR
limit.

For a real-valued expansion in the late universe, we require 2, > 0. For
a positive matter density in the early universe, we demand 1+ 2o + 5 > 0.
To avoid the Higuchi ghost, which would otherwise introduce an instability
in the theory, we set m2; > 2Qpg. This can be translated into a condition
on the physical parameters, see eqs. (A.3)-(A.5) in Appendix A. Avoiding the
Higuchi ghost also guarantees the existence of a healthy finite branch solution
at all redshifts. For self-accelerating cosmologies, significant modifications of
the expansion history (i.e., # # 0) are only realized when the graviton mass is
of the order of the Hubble scale mpp ~ 10733 eV, see Fig. 3.11.

The only limit in the parameter space where the background cosmology
mimics a ACDM model throughout the whole expansion history is that of
vanishing mixing angle, § — 0, which is also the GR limit for the full theory.
Taking mpp, «a, or B to large values results in the expansion history mimicking
ACDM when radiation is negligible but expanding slower during radiation
domination.

Bimetric gravity is observationally viable with respect to the cosmological
data sets that we have imposed. Interestingly, these data sets do not enforce
the GR limit (vanishing #) but allows for a significant mixing angle between
the massless and massive spin-2 fields. This means that the physical metric
contains a mix of the massless and massive spin-2 fields. The question is if
this is a result of our fitting only the ratio of the CMB and BAO distance
scales. To decide upon this issue, we must establish a framework for treating
perturbations on cosmological backgrounds. Due to the break down of linear
perturbation theory, this is a challenge, see Chapter 6.






Chapter 4

Gravity on local scales

In Chapter 3, we have seen how the presence of the massive spin-2 field affects
the evolution of the Universe on the largest scales (2 100 Mpc). In this chap-
ter, we analyze the effects of the theory on galaxy scales (~ 1kpc-100kpc,
i.e.,, 10 m-10*' m), solar-system scales (~ 1AU ~ 10''m), and below. To
model the gravitational force due to the Sun or due to a galaxy, we use static,
spherically symmetric (SSS) solutions of the equations of motion and we re-
fer to these as local solutions. In GR, Jebsen—Birkhoft’s theorem states that
the Schwarzschild space-time is the unique spherically symmetric vacuum so-
lution [125-127]. In BR, the theorem does not hold and there is a spectrum
of SSS solution [2]. There are two primary ways of probing gravity on local
scales. First, the motion of test bodies in the gravitational field from an object,
for example the planetary orbits around the Sun. Second, the bending of light
around a massive source, that is, gravitational lensing.

4.1 Ansatz and solutions

A general ansatz for a static, spherically symmetric space-time reads,
ds} = —A(r)dt* + B(r)dr® + r*dQ?, (4.1a)
ds? = —A(r)dt* + B(r)dr* + 2C (r)dtdr + R*(r)dQ>. (4.1b)

The Einstein tensor of the physical metric is diagonal in these coordinates so
that V', = 0 in vacuum (cf. eq. (2.5a)). There are three possible solutions,

C =0, (4.22)
C =+(AB - AB)/ (2VAB), (4.2b)
0= 61 + ZBQE + 63&2. (42C)

65
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Table 4.1: Static, spherically symmetric, non-bidiagonal solutions. M
= Minkowski, S = Schwarzschild, AdS = anti-de Sitter, dS = de Sitter,
SAdS = Schwarzschild—anti-de Sitter, and SAS = Schwarzschild-de Sitter.
All combinations are local solutions to the equations of motion but only
those with check marks exhibit metrics that can be defined globally on the
same manifold.

Juw M S AdS ds SAdS Sds
Guv
RrR* M v X v X X X
R? x §? S x v X X v X
S' x R? or R* AdS v X v X x X
R! x s* ds x X x v x X
S'xR! xS? or R*x§? SAdS x v x x / x
R x S* x S? Sds X X X X X /
Topology Solution

The last equation (4.2c) is analyzed in Ref. [2], where we also allow for a
time-dependence. In the second solution (4.2b), the metrics are not diagonal
in the same coordinates (i.e., non-bidiagonal). In this case, the equations of
motion reduce to two decoupled Einstein vacuum equations, with or without
cosmological constant depending on the fS-parameters, see Ref. [128] and Pa-
per 1. Hence, the metrics can be solved analytically. In Tab. 4.1, we present
the possible solutions also taking into account whether the two metrics can be
compatible with a single topology. Some metrics are compatible with multiple
topologies, for example anti-de Sitter which admits both S* x R? and R* and
Schwarzschild-anti-de Sitter which admits both S! x R! x S? and R? x S%.
Here, we are interested in the first solution (4.2a) to the SSS equations of
motion where the off-diagonal term in the f-metric vanishes, so the metrics
are bidiagonal. In this case, there are modifications of gravity beyond GR.
Generically, the equations must be solved numerically but approximate ana-
lytical solutions can be found in two different regimes: the Yukawa (linearized)
solution and the Vainshtein (screening) solution. In the bidiagonal case, it is
convenient to rewrite the metric ansatz as,
ds? e*Pdt* + e 2V dr® + r?dQ?, (4.3a)

9~

ds?p — 2|2 e (&E)Q dr? + R*dQ?| (4.3b)

where the radial dependence of the fields (@, ¥, ‘5, \Tl, R) is implicit and c is the
conformal constant between the metrics in the asymptotic region f., [, 00 =
cggm,|,oﬁoo. Note that cR is the area radius of the f-metric, which can be
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rewritten as,
dsi = & |—*dt* + e *YdR® + R*dQ?| . (4.4)

The coordinate transformation from the area radius of g,, to the area radius
of fu, is r — R and the relative difference between these two coordinates can
be parameterized by p, defined as,

w=(R—r)/r (4.5)

Since p parameterizes the transformation “restoring” R as the radial coordi-
nate, we refer to it as a Stiickelberg field.

Linear regime — Yukawa

To understand when the Yukawa (linearized) solution and the Vainshtein
(screening) solution are valid respectively, let us consider a static, spherically
symmetric linear perturbation around a flat background fW =G =
This amounts to assuming that the metric fields and their radial derivatives
are small, that is, (®, ¥, ®, ¥, u) < 1 and 78,(®, ¥, ®, ¥, 1) < 1. Outside a
source of mass M, the solution is [128§],

1 4tan?fe "/t

(I)(T) =—-M C0829 (7’ + a; € r ) y (46&)
1 2tan?6(1 G

U(r) = —M cos? 0 ( + tan” 61 7/ ¢ ) ; (4.6b)
T 3 T

~ 1 4tan?fe "/

®(r) = —M cos* 0 (r - a; < , ) ) (4.6¢)

= 1 2tan?6(1+r/A,) e/

U(r) = —M cos®f ( _ ZtanTH(L A /) ¢ 9) ; (4.6d)
r 3 T

22 -1 gy e
plr) = =Meos® 0 [L4 (r/2g) ™+ (r/A) *] ———,  (46¢)
where A\, = 1/(Homgp) is the Compton wavelength of the massive gravi-

ton. ®(r) is the gravitational potential and W(r) is the spatial curvature.
In GR, ®gr(r) = Ygr(r) = —M/r. In bimetric gravity, the potentials ac-
quire an additional exponential Yukawa term. The motion of a massive (non-
relativistic) test particle is determined by the gravitational potential ® while
the motion of a massless (relativistic) particle is dictated by the Weyl potential
p=(P+V)/2.

Here, we assumed flat asymptotics fulrsoo = CGuwlrse = 1w but
the asymptotic structure of the Universe is closer to de Sitter. This can
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be accounted for by adding a cosmological constant term —Ar?/3 to the po-
tentials (®, U, ®,¥) [129]. Since the cosmological constant is of the order
A ~ HZ = 1/r% and all local systems have a size much less than the Hubble
radius, it follows that Ar? < 1. Thus, the effect of a cosmological constant
can be neglected at local scales.

The linear solution (4.6) is valid (i.e., the metric fields are small) far away
from the Schwarzschild radius r > rg = 2M. However, from eq. (4.6e) it
follows that the Stiickelberg field u is of the order unity if r < 7, where 7y is
the Vainshtein radius, defined as,

1/3
ry = (rg)\§> , (4.7)
or, equivalently,
v o1 1/3
~ (0.095 — kpc. 4.8
v {MG h%n%J b “8)

For the linearized solution to apply, we require r > (ry,rs). When the linear
approximation breaks down at r ~ 7y, non-linear terms must be added. From
eq. (4.7), we see that in the limit of vanishing Compton wavelength A\, — 0
(i.e., large graviton mass), the linear solution is applicable down to length
scales of the order rg, as in GR.

If we naively take the zero mass limit at the linear level (i.e., A\, = c0), the
gravitational slip, v, evaluates to,

Y mpp—0 = [0 + cos(260)] /6, (4.9)

where v = ®/¢ and ¢ = (¢ + V) /2 is the Weyl potential. Hence, v < 1 in the
zero mass limit which results in a modified relation between the dynamics of
massless and massive particles compared with GR [75]. This is the (in)famous
van Dam—Veltman—Zakharov discontinuity [57,58]. However, when mgp — 0,
the Vainshtein radius increases indefinitely and the linear solution breaks down
at all length scales. That is, non-linear terms must be included [59]. In fact,
these terms can restore GR results, which we will show now.

Non-linear regime — Vainshtein

Inside the Vainshtein radius r < ry, non-linear terms must be added to the
metrics. Since in this case the Stiickelberg field p becomes of order unity while
the potentials (P, \I/,EIV),\T/) are still small, we expand to linear order in the
potentials but include all orders in u. The result outside a source of mass M
is [72,130],
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ro,0(r) = [1 —sin?f (”)3 (u(r) - glﬁ(r)ﬂ | (4.10a)

r ry
r

3

r

vy = M {1+sin29( )3<u(r)au2(r)+ﬁ,u3(r)>} (4.10b)

(A%
The equation for the Stiickelberg field is a seventh-order polynomial, as shown
in eq. (D.2) in Appendix D. The physical root is the one satisfying p = —1/+/f
at = 0 and p — 0 as r — oo. The latter is implied by requiring a flat
asymptotic structure. The equations (4.10) apply outside of a source. On the
inside, we must include the radial dependence of the mass and the pressure,
see Ref. [72] for details.

In the equation for i (D.2), the radius only appears in the combination r /7y
as is the case for the correction to the gravitational potentials in eq. (4.10).
This means that the radius within which GR is restored is proportional to
ry. In fact, far inside the Vainshtein radius r < ry, the bimetric corrections
to the GR potentials are proportional to (r/ry)® and hence vanish. Thus we
have a working screening mechanism with ry being the minimal radius within
which GR is restored. However, the equation determining u also contains
the parameters (0, «, ) so, possibly, GR can be restored also outside of ry
depending on the value of these parameters. As we discuss in Section 4.3,
GR is restored within an increasingly large radius in the limits @ — oo and
B — oo.

The Vainshtein radius can be written,

2 )1/3

v /T = (pe/ pemipp) 7, (4.11)

where p, = M, /(47r2/3) is the mean density of the source and p, is the critical
density of the Universe today p. = 3H?/k,. So, an object which has a density
much greater than p.m#p lies far inside its own Vainshtein radius and is thus
screened.

4.2 Analytical constraints

To guarantee the existence of the physical root of yu and hence a working
Vainshtein screening, we must constrain the parameter space [72]. The full
equations are presented in Appendix A. In Fig. 4.1, we plot these constraints
in the af-plane and indicate the dependence on 6. A significant portion of
the parameter space is excluded. From eq. (A.6a), we have > 1 which
implies By > 0. Together with B; > 0 from cosmology (see eq. (3.36)), one
can use eq. (A.6) to show that By < 0. Taken together, this means that the
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Exclusion plot: Vainshtein constraints
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Figure 4.1: Exclusion plot from requiring a working Vainshtein screening
mechanism. ¢ = 0 gives the most restrictive constraint while § = /2
the least restrictive. Figure reprinted from Paper III under the terms of
Creative Commons Attribution 4.0 license.

requirement of a consistent cosmology and a working screening mechanism
implies,
By >0, By<0, B3>0. (412)

So, the most minimal bimetric model satisfying these demands is a By By B3-
model. The constraint (4.12) excludes many of the popular models in the
literature, including all two-parameter models. Self-accelerating cosmologies
are still viable since the cosmological constant parameters of each metric sector,
By and By, are allowed to vanish. In Fig. 4.2, we combine the cosmological
and the Vainshtein constraints for two different values of m#p/(202). The
Higuchi and Vainshtein constraints are complementary. A significant part of
the parameter space is excluded. Self-accelerating solutions are concentrated
to a line in the af-plane and indicated in the figure and its horizontal position
depends on 6§ and mZp/(2,). For large enough 6 or mip/(2924), this line
lies completely in the excluded region and, in this case, there are no self-
accelerating solutions.

For a working Vainsthein mechanism, it is necessary that g 2 3, see Pa-
per III. In case of a By By B3, we can use eq. (3.66b) to derive,

1
tan?0 < 3 (_2 +3m2n /2 — /1 + 6min/a (=2 + Bm%P/QQA)> L (413)
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Figure 4.2: Exclusion plot. Combined constraints from demanding an
existing Vainshtein screening mechanism (green), a positive matter density
in the early universe (red), and absence of the Higuchi ghost (blue). Here,
f = 20°. The dash-dotted curve shows how the boundary of the blue region
changes in the limit m2p /204 — oo. The green region is unaffected by the
value of mpp and 2,. The self-accelerating solutions lie along the dashed
lines and always have slope —3 (cf. eq. (3.67)). These lines move upwards
if 0 or m2p/2Q, decreases.

The largest value of @ is achieved at the Higuchi bound when m#p = 2Q,. At
this point § = 20°. From these analytical calculations we can already conclude

that,
6 <20°,  (B;ByB; models), (4.14)

for these models.

4.3 General relativity limits

The deviation from GR at local scales can be formulated in terms of two
distance-dependent gravitational “constants”: s5**5¥(r) and £"**'*%(r). Here,

Ky (1) = kg ®(r) /Par(r), (4.15)

parameterizes the modified gravitational force law for massive particles and,

Ry (r) = kgp(r) [ par (1), (4.16)
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Figure 4.3: Gravitational “constants” for massive (blue) and massless
(orange) particles. Here, 7. is the radius of the source and we have set
Ag =TH (i.e., mpp = 1). When /f‘gnasme = H‘g“aSSleSS = const., GR results are
recovered. This is the case far inside the Vainshtein radius r < ry and far
outside the Compton wavelength r > A,.

parameterizes the modified gravity effect on the massless particles (e.g., light).
GR results are recovered whenever /fmass“’e = /f‘gnaSSleSS = Kgq, OI more generally
when /@m‘“s“’e = /f;na”lebs = const., by rescaling of k4. See Fig. 4.3 for an

example of how the gravitational constants vary with radius.

Linear regime — Yukawa

In the linear regime (r > ry), there are two ways of reproducing GR results.
First, if the mixing angle # is small enough, the amplitudes of the Yukawa
terms are suppressed in ® and U (cf. eqgs. (4.6a)-(4.6b)). This results in
nmasswe = nmaSSIGSS = Kgy. Second, if the Compton wavelength is much smaller
than the length scales probed in the system, A\, < r, the Yukawa term is
exponentially suppressed. In this case, ﬁmaSSIVQ = nmaSSIeSS = cos? 0kg, resulting
in a constant rescaling of the grav1tat10na1 constants

For self-accelerating solutions, a large graviton mass (which is required for
the linearized solution to be valid) implies a small mixing angle via eq. (3.68),
see Fig. 3.11. For example, if mpp = 10 (i.e., mpp = 1€V), the exponen-
tial Yukawa term is suppressed enough to reproduce GR within experimental
precision. However, for a self-accelerating solution this implies # ~ 1073* so
for such a model there are no detectable deviations from GR. In short, to
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have self-accelerating solutions in the Yukawa regime requires a mixing angle
extremely close to the GR limit.

Non-linear regime — Vainshtein

In Section 4.1, we showed that 7y is the minimal radius within which GR is
restored. See Fig. 4.3 for an example. Thus, by taking the graviton mass
to zero (i.e., \; = 00), the Vainshtein radius diverges and GR is restored at
all length scales. That is, ﬁ;naSSleSS = ﬁ;“asswe = Ky as myp — 0. A caveat is
that we assumed a flat asymptotic structure rather than de Sitter and due to
the Higuchi bound mip > 20, the zero mass limit cannot be taken without
exciting the Higuchi ghost. So, mpp ~ 1 (i.e., mpp ~ 10733eV) is the lower
limit for the graviton mass, corresponding to a Compton wavelength which is
of the order of the Hubble radius, A\, ~ .

In Fig. 4.3, we plot the modified gravitational constants, showing that far
inside the Vainshtein radius r < ry, we have ™" = /fg‘aSSIeSS = Ky and
GR is recovered. Approaching 7y, there is an increase in Ky @V eventually
reaching a (temporary) plateau. This means that the gravitational force is
effectively increased with some constant factor as we go further away from the
source. ﬁElaSSleSS has a bump around ry and then reaches a (temporary) plateau
value. Approaching the Compton wavelength A,, the gravitational constant
begins to decrease to reach a final constant value as » > A, and GR is once
again recovered.

Expanding egs. (4.10) and (D.2) around 1/a = 0 and 1/5 = 0, one can
show that the radius within which /i‘g“aSSIeSS = /f;“asswe = k4 grows indefinitely
with increasing a or 3, see Fig. 4.4 for an example. That is, @« — oo and
f — oo are GR limits with respect to the local physics (i.e., SSS solutions).
This is for general bimetric models. For self-accelerating solutions however,
these limits violate the conditions for a working screening mechanism which
is easily seen by following the self-accelerating line in Fig. 4.2 in any of these

limits.

4.4 (QObservational constraints

4.4.1 Solar-system tests

In the solar system, the gravitational force law has been probed to great accu-
racy and does not deviate more than 1079 from an inverse-square law at length
scales of 1 AU [33]. At smaller distances, there are laboratory tests down to
at least ~ 10 um. Following Ref. [74], we constrain the deviation from GR
to be within 107 in this range of length scales. This is a very conservative
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Figure 4.4: Gravitational “constants” for massive (blue) and massless
(orange) particles. Increasing § from 10 to 10 recovers GR results (i.e.,
mznassm = mma‘SICSS = kg) within an increasingly large radius; r, is the radius
of the source. Increasing a has a similar effect.

constraint that can be refined by analyzing the probes one by one. A careful
analysis of the individual solar-system tests is presented in Refs. [71,131].

If we are far inside the Vainshtein radius, GR is restored and solar-system
tests are satisfied. This is the case if the graviton mass is small enough.
However, due to the Higuchi bound, mgp cannot be set to zero, but mpp = 1
is allowed. Setting the graviton mass to its minimal value mpp ~ 1 implies that
all systems which have a mean density much greater than the critical density
of the Universe, lies far inside its own Vainshtein radius (see eq. (4.11)). This
includes the solar system and all galaxies. Thus, if we set the graviton mass
to its minimal value mpp ~ 1, GR is restored in all local systems.

Assuming that O(«a) = O(5) = 1, one can expand around r/ry = 0 with
the result,

M 3

{l—f—sm 9( ) } . Ty, (4.17a)
r rv
M 3

{1 — sin 9( ) } . Ty, (4.17b)
r rv

Hence, the requirement that solar-system tests are satisfied is,

3
sin? (i> <107%, r<ry. (4.18)
Ty
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Figure 4.5: Exclusion plot from solar-system tests (blue), gravitational
lensing from galaxies (orange), and the Higuchi bound (gray). In the
low-mass regime, the Vainshtein mechanism can effectively restore GR
results while in the large-mass regime, the Yukawa term is exponentially
suppressed and GR is restored. A large portion of the parameter space in
the range 10* < mpp < 108 and 10° < mpp < 10%2 is excluded. Here, we

have assumed O(a) = O(f) = 1. The solar-system and galactic constraints
can be eliminated by choosing « or 3 to take large values.

If we are far outside the Vainshtein radius, that is in the linear regime, we
demand,

4tan®6
aTne*’“/*q <107, >y, (4.19)

see eq. (4.6a). Here, r is the length scale probed by the observational tests,
which range from 10 um to 1 AU. The resulting exclusion plot is presented in
Fig. 4.5. For self-accelerating models, the requirement of a consistent cosmol-
ogy in eq. (3.68) is more strict than egs. (4.18) and (4.19), so a self-accelerating
model with a consistent cosmology automatically satisfies solar-system tests.

The above constraints were derived assuming O(a) = O(8) = 1. This
is implicitly assumed in most of the literature, for example Refs. [72-74]. In
Fig. 4.6 we plot the confidence contours in the a/5-plane in a case which violates
solar-system tests for parameters o and 8 of order unity. As we have seen,
a — oo and f — oo are GR limits of the local solutions, so taking these
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Solar system tests (§=1.8°,mpp=10'") Galactic tests (0=84°,mpp=10°)
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Figure 4.6: Confidence contours in the af-plane. The gray region is ex-
cluded by the requirement of a working Vainshtein mechanism, cf. Fig. 4.1.
Left panel: Solar system tests with (6 = 1.8°, mgp = 10'%). Right panel:
Gravitational lensing by a 10'! M, galaxy. Here, (6 = 84°, mpp = 10°).
In both panels, if O(a) = O(8) = 1, the observational tests are violated.
As can be seen, when a@ — oo or f — 00, GR is restored and the theory
is viable. Figure reprinted from Paper IV under the terms of Creative
Commons Attribution 4.0 license.

parameters to be large alleviates these constraints.

4.4.2 Gravitational lensing by galaxies

As the light from a distant source passes through the vicinity of a galaxy, the
light is deflected due to gravitational lensing. Here, we assume a simple model
for the gravitational lensing at a distance Dyyyce ~ 1 Gpc by a galaxy of mass
M ~ 10" My, at half this distance. We set the lensing radius to 7., = 8kpc
and assume, for simplicity, that the lensing takes place at the edge or outside
the galaxy. The value of the gravitational slip =,

v=d/p, (4.20)

is obtained by measuring the degree of lensing and the dynamical mass of
the galaxy. The GR value is ygr = 1. From observations of the gravitational
lensing, mass-dynamical structure, and velocity dispersion of 53 massive, early-
type galaxies in a redshift range 0.1 < z < 0.3, it was concluded in Ref. [132]
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that v = 1 4 0.05. Hence, we calculate the y*-value as,

2
’Y(Tlcns) -1
X;al.lens. = <005> . (421)

The result is plotted in Fig. 4.5 in the case O(a) = O(5) = 1. As we have seen,
by choosing the parameters o or § to be large, GR is restored via the Vainshtein
mechanism and the constraints in Fig. 4.5 are alleviated. See Fig. 4.6 for an
example.

4.5 Summary

In bimetric gravity, the massive spin-2 field can modify the physics on solar-
system scales and galactic scales (collectively referred to as local scales). Here,
we analyze the gravitational force by looking at static, spherically symmetric
(SSS) setups. There are two types of approximate SSS solutions, applicable in
different regimes. First, for large values of the graviton mass, the equations of
motion can be solved perturbatively on local scales, resulting in the ordinary
Newtonian potential plus an exponentially decaying Yukawa term. Second,
if the graviton mass is small enough, the linear approximation breaks down
and nonlinear terms must be added. This results in the Vainshtein screening
mechanism, restoring GR phenomenology on local scales. To have a working
Vainshtein mechanism, the parameter space must be constrained and we show
that the Bj;By;Bs-models are the most minimal models compatible with this
requirement plus a consistent cosmology. This excludes many of the popular
models in the literature, including all two-parameter models. Self-accelerating
cosmologies (i.e., By = 0) are still viable.

For the local (SSS) solutions, there are five different GR limits. The van-
ishing mixing angle # — 0 is the GR limit for the full theory and hence also for
the local solutions. In the large graviton mass limit mgp — 00, we are in the
linear regime and the Yukawa term is exponentially suppressed. In the small
mass limit mpp — 0, the Vainshtein mechanism is effectively restoring GR re-
sults at all length scales. However, this limit is forbidden by the Higuchi bound
(see Chapter 3). Also in the large parameter limits o — 0o and  — oo, the
Vainshtein screening is effective at all length scales, restoring GR. Due to the
several GR limits, it is not possible to constrain individual parameters from
solar-system tests or galactic tests. However, in the literature it is usually
assumed (implicitly) that O(a) = O(8) = 1, in which case it is possible to
rule out a region in the fmgp-plane, see Fig. 4.5.
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Gravitational waves

Gravitational waves (GWs) are ripples in space-time, propagating away from
its source according to a wave equation. In GR, Jebsen—Birkhoft’s theorem pre-
vents spherically symmetric systems from emitting gravitational waves. This
is contrary to BR in which there is no corresponding theorem [2]. However, if
a Vainshtein screening mechanism is active close to the source, we expect GW
emission from spherically symmetric systems to be heavily suppressed [133].
In GR, gravity is massless meaning that GWs propagate at the speed of light
while in bimetric gravity there is both a massless and a massive spin-2 field,
giving rise to a rich phenomenology including gravitational wave oscillations
and gravitational wave echoes. To date (2022), the LIGO/Virgo collabora-
tion has observed 90 confident gravitational wave events in the redshift range
0.01 < z < 1 with an electromagnetic counterpart signal in one case [134-139).
These observations can be used to place constraints on gravitational theories
with modified GW propagation. In this chapter, we analyze the stability and
phenomenology of gravitational waves and reproduce selected results in the
literature.

5.1 Equations of motion

We consider gravitational waves propagating on a spatially flat cosmological
background. There are two polarization modes of the massless graviton and,
in principle, five polarization modes of the massive graviton. However, due to
the Vainshtein screening mechanism, we expect the scalar and vector modes of
the massive graviton to be heavily suppressed at the source of a binary merger
system. This can be seen from eq. (4.11) by noting that the merger system is
much denser than the solar system and that we require the solar system to lie
within its own Vainshtein radius. Thus the merger system should lie far inside

79
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its Vainshtein radius where GR is restored. Therefore, we will only study the

tensor modes of g,, and f,, as encapsulated in the transverse and traceless
7.1

perturbations h;; and h;;,

ds} = a® {—ah’2 + (03 + hij) dxidl‘j} ) (5.1a)
ds? = a? [—$2d7'2/y2 + (51']' + 77/74) d%’idl‘j} ) (5.1b)

with,
Oihi; = Oihaj = 'y = 'y = 0, (5.2)

and,
r=d/d, y=a/a. (5.3)

Here, we use conformal time 7 which is related to physical time ¢ via dt = a dt
and denote the derivative with respect to 7 by a prime. The background
quantities a, @, x, and y are functions of 7 only while the perturbations depend
on all coordinates. For simplicity, we consider a gravitational wave traveling
in the z-direction, for which the tensor perturbations take the form [140],
hijdz'dx? = h, (do* — dy®) + 2hydxdy, (5.4a)
hijdaida’ = hy(da® — dy?®) + 2h dzdy. (5.4b)

The equations of motion for the “+” and “x” modes look exactly the same
[140], so we skip these subscripts henceforth. The equations are [141],

R+ ~gh' + (mg — CEVQ) h = gqgh, (5.5a)
'+ gl + (m = V) h = qzh, (5.5b)

where H = d’/a is the conformal Hubble parameter and,

Vg = 2H, v =2H+3y )y —2/z, (5.6a)

2= HQ/Qpr,  mi =H2Q/(Qpry® tan®0), (5.6b)
=1, =y, (5.6¢)
gy = mg, qr = mfc, (5.6d)

and we have defined,

Q =sin*Omip [1 4 20+ 8 — (a+ B)(x +y) + By . (5.7)

L As opposed to Chapter 4, here the perturbations are not canonically normalized.
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5.2 Stability

On time scales where the background cosmology can be considered static, we
can solve the GW equations (5.5) by a plane wave ansatz,

b= hkei(wrsz)7 ?L _ Ekei(wrsz)’ (58)
where hy, and hy, are the constant (with respect to time) amplitudes. Real
eigenfrequencies (w) imply oscillating modes and hence stable propagation. A
complex w with positive imaginary part gives a decaying, hence stable, ampli-
tude while a negative imaginary part gives an exponentially growing amplitude

corresponding to an unstable mode. Combining h and h into a column vector
u” = (h,h), eq. (5.5) can be written on the form,

(—w21 +iwA + B) u=0, (5.9)

where the matrices A and B only depend on the background quantities and
the wave number &,

(% O — m§+63k2 —4
A_<0 W), B_( S e ) G0

To have solutions other than the trivial hj, = hy; = 0, we demand,
det (—w’1 + iwA + B) = 0. (5.11)

Solving the equation gives us the eigenfrequencies.

5.2.1 Early times

Assuming a finite branch background cosmology, ¥ — 0 in the early universe.
Expanding each matrix element to lowest order around y = 0,

1 0
A_2H<0 4+3wt0t>’ y=0,
(5.12a)
B _ 12 3tan? 0 y? + H2k? —3tan? 01> ~0
—3(4 4 3wit)  3(4+ Bwier) + (44 Bwee)2H2K2 ) YT

(5.12b)
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Subhorizon scales. Subhorizon scales are defined by k > H. Using eq. (5.12)
and solving eq. (5.11) in the subhorizon limit yields the eigenfrequencies,

(4)1/2 = :l:k, QJ3/4 = i(4 + 3’th0t)k, (513)

showing that the tensor perturbations are stable on subhorizon scales in the
early universe. The w;/; modes propagate at the speed of light while w34 prop-
agate superluminally with the speed 4 + 3wy.;. During radiation domination,
the propagation speed is five times the speed of light. Note that it coincides
with the f-null cone of the background cosmology, see eq. (3.41), so causality
is not violated [97].

Superhorizon scales. In the superhorizon limit k¥ < H,

w1 = 0, Wy = 227‘[, w3/4 = [(4 + 3wt0t) + \/4 + 15wt0t + 9wt20t TH. (514)

The first mode wy gives a constant amplitude. The second mode ws has an
exponentially decaying amplitude. Since the half-life is of the order H~! and
the approximation only applies to time scales where H can be considered con-
stant, this mode will be approximately constant on time scales smaller than
H~!. The same goes for the third and fourth modes w;s;s. These modes have
a positive imaginary part if wy, > —4/3, so they are stable.

5.2.2 Late times

At late times, y — 1, and the Universe is in a de Sitter phase. Expanding the
matrix elements around y = 1,

A=2H1, y~1,
(5.15a)
B 22 sin? @ mip/Qa + H2E? —sin? @ mip /O y~1
—cos? O mip /O cos?Omip /Qp + H72K* ) 7T
(5.15b)

We can now solve eq. (5.11) for the eigenfrequencies with the result,

Wi/ = (z +/(k/H)? — 1) H, wsu= (z + \/m%P/QA + (k/H)? — 1) H.
(5.16)

Subhorizon scales. In the subhorizon limit & > H,

wijp = HEk,  wayy = iH £ \JHImEp/Qn + k2, (5.17)

and the gravitational wave propagation is stable.
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Superhorizon scales. In the superhorizon limit k¥ < H,

W1 = 0, Wy = QZH, CU3/4 = (Z + \/m%P/QA — 1) H. (518)

Applying the Higuchi bound mfp > 2, the square-root in wyy is real and
hence the gravitational wave propagation is stable also on superhorizon scales
at late times.

To summarize, gravitational wave perturbations are stable on time scales where
the background cosmology can be treated as constant. On time scales where
the background expansion cannot be ignored, one can show that the tensor
perturbations are stable and the plane wave equations of motion can be solved
analytically on sub- and superhorizon scales in the early and late universe, see
Ref. [140].

5.3 Binary mergers

Gravitational waves from binary mergers have been observed out to redshifts
of z ~ 1. Following Ref. [13], as an approximation, we assume that the back-
ground expansion of the Universe is in its late-time de Sitter phase with y = 1.
The matrices A and B are given by eq. (5.15). Since A is proportional to
the identity matrix in this case, A and B can be simultaneously diagonalized
using,

A=JAJ'=A, B=JBJ' (5.19)

where A and B are diagonal matrices and the transformation is given by J.
In fact,

N N k2 0 cos?f sin?
A =271, B_<0 k2+H2m%P/QA>’ J_< 1 -1
(5.20)

We define new variables h; and hs according to,

< Z; > B ( Cofe Siﬁe ) ( % > (5.21)
(%):G _iifézz)(ﬁg) (5.22)

With the new variables hy /9, egs. (5.5) decouple and the equations of motion
read,

or, equivalently,
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Ry 4+ 2HK, + k*hy = 0, (5.23a)
Ry + 2Hhy + k*hy = —H*mipha /Q4. (5.23b)

The first-order time derivatives can be eliminated by yet another choice of
variables,
uy = ahy, Uy = ahs. (5.24)

Ignoring the background expansion, we can set ¢ = 1 and use H? = H? =
HZ2Q, (which is true in the late-universe de Sitter phase) to obtain,

uf + k*uy =0, (5.25a)
l (k,z n m%P) Uy = 0, (5.25b)

where mpp = Hompp is the dimensionful graviton mass (i.e., the inverse Comp-
ton wavelength). Hence, u; (hy) describes the propagation of a massless GW
and uy (hs) and describes the propagation of a massive GW. The physical GW,
h, is a linear combination of the massless and massive modes, see eq. (5.22).
This leads to novel phenomena including gravitational wave oscillations [13]
and gravitational wave echoes [80]. This is similar to neutrinos in the standard
model of particle physics, having a mixing between the flavor eigenstates and
the mass eigenstates, giving rise to neutrino oscillations. At the moment, we
just note that the massless part of h propagates with the speed of light and
thus always arrives at the same time as any electromagnetic counterpart, pro-
vided that they were emitted at the same time. In other words, there are no
trivial constraints from the observed speed of gravitational waves [38].

If we solve eq. (5.25) with the initial conditions h(t = 0) = hze~** and
h(t = 0) = 0 and transform back to k. we get,

hy = cos® f hyet@1t=F=) (5.26a)
hy = hye' @2tk (5.26b)

wi =k, wy=\/k2+ mip, (5.27)

and we used a = 1 to identify 7 = t. The group velocities of h; and hy are
given by,

with,

0 ) 1
Vg1 = % =1, wp=o - (5.28)

ok 1+ mp/k?

Note that we could have arrived at eq. (5.28) already from eq. (5.17) by using
H? = H? = HZQy. As expected, the massless mode, h;, propagates with
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the speed of light while the massive mode, hs, propagates subluminally. Since
the group velocity of the massive mode hy depends on the wave number, k, a
wave packet (a linear combination of plane waves with different wave numbers)
experiences dispersion. For example, a Gaussian wave packet is smeared out
as it propagates, see Fig. 5.2. In the limit mrp < k,

wy =k + Aw, Aw=mip/(2k), (5.29)

thus,
vy =1—Av,, Av, =hgp/(2k?). (5.30)

We have presented the plane wave solutions. The propagation of a wave packet
is a linear combination of all plane waves of different wave numbers k,

hi(t, z) = cos® 9/:: hyet @1t =R g (5.31a)
ho(t, 2) = [ O:O hae' @tk g (5.31D)

Using eq. (5.22), we write this in terms of the metric perturbations as,
h(t,z) = /:: hy [cos2 6 et 4 sin? 0 ei“’zt] ek, (5.32a)

h(t,z) = /OO hy cos® 6 [ei“’lt — e”zt] ek (5.32b)

Note that the only bimetric parameters that enter the binary merger systems
are the mixing angle, 6, and the graviton mass, mgp.

5.3.1 Gravitational wave oscillations

Let us consider a plane wave solution with wave number £, see eq. (5.26). The
perturbations of the metrics can be written,

h = hyel@1t=F?) [COS2 0 + sin? f ™A t] : (5.33a)
h = hy cos® 0 e'@1t=2) [1 - em“”t] , (5.33b)

where Aw = wy — wy. Assuming that the difference Aw between the eigen-
frequencies is small, the perturbations h and & can be written as plane waves
of high frequency (w; + w9)/2 with the amplitude modulated by an envelope
of low frequency (ws — wy)/2, see Fig. 5.1. Note that Aw is guaranteed to be
small if mpp < k, which we assume henceforth. With & ~ w ~ 100 Hz, this
assumption amounts to mpp < 10714V (i.e., mpp < 10'), where we used
HO ~ 10717 Hz.
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Gravitational wave oscillations

W»>
'

Amplitude

Time

Figure 5.1: Gravitational wave oscillations of a plane wave solution at
a fixed point in space. Here, Aw = 1072 and § = 7/4 (i.e., maximal
oscillations of the envelope). There are high-frequency oscillations with
w = (w1 +wsz)/2 and a low-frequency envelope with w = (wy — wy)/2.

Due to the infinite extent of the plane wave, the low-frequency oscillations
continue indefinitely. In practice however, the gravitational wave from a binary
merger consists of a wave packet of finite extent. In this case, the envelope
modulation (i.e., the low-frequency oscillations) continues as long as the wave
packets of the massless and massive gravitons have not separated (decohered),
see Fig. 5.2. The envelope oscillates on a length scale Los = 7/Aw ~ 27w /1hép

or, equivalently,
w 10726V 2
LoscN ~ Gpe. 5.34

<100Hz>< Tep ) pe (5:34)

If Lose exceeds the Hubble radius (~ 5 Gpc), there is no amplitude modula-
tion. For a binary system with w ~ 100 Hz, the graviton mass must satisfy
mpp 2> 10723 eV (i.e., mpp = 10'9) for the gravitational wave oscillations to be
influential.

Example. Let the Compton wavelength of the massive graviton be of the
order of the Hubble radius, that is, mpp = Hy. This is a common choice
that allows for viable cosmological background solutions (see Section 3.6). The
frequency of a binary merger is typically w ~ 100 Hz. From eq. (5.34), it follows
that the oscillation length of the envelope exceeds the radius of the observable
universe by many orders of magnitude, hence there is no modulation of the
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Figure 5.2: Propagation of bimetric gravitational waves. Here, 6 = 7/4.
Left: The metric perturbations. Right: The mass eigenstates. (The spatial

coordinates follow the massless wave.)
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amplitude. The propagation speed of the massive GW is given by eq. (5.30),
vg2 = 1 — Av,. Here, Av, ~ 1073 which is an undetectably small deviation
from the speed of light. Hence, for mpp = Hy the bimetric modification to
the gravitational wave propagation is insignificant as far as binary mergers are

concerned.
O

Following Ref. [13], we derive an approximate formula that allows us to com-
pute the physical waveform h(t, z) in BR, assuming that the initial waveform
generated at the source is the same as in GR. This assumption is justified by the
fact that the system lies far inside its Vainshtein radius. In GR, a plane wave
propagates with constant amplitude and the waveform is preserved (ignoring
the evolution of the background), while in massive bigravity, the amplitude
oscillates due to the mixing of the mass eigenstates, see Fig. 5.1.

Let us calculate how much the amplitude of a plane wave is suppressed over
a time scale, T}, which is much greater than the period of the high frequency
oscillations, 27/(w; + w2), but much smaller than the period of the envelope,
27 /(wg — wy). That is,

27 /(w1 + wa) < Tops K 27/ (wgy — wy). (5.35)

The existence of such a time scale is guaranteed by the assumption that Mmpp <
k. We integrate out the high frequency oscillations and obtain the envelope
function,

Aw(k)

0

A%(k) = <h2> = cos* 0 [1 + tan* 6 + 2 tan? 6 cos < In(1+ z))] , (5.36)
see Ref. [142] for a detailed derivation. Here, 2 is the redshift of the source and
the angle brackets denote the time average. To derive this formula, we used
eq. (5.22) with the plane wave solutions (5.26) and our late-time approximation
which allows us to identify ¢ = In(1 + z)/Hy. Since a plane wave in GR
propagates with constant amplitude (ignoring the background expansion), A
is the factor by which the GR wave is suppressed in BR and we also refer to
A as the “amplitude suppression factor”.

If the gravitational wave can be approximated as a plane wave, we can
directly multiply the GR waveform by A to get the physical perturbation h.
Hence, for a plane wave of wave number k at a fixed point in space (e.g., the
position of an observer),

RBR(t) = A(K)hCR(t) = A(k)hgRe™er! (plane wave). (5.37)

Note that wgr = k. On the other hand, a wave packet is composed of plane
waves of different wave numbers. In this case, the bimetric waveform is (cf.
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eq. (5.32)),
00 X 1 00 00 X ,
BR _ GR ikt _ 1 ik(t—t") GR 4/
hBR (1) /_OodkA(k:)hk = o /_Oo/_oodk:dt R A(K)RCR(#), (5.38)

where we used the Fourier transform to express A{" in terms of AR (t). Hence,
given the GR wave, h®®(t), the BR wave, hB®(t), is obtained from eq. (5.38)
together with eq. (5.36).

5.3.2 Gravitational wave echoes

The massive wave lags behind the massless one as they propagate. Due to
the finite extent of the wave packet from a binary merger, after some time the
massless and massive modes separate (decohere), see Fig. 5.2. This happens
roughly when they have propagated a distance Lgec ~ W/Av,, where W is
the width of the wave packet and Awv, is the difference in speeds between the
modes [13]. Using eq. (5.30), this can be expressed as,

4 w \2[1072eV?
Lec'\’ — ) .
¢ (0.1s) (100Hz) ( - ) Gpe (5.39)

When the modes decohere, the low-frequency oscillations stop and the physi-
cal perturbation, h, consists of a massless wavepacket propagating ahead of a
massive wavepacket. If the amplitude of both modes are detectable, there is
a possibility of detecting GW echoes (depending on the waveform of the dis-
persive, i.e. massive, wave and the difference between arrival times compared
with the observing time of the detectors). For a signal of width W ~ 0.1s
and frequency w ~ 100Hz from a source at a distance 1 Gpc, the signal is
decoherent if mpp = 1072 eV (i.e., mpp = 10'2).

If § < 45°, the amplitude of the massless mode h; ~ cos?# is greater than
that of the massive mode hy ~ sin?#. If the massless mode is detected wﬁh\ a
signal-to-noise ratio SNR; = SNR and the threshold for detectability is SNR,
the massive mode can be detected provided that hy/hy = SNR;/SNRy >

SNR/ SNR. This condition can be expressed as a constraint on the mixing
angle, tan® # > SNR/SNR. Similarly, in the case § > 45°, we get 1/tan?6 >
SNR/SNR for detectability. Summarizing, a GW echo can be detected if,

b <0 <0, with { Omin = arctan \/SNR/SNR . (5.40)

Omax = arctan y/ SNR/S/NTDL
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5.3.3 Observational constraints

Propagation velocity. In Ref. [38], a constraint on the propagation speed of
gravitational waves was set, based on the arrival time of the electromagnetic
counterpart of the GW170817 signal. The constraint is one part in 10'°. In
the regime of large mixing angle, 6, only the massive mode propagates, so
even if the massless mode arrives “on time”, it will not be detected due to
its suppressed amplitude. This is the case if § > Oy, see eq. (5.40). For

—

GW170817, the signal-to-noise ratio is SNR = 32 [134]. Here, we set SNR = 1,
and thus only the massive mode is detected if # > 80°. In this case, we must
require v, < 107'°. Using eq. (5.30), this excludes the region,

0 >80°, 1pp > 10721 eV, (5.41)

see Fig. 5.3. To get eq. (5.41), we assumed k ~ w and set w to the lowest
frequency from the signal, that is w = 27 x 24 Hz.

Distance to source. The massless wave propagates with unchanged wave-
form (no dispersion, see Fig. 5.2) but from eq. (5.32), we see that its amplitude
is suppressed by a constant factor of cos? § compared with GR, which results
in an overestimation of the reported distances to the sources. With no inde-
pendent means of estimating this distance (which is the case for all GW events
except GW170817), this phenomenon does not lead to any constraints. For the
GW170817 event with an electromagnetic counterpart, the host galaxy is iden-
tified as NGC 4993 and a GW-independent estimate of the luminosity distance
is estimated from its Hubble flow velocity and two measurements of the Hubble
constant [44,143]. The combined result is (42.9 + 3.2) Mpc (i.e., ~ 7% preci-
sion) [38]. This is consistent with the distance determined with GW data alone
(assuming GR), which is 4075, Mpc (corresponding to z = 0.00870:353) [38].
The GW170817 signal has a temporal width of W ~ 100s. Setting the
frequency equal to the minimal frequency of the signal, w = 27 x 24 Hz, it
follows from eq. (5.39) that the massless and massive modes are decoherent if
mpp = 1072%eV. The amplitude of the perturbation is proportional to 1/d,
with dj, the luminosity distance, so h should not be suppressed by more than
7% in the decoherent regime. To ensure this, we must exclude the region,

15° <60 <75°,  rpp > 1072 eV. (5.42)

Echoes. If the massless and massive modes are decoherent, the massive wave
arrives at the detector as an echo of the massless wave. The amplitude of the
massive wave packet is suppressed by a factor of sin? @ compared with a GR
signal. Due to dispersion, the amplitude of the massive wave also evolves
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as it propagates. Depending on the value of 6, the echo may or may not
be detectable. The threshold for detection of both modes is set by the SNR
according to eq. (5.40). For the GW150914 event, SNR = 24 [144], so a GW
echo can be detected only if 10° < 6 < 80°. If # = 80°, only the massive wave
is detected and if 6 < 10°, only the massless wave is detected.

For the GW150914 event, the GR-inferred luminosity distance is Lgr =
440715 Mpc [145]. This can be expressed in terms of the physical luminosity
distance as L = Lggr/cos?6. Setting w = 27 x 100Hz and W = 0.3s, the
modes are decoherent if Mmpp > 10721eV X cos@ (i.e., mpp > 10'% x cosf).

Provided that no GW echoes have been observed, we exclude the region,
10° <0 <80°, 1pp/cosh > 1072 eV, (5.43)

see Fig. 5.3. However, it should be stressed that the above conditions are only
necessary conditions for detectability of an echo. First, the GW interferometers
of LIGO/Virgo observe during finite time intervals, potentially missing an echo
during a shut down. Second, due to dispersion, the waveform of the massive
mode can change substantially as it propagates and since the current detectors
are not designed to look for such signals, it is possible that they are not detected
even if their amplitude is above the signal-to-noise threshold. For example, the
frequency of a binary system increases with time as the system merges, so the
signal emitted initially travels at a lower speed than the signal emitted later,
see eq. (5.30). As the high-frequency part of the signal catches up on the low-
frequency part, this can potentially lead to a gravitational shock wave at some
distance from the source. At an even later stage, the low and high frequency
signals switch places, possibly leading to an inversion of the initial waveform.
For these reasons, we consider the exclusion (5.43) as an indication rather than
a strict constraint. Further study is needed to consolidate the constraint.

Waveform. In the regime where there are low-frequency GW oscillations,
the massless and massive modes interfere to produce the physical waveform,
as explained in Section 5.3.1. Given that the observed GW is compatible with
GR, we exclude regions in parameter space where the observed GW deviates
more than 10% from the GR wave (here, GW150914). The bigravity GW
can be calculated from the corresponding GR wave using eq. (5.38) and the
amplitude suppression factor (5.36). The details are explained in Ref. [146].
The result can be found in Fig. 5.3.

Gravitational wave oscillations occur when the distance to the source ex-
ceeds the length scale Lo (5.34) but is below the decoherence length Lge.
(5.39). For GW150914 with w = 27 x 100 Hz, W = 0.3 s, and Lgr = 440 Mpc,
this is the case when,

1072 eV < ripp/ cosf < 10721 eV. (5.44)
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Figure 5.3: Exclusion plot based on gravitation wave observations. Blue:
propagation velocity. Orange: distance to source. Green: gravitational
waveform. Hatched: GW echoes. NB! Due to the dispersion of the massive
wave, it is not clear whether a full analysis excludes the whole hatched
region. It is a conservative constraint, that is, guaranteeing the absence of
GW echoes.

5.4 Summary

By calculating the eigenfrequencies of the gravitational waves we concluded
that the tensor perturbations are stable at the linear level.

In bimetric gravity, a gravitational wave consist of a combination of a
massless and a massive mode, see Fig. 5.2. The mixing angle § and the graviton
mass mpp are the only bimetric parameters entering the phenomenology of
binary merger systems. In the range 1072 eV < ripp < 10726V (ice., 101 <
mpp < 1013), the mixing of the mass eigenstates gives rise to low-frequency
oscillations modulating the waveform. If mpp 2> 10720 eV, the mass eigenstates
decohere before reaching the detector, hence giving rise to a gravitational wave
echo, with the massless wave arriving ahead of the massive one. However, the
echo is only detectable if 10° < 6 < 80°, otherwise the amplitude of the



5.4 Summary 93

weakest mode is too suppressed. That is, if & < 10°, only the massless mode is
observable and if 8 = 80°, only the massive mode is observable. When only the
massive wave is detectable, we must ensure that its propagation speed is the
speed of light +107'% [38]. This excludes the region (mpp = 107216V, 0 > 80°).
Since there are two tensor perturbations in bimetric gravity, the amplitude of
the GW is suppressed compared to GR. This leads to an overestimation of the
reported distance to the binary systems. For the GW170817 event with an
electromagnetic counterpart, there is an independent estimate of the distance
which leads to an exclusion of the region (rhpp = 10726V, 15° < 0 < 75°).
In the parameter range 1072 eV < rpp/cosf < 1072 eV, there are GW
oscillations modulating the amplitude on large length scales. This leads to a
modified waveform compared with GR and to be compatible with observations,
we exclude (15° < 0 < 75°,107%eV < mpp S 1072 eV). In Fig. 5.3, we
present a combined exclusion plot.

Here, the constraints were based on two events: GW150914 and GW170817.
To date, there are 90 additional GW events. Future analyses should implement
these to see how much the constraints are improved.






Chapter 6

Structure formation

The cosmological principle states that the Universe is homogeneous and iso-
tropic on large scales. Observations confirm this principle on length scales
2 100 Mpc. On smaller scales, there is structure in form of galaxy clusters,
galaxies, stars etc. The seeds of this structure is usually attributed to quan-
tum fluctuations amplified by a short period of exponential expansion, called
inflation, in an extremely early phase of the Universe (~ 1073¢s after the Big
Bang). Around 400000 years after the Big Bang, the Universe became trans-
parent to the photons and today we observe the imprint of the perturbations
at that time in the temperature distribution of the photons constituting the
cosmic microwave background radiation. To zeroth order, this radiation is
isotropic and has a temperature of ~ 2.7K, but careful observations reveal
anisotropies of the order 1075 as first observed by the Cosmic Background
Explorer (COBE) [147]. The growth of structure is a competition between
the overall expansion of the Universe and the gravitational attraction between
nearby objects, so a viable theory of gravity should be able to predict the
statistical distribution of matter, given a set of initial conditions. The conven-
tional framework to treat perturbations on length scales 1 — 100 Mpc is linear
perturbation theory [39]. On smaller scales, < 1 Mpc, linear perturbation the-
ory breaks down and N-body simulations are typically used. In this chapter,
we study perturbations around cosmological background solutions in BR.

95
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6.1 The linear equations

Linear perturbations around bimetric background cosmologies have been treat-
ed extensively in the literature, see for example Refs. [88,89,99,140, 148-156].
In this section, we follow (partly) the outline of Ref. [140]. Here, instead of
physical time, ¢, as used in Chapter 3, we use conformal time, 7, defined by
dt = adr. As we are interested in structure formation, we focus on scalar
perturbations. Tensor perturbations are studied in Chapter 5. Vector pertur-
bations are studied in Ref. [140] for example, where it is shown that they are
decaying with time (assuming a finite branch cosmology).

Assuming no spatial curvature, the general ansatz for the metrics takes the
form,

ds? = a? [~ (1+20)dr* + 20 Bda'dr + (1 — 20)d,; + 203 E) da'da’]

(6.1a)
ds} = 2a? [~ X*(1 + 20)dr? + 2X0,Bdx'dr + ((1 — 20)0;; + 202 E) da'da’| .
(6.1b)

Here, we have defined,
X =ux/y, (6.2)

and 07, = 0°/02'027. Following Refs. [140,157], we write the scalar pertur-
bation of the perfect fluid stress—energy tensor in terms of a scalar field ¥,

6T°% = —(p+p)(3¥ — 0L E — 0;x), (6.3a)
6T = —(p+ p)dix, (6.3b)
§T°; = (p+p)(0:B+diX), (6.3c)
0Ty = wim(p + p)(BY — 05 E — Oiix)0';. (6.3d)

Here, prime denotes the derivative with respect to 7. The perturbed fields
(¢, ¥, B, E, ®,V,B,F , X) depend on all space-time coordinates while the back-
ground fields (OL7 a, X, p,p) depend on 7 only. There are four scalar fields asso-
ciated with each metric and one scalar field from the perturbed stress—energy
tensor, adding up to a total of nine scalar fields. However, BR was constructed
to avoid the scalar ghost mode of Boulware and Deser, so in fact there are
only two propagating modes, corresponding to the matter perturbation and
the scalar mode of the massive spin-2 field. So, seven of these fields must be
auxiliary fields without dynamics.

At the linear level, the gauge freedom is the freedom of choosing coordi-
nates of the perturbed space-time. An infinitesimal coordinate transformation
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reads =¥ — 2" = z# + ¢*(z) with £ small. One can decompose £* into its
scalar components, (£,¢%); and its vector components, £/, where the latter
is divergenceless, 0,6 = 0. The decomposition reads, &* = (£°,0,6% + ¢&).
The freedom of choosing coordinates can be used to eliminate two scalar fields
by choosing £° and £5. Here, we use it to set x = ¥ = 0 (see Ref. [140] for
details).

Seven fields remain, of which five should be auxiliary. In the equations of
motion, only (F, E,U) enter with second-order time derivatives [140]. Hence,
(®,®, B, B) are auxiliary variables and can be eliminated from the equations
of motion. Doing so, also ¥ turns out the be auxiliary and the remaining
(E, E) are the propagating scalar modes. With our gauge choice (y = ¥ = 0),
these modes coincide with the gauge invariant parameters [140],

(2B +02x), ¢=5(0ZE+0x). (6.4)

oa\r—
Wl =

(=

Since the equations of motion are linear, it is convenient to study them in
Fourier space, using the transformation,

i 1 31 Pl 1y kit
fra') = oy /d k f(r, ki)etie' (6.5)
The equations of motion for the physical modes can be written formally as,
E’ + AE + BE = 0, (6.6)

where ET = (E, E) and A and B are 2 x 2 matrices depending on the back-
ground fields and the wavenumber & only. See Ref. [140] for the explicit ex-
pressions.

Quasistatic subhorizon limit

Here, we follow Ref. [152] and analyze the linear equations in the quasistatic
subhorizon limit, defined by k%f > H2f ~ Hf' ~ f” for any field f. This
limit is well-defined assuming that the linear equations are stable. To allow the
same limit in the f,,-sector, we also assume that H ~ H, with the conformal
Hubble parameters % = a'/a and H = @' /a. We also assume that (&, ®, ¥, ¥)
are of the same order of magnitude as (kB, ké, kK’E, kQE) Here, we choose
the Newtonian gauge with respect to the physical metric, that is, B = E = 0.
Now, one can derive the growth parameters @ (not to be confused with the
same symbol defined in Chapter 5), 7, and ~, see Refs. [152,158] for details.
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Modified gravitational constant. Here, Q(a,k) is the factor rescaling the
gravitational constant in the Poisson equation,

k2 _
2050 = Q(a, K)giind. (6.7)

where the density contrast, §, is defined as,

Pm — ﬁm
_, 6.8
— (638)

)

where p,, is the background matter density. From eq. (6.7), we see that @ =1
corresponds to the GR value.

Anisotropic stress. The bimetric stress—energy introduces an effective an-
isotropic stress, parameterized by 7n(a, k),

n(a, k) = V/P. (6.9)

In GR, the anisotropic stress vanishes for all practical purposes (after matter-
radiation equality), leading to ® = ¥, so n = 1 corresponds to the GR value.

Growth rate. The growth rate, f,(a, k), is defined as,

f,(a,k) = dlInd

= (6.10)

The parameters () and 7 can be calculated analytically, see Ref. [152]. To find
v, we need to solve the conservation equation for § (a differential equation).

Other common parameters are p(a, k), modifying the gravitational constant
in the Poisson equation for @,

k2 _
- ZEq) = p(a, k)Kgpmo, (6.11)
and the parameter 3(a, k), related to the gravitational lensing properties,

k2
— $(<I> + U) = X(a, k)Kgpmd. (6.12)
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6.2 Stability

In the early universe, the ratio of the scale factors approaches y = 0, assuming
a finite branch background cosmology (see Chapter 3). Expanding around
y = 0, assuming radiation domination wy,, = 1/3, and taking the subhorizon
limit (k > #), the linear equations (6.6) can be approximated as,

k2
E'" + EE =0, (6.13a)
'l IRl / 5k2 n 2
E"+6H(E —E)—?E+2k E=0, (6.13b)
with analytical solutions,
) _ _ :I:\/ﬁkT/3
E=cyeth/V3 = Eie(kf)g B, (6.14)

with ¢y and ¢y being integration constants [140]. Hence, E oscillates while
E exhibits an exponentially growing mode, invalidating linear perturbation
theory as E violates the assumption of being a small perturbation on the
background space-time. The exponential modes of E are due to a negative
sign k*-term in eq. (6.13b), hence it is referred to as a gradient instability.

On the other hand, in the late universe where y ~ 1, subhorizon perturba-
tions are stable [140], suggesting the possibility of pushing the unstable regime
backwards in time by choosing mgp to be large, under which the transition
from y ~ 1 to y ~ 0 is pushed backwards in time, see Fig. 6.1.

Note that the exponentially growing mode does not imply that there is
a physical instability, only that linear perturbation theory is invalid at these
times. This is not completely surprising since this framework was constructed
for GR cosmology, not general theories of gravity [159]. We also recognize the
breakdown of linear perturbation theory from the static, spherically symmetric
solutions in Chapter 4. In this case, there is a working screening mechanism
that restores GR results below a certain radius when taking nonlinear terms
into account. In Section 6.3, we present alternative ways of analyzing cosmo-
logical perturbation theory.

To determine the time before which the gradient instability is present, we
follow Ref. [155] and make an exponential ansatz for the scalar perturbations,
that is, E oc e#I"®_ assuming that w is independent of time. This assumption is
valid provided that |dw/d Ina| < |w?|. The instability is on subhorizon scales,
so we also make use of k > H. With these assumptions, the scalar equations
can be solved for the eigenfrequency, w, with the result,
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Figure 6.1: Ratio of the scale factors, y, as a function of redshift. For
increasing values of the graviton mass, mgp, the transition from y ~ 1 to
y =~ 0 is pushed backwards in time.
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(6.15)

If desired, the B-parameters can be written in terms of the physical parameters
using eq. (2.14). When w? is negative, the scalar modes are oscillating. When
w? is positive, the scalar modes are growing (or decreasing) exponentially. The
transition between the stable and the unstable regime happens when w crosses
zero and we denote the redshift at which this happens with z’. Note that the
expression within the square parenthesis can be written entirely in terms of y
and the physical parameters, using egs. (3.18) and (3.23). As an example, for
the best-fit general model cosmology of Section 3.6 the scalar perturbations
are unstable before z’ ~ 0.03, that is, relatively late in the history of structure
formation. The same holds for the best-fit self-accelerating cosmology. For the
best-fit By By Bz-model, the instability is present before 2z’ ~ 0.3.
Expanding around y = 0 (early times),

w? = (14 2wi)(k/H)* >0, y=~0. (6.16)

Since wyor > —1/2, the scalar perturbations are unstable in the early universe
(except during inflation when wyo, ~ —1 [124]). Expanding around y = 1 (late
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times),

w?=—(k/H)? <0, y~1, (6.17)

so the scalar perturbations are stable in the late universe.

We have analyzed perturbations around finite branch background cosmolo-
gies and concluded that, at early enough times, a gradient instability occurs
when applying standard cosmological perturbation theory. On the other hand,
infinite branch solutions do not have any gradient instability at the linear
level [155]. However, they are plagued by the Higuchi ghost which renders
them unviable. We face the inconvenient fact that bimetric cosmology either
exhibits a ghost (infinite branch) or a gradient instability (finite branch). Since
the latter is a practical challenge due to the framework used, rather than a
theoretical problem, we continue using the finite branch solutions and analyze
possible ways forward.

6.3 Ways forward

Exorcising the instability

The redshift at which the instability sets in, 2/, is determined entirely by the
physical parameters and the matter equation of state (cf. eq. (6.15)). As
argued in the previous section, we expect a large Fierz—Pauli mass, mgp, to
push the instability backwards in time. Hence, choosing mgp large enough, the
instability can be pushed beyond any desired redshift, in particular, back to
the inflationary epoch where wy, ~ —1 and the instability is exorcised [124].
This idea was first discussed in Ref. [160] for the By Bs-models. However, for
these models, the Fierz—Pauli mass and the mixing angle are correlated and
the mpp — 0o limit coincides with the GR limit § — 0 (keeping Q4 fixed), as
shown in Section 3.5. Exorcising the instability for these models is equivalent
to taking the GR limit, in which case the theory looses most of its novel
features. The obvious question is if the same conclusion holds for general BR
models for which 6 and mgp are independent. To the knowledge of the author,
this has not been studied in the literature, so the remaining results in this
subsection are novel.

To analyze the onset of the gradient instability for general BR models, we
make a grid scan in the physical parameter space, calculating 2’ for 2.1 x 10°
points in the range presented in Tab. 6.1, considering only points compatible
with viable background cosmology and an existing Vainshtein mechanism. The
result is that the only possibility to exorcise the instability is to let mpp be
increasingly large, as shown in Fig. 6.2. This is consistent with the results from
the B;Bs-models although for a general BR model, large graviton mass does
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Figure 6.2: Plotting 2z’ as a function of the physical parameters. In each
panel, one physical parameter is varied while the others are held fixed
at O(1) values. The qualitative behavior of these plots are general. For
example, 2’ increases with mpp also if the values of the other physical
parameters are different from unity:.

not imply small mixing angle, so there is still room for significant modifications
of gravity in this limit. The effective cosmological constant, €25, also has a
positive correlation with 2’ but large values of {2, are observationally disfavored
(see Section 3.6).

As an example, to push the gradient instability beyond photon decoupling,
2z, =~ 1100, we need mpp = 10* (i.e., mpp = 1072 V), assuming that the other
parameters are of order O(1). This means that we can use linear perturbation
theory to calculate the (large-scale) growth of structure from z, to today,
provided that we know the CMB anisotropies at z,. However, it is possible
that the quadratic (or higher-order) perturbations are of the same order of
magnitude as the linear perturbations. In this case, linear perturbation theory
breaks down even if the linear perturbations stay small. This is discussed in
the next subsection.

Since mpp — oo is not a GR limit of bimetric gravity, there are observa-
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Parameter ‘ Range ‘
0 [2°,88°]
mpp [1071,10%]
Qp [0.6,0.9]
a [—580, 10°]
6] 1,10°]

Table 6.1: Scanning range for computing z’.

tional constraints on # in this limit, coming from cosmological and gravitational
wave observations. The latter provides slightly stronger constraints, namely
f < 15° in the mpp — oo limit, see Fig. 5.3.

Vainshtein mechanism

Consider the gravitational force due to a sub-horizon size spherical inhomo-
geneity (e.g., an overdense region). Assuming that linear perturbation theory
is valid, we can integrate and transform eq. (6.7) back to real space with the
result,

W) = —Q(t, )2, (6.18)

r

for the spatial curvature W, where M is the mass of the inhomogeneity. (Here,
r is the physical distance.) On time scales much shorter than the Hubble
time, we can ignore the overall expansion of the Universe. Approximating
the inhomogeneity as static, the spatial curvature can also be written as in
eq. (4.10b), that is,

o) =~ 2 _sin? <;) [u(r) — o (r) + gu?’(r) . <), (6.19)

r g

Equations (6.18) and (6.19) describe the same system but the expressions are
inconsistent, which is apparent from the fact that ) takes different values at
different points in time while eq. (6.19) is always the same. This indicates that
the linearized solution is inapplicable and hence we need to solve the nonlinear
equations of motion. A convenient work-around was proposed in Ref. [161]
and builds on the assumption that the Vainshtein mechanism is applicable on
the growth of structure in the same way as it is on static spherically symmetric
systems, see also Ref. [50,90] for similar ideas. In this case, GR is restored well
inside the Vainshtein radius i = (2MA2)"/3, or equivalently, if the density is
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well above the Vainshtein density py = p.mip, see Chapter 4. In the cosmo-
logical context, we identify the density with §p,, and hence GR is restored if
the density contrast is greater than dy,

6m > 0y, Oy = py/pm = mip/Qn(2). (6.20)

Recall, Q,,(2) = pm(2)/pe. In the linearly unstable regime (z > 2’), a low-
density region with 4, < dy grows exponentially until it reaches the value dy
where GR is restored. Since §y is a function of time, it sets a time-dependent
lower bound on the density contrast d,,, boosting any perturbation with an
initial value less than dy. In Ref. [161], the authors analyzed the consequences
for the matter power spectrum of such a cosmological Vainshtein mechanism
for a Bi;-model. Further investigation is needed to establish the consequences
for general bimetric models.

Nonlinear solutions

When linear perturbation theory breaks down due to the gradient instability, it
is necessary to solve the nonlinear equations of motion to obtain the evolution
of cosmological perturbations. In principle, there are two types of solutions:
numerical and analytical. We do not expect the latter to be achievable in
general, but there is a particular example where it is, namely the evolution of
a homogeneous overdensity, which we analyze below. In general, the equations
of motion must be solved numerically. We study this topic in Chapter 7 and
conclude that it is a challenging task. Partial results have been obtained in
spherical symmetry [4,5,8,162-167].
In case of shared spherical symmetry, a general bidiagonal ansatz is,

dsy = —dt* + A%(t,r)dr® + B*(t,r)dQ’, (6.21a)
ds? = —a*(t,r)dt* + A%(t,r)dr® + B2(t,r)dQ%. (6.21b)
Since we are interested in the growth of structure, we let the stress—energy

consist of pressureless dust, T#, = diag(—pm(t,7),0,0,0). Plugging into the
equations of motion, from the tr-equation it follows,

_ 0.B(t,r)
Altr) = == =t (6.22)

where k(r) is a function of the radius only. The conservation of stress—energy
(V,T", = 0) reads,

O |pm(t,7) B*(t,7)0,B(t,7)| = 0, (6.23)
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That is, the expression within the square brackets is a conserved quantity. In-
side a homogeneous overdensity (or underdensity) of radius r,, an Oppenheimer—
Snyder (OS) model [168], the matter density is a function of time only,
Pm = pm(t), T <7 (6.24)
Evaluating the conserved quantity at some generic time ¢ and at an initial time
t = 0 and equating, we get,
pom(t,7)B2(t,7)0, B(t, 1) = pmo, T < T (6.25)

where pp,0 = pm(t)]i=0 and we used the freedom of choosing coordinates to set
B(t,r)|t=0 = r. Integrating eq. (6.25), results in,

B3 (t,r) = pp;'”‘(f) 3 4 b(t), (6.26)

with b(t) being a function of time only. Demanding that B is regular at the
origin, r = 0, implies that B is either even or odd as a function of r [169].
Hence, b = 0. Identifying the scale factor as, a*(t) = pp.o/pm(t), it follows,

B(t,r) = a(t)r. (6.27)

Hence, the physical metric is homogeneous and isotropic and the evolution of
a homogeneous overdensity (or underdensity) is according to a cosmological
background solution, inside the overdense region (r < r,).

To summarize so far, we have shown that a homogeneous density pertur-
bation evolves as a background cosmology and thus we obtain the analytical
solution to the nonlinear equations of motion without any approximation. This
solution can be used to estimate the growth of structure. In particular, since
the background cosmology does not exhibit any exponential divergence (on
the finite branch), the nonlinear evolution of these perturbations is regular as
opposed to exponential runaway of the linear perturbations.

In Fig. 6.3, we plot the relative difference between the GR and BR density
contrasts for the best-fit background cosmological models (see Section 3.6).
We start with an initial overdensity d(z.) = 107° and set the growth rate
(6.10) to unity and the scale factors of the background and the overdensity to
be equal at z, = 1100. To satisfy the equations of motion for the overdensity,
there is a (positive) spatial curvature € in its Friedmann equation (3.14).
For the best-fit background cosmologies, the density contrast predicted by BR
cosmology differs at most a few percent from GR.

In GR (ACDM), the growth rate can be approximated as a power-law in

Q(2)/H?(2), 2 .
fo(2) ~ !( Hf@)) Qm(z)} : (6.28)
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Figure 6.3: Relative difference in the density contrast, comparing BR
cosmology with GR (ACDM). We plot the models that give the best-
fit bimetric background cosmology (see Section 3.6). Blue: best-fit gen-
eral model (6, mpp, Qp,, f) = (11°,2.8,0.71, —5.1,34). Orange: best-fit
self-accelerating model (6, mpp, Qp, o, B) = (7°,2.7,0.70, —4.7,29). Green:
best-fit Biag-model (0, mpp, Qp,a, ) = (6°,1.6,0.70,19,19). For these
models, the relative difference in § grows from zero to a few percent.

where the exponent v, called the growth index, is a constant ygr ~ 0.545 [170].
The Euclid spacecraft (scheduled to launch in 2023) is forecasted to discrimi-
nate between models differing +0.03 in the growth index [158,171,172]. That
is, for models where f, can be fitted as in eq. (6.28) with a constant . This
is not the case for modified gravity models in general, and massive bigrav-
ity in particular, whose growth index is redshift-dependent. An alternative
parameterization of v that is employed in Ref. [158] is,

Y(z) =% +n (6.29)

142’
where 7y and v; are constants. Euclid is forecasted to distinguish (at 1lo)
between models differing £0.2 in 7y and £0.4 in 7, assuming that the model
can be approximated as in eq. (6.28) with eq. (6.29). In Tab. 6.2, we show
the theory predictions of 7y and ~; for the best-fit background cosmologies
although, for the general and self-accelerating models, the parameterization
(6.29) does not provide a good fit to the growth rate. This is due to the
temporary, rapid decrease in the dark energy equation of state at low redshifts
(see Fig. 3.13) which leads to a rapid, temporary increase in f,;. This is shown
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Figure 6.4: Growth rate as a function of redshift. Solid, colored
curves: the three best-fit bimetric background cosmologies. Dashed,
colored curves: fitting the growth rate with a function of the form
(Qn(2)/H?(2))"?®) | with () as in eq. (6.29). For the Bj-model, the
fit overlaps with the analytical solution while this functional form cannot
be used to fit the general and self-accelerating models due to their tempo-
rary spikes in f,;. Solid black curve: GR (ACDM) model with Q, = 0.7.

in Fig. 6.4, where we plot the growth rate for the three best-fit background
cosmologies. For the Bjaz-model, eq. (6.29) provides an excellent fit and its
growth index is indistinguishable from GR (with respect to the forecasted
Euclid sensitivity).

Alternatively, the growth rate can be parameterized as a step-wise function
with a fixed value in each redshift bin,

fo(2) = fi (6.30)

where 7 is an index that runs over the bins. In Ref. [158], this parameterization
is employed by dividing the redshift range 0.5 < z < 2.1 into eight, evenly
spaced bins and constraints are derived on f; in each bin. Unfortunately, the
redshift range and the large bin size makes the parameterization ineffective to
constrain the general bimetric models.



108 Chapter 6. Structure formation

‘ Model: ‘ Best-fit general(*) ‘ Best-fit self-acc(*) ‘ Best-fit Bog ‘ ACDM (GR) ‘

Yo = 0.46 0.51 0.55 0.55
Y= 0.30 0.12 —0.04 0

Table 6.2: Growth index with the parameterization (6.29). For models
that can be fitted by eq. (6.29), Euclid will be able to distinguish a modified
gravity model from ACDM if 4 or v, lie outside the range vy = 0.55+0.20
ory; = £0.4. (*)For these models, a growth index of the form (6.29) cannot
be used to fit the growth rate.

Here, we have shown that the nonlinear equations of motion for a homogeneous
density perturbation can be solved analytically. This is an Oppenheimer—
Snyder model. In general relativity, the OS model can be generalized to density
profiles with a radial dependence p,,(t,r) and the equations can still be solved
analytically [173-175]. This is called a Lemaitre-Tolman-Bondi (LTB) model.
Unfortunately, such an analytical solution is not achievable in BR, as shown
in Paper II, and the equations must be solved numerically. This subject is
treated in Chapter 7.

6.4 Summary

Standard cosmological perturbation theory was constructed with general rela-
tivity in mind and hence we should not be surprised by the fact that it breaks
down when applied to extended theories for gravity [159]. In particular, at
the level of linear perturbations, bimetric cosmology exhibits an exponentially
growing mode at early enough times. Hence, linear perturbation theory breaks
down and nonlinear terms become important, which is not to say that there
is a physical instability. In other words, the inapplicability of linear, cosmo-
logical perturbation theory is a practical problem rather than a theoretical
one. To date, finding a formulation that enables calculation of the evolution of
small perturbations on cosmological backgrounds is one of the most important
problems to solve.

In this chapter, we reviewed three possible ways forward. The first option
is to exorcise the instability to the inflationary epoch (where it disappears)
by letting the graviton mass mpp be large enough. Generically, mrp — 00
does not enforce the GR limit of the theory, which is when the mixing angle
vanishes, § — 0.

The second option to treat the growth of cosmological perturbations is to
invoke the Vainshtein mechanism, restoring GR results nonlinearly for pertur-
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bations with a density above a certain threshold.

The final option that we analyzed is to solve the nonlinear equations of
motion for the cosmological perturbations. In the case of a homogeneous
density perturbation, we showed that this can be done analytically which for
example enables calculation of the density contrast and growth rate. Using this
model, the calculated growth rate of the three best-fit bimetric background
cosmologies cannot be distinguished from a ACDM (GR) model using the
forecasted data from the future Euclid satellite. However, there is a caveat
for two of these models due to a sharp, temporary peak in the growth rate
around z ~ 0.03, see Fig. 6.4. For a general (inhomogeneous) perturbation,
the nonlinear equations of motion must be solved numerically. This topic is
treated in Chapter 7, although in a slightly different context.






Chapter 7

Gravitational collapse

In general relativity, gravity is attractive, meaning that two nearby objects
attract each other. If there are no other forces at play, a cloud of particles,
initially at rest in a static background, collapses under its own weight, possibly
resulting in an infinitely dense mass point, a singularity. At this point, space-
time itself breaks down. Gravitational collapse can take place towards the end
of a star’s lifetime when it runs out of fuel and cannot maintain the pressure
gradient which otherwise prevents it from collapse. Arguably, the most extreme
end state of this process is a black hole which is a region from which no
information can escape, not even light. The 2020 Nobel Prize in physics was
(partly) awarded for the observations of a supercompact object at the center of
our own galaxy, consistent with the presence of a ~ 10°M, supermassive black
hole. Moreover, in 2019 the Event Horizon Telescope Collaboration published
a direct image consistent with the presence of a supermassive black hole at
the center of the galaxy M87. In addition, many of the gravitational wave
events observed by the LIGO/Virgo collaboration are consistent with a pair
of merging black holes (see Chapter 5). In other words, black holes are not
only theoretical constructions but are likely to exist, even in our own galactic
neighborhood.

The statement that gravity is attractive assumes that the strong energy
condition (see eq. (7.2)) is satisfied, which is a requirement on the allowed
matter content in our Universe. In a modified theory of gravity, this condition
can be violated. Indeed, as we saw in Chapter 3, it is violated by the bimetric
stress—energy. Thus, a priori the fate of a collapsing object is completely open.
The questions that we seek to answer are: Does gravitational collapse lead to
the formation of a black hole? Can a singular end state be avoided? As we will
discover, there are several practical obstacles that must be overcome before we
can answer these questions conclusively.

111
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7.1 A (non-)singularity theorem

To demonstrate the effect of the bimetric stress—energy on gravitational col-
lapse, consider a region which is filled with massive, non-interacting particles,
hence moving along geodesics of our space-time. Consider a volume element
flowing along the geodesics. The volume expansion rate along the flow is re-
ferred to as ¢, so ¥ < 0 means that the volume decreases along the curves.
If the geodesics are non-intersecting, a decreasing comoving volume implies
an increasing matter density and in the limit ¥ — —oo, the matter density
diverges and we have a singularity. The Raychaudhuri equation describes the
evolution of ¥ and reads,

dv 1 y Y v
E = —§192 — O'MVO_M + wﬂywﬂ - RMUUMU ) (71)

with 7 being the proper time along the geodesics, U* the tangent vector of
the geodesics, 0, the shear, and w,, the rotation. See Ref. [176] for more
details. Negative terms on the right-hand side of eq. (7.1) give a decreasing
contribution to the expansion rate, and vice versa for positive terms. It can be
shown that the shear term o,,0"” must be positive. Moreover, let us assume
that there is no rotation, so wy, = 0. In this case, all terms on the right-hand
side of eq. (7.1) are negative except possibly the last one. The requirement
that also the last term is negative reads,

1
(7;,, . 57-”,19,“,) U > 0, (7.2)

and is referred to as the strong energy condition. If this is satisfied, the volume
expansion rate is always decreasing, di/dr < 0. Starting from rest ¥|;—o =
0, the volume decreases and the matter density increases continuously. In
other words, if eq. (7.2) is satisfied gravity is attractive and the massive, non-
interacting particles converge, leading to gravitational collapse.

In GR, the matter stress-energy reads 7, = T, = diag(pn,0,0,0) and
thus,

1
(TW - 5Tﬂpgw) UPUY = kiypm/2 > 0, (7.3)

and the strong energy condition is satisfied and thus d/dr < 0. We now
engage the bimetric stress—energy V,,, so that 7,, = T},, +V,,,. As an example,
consider a spherically symmetric, bidiagonal space-time,
ds? = —dt* + A*dr® + B*dQ°, (7.4a)
ds} = * [~adt* + A%dr® + B0 (7.4D)
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where ¢? is the asymptotic conformal factor between the two metrics and we
have suppressed the (¢,7) dependence in (A, B, &, A, B). Then,

| B
(VW _ 5vppgw) URUY = — 2 {Bo + 2L (ya+ 2 + 390)

Bs

+Bs (YaYa + 2YBYa) + 5

(%%—m%—%www. (7.5)

Here, we have defined,

;Yo = (7.6)

The sign of the Bj-term in eq. (7.5) is determined by B; and since a consistent
cosmology requires By > 0 (3.36), this term necessarily gives a repulsive contri-
bution which slows down or possibly avoids the gravitational collapse. On the
other hand, the By-term gives an attractive contribution if By < 0 (which is
required by consistent cosmology plus a working Vainshtein mechanism). The
contribution from B3 must be studied on a case by case basis. Due to the bi-
metric stress—energy, we cannot determine at this level whether gravitational
collapse will take place or not. This is contrary to GR where gravitational
collapse is inevitable under the conditions analyzed in this section.

7.2 A toy model

As a toy model, we consider the evolution of a homogeneous ball of dust in
vacuum. This is the Oppenheimer—Snyder (OS) model [168]. In Chapter 6,
we showed that the ball evolves as a homogeneous and isotropic solution (3.2)
so we apply our knowledge about the cosmological background solutions from
Chapter 3. In this case, the Raychaudhuri equation (7.1) is equivalent to the
time derivative of the modified Friedmann equation (3.14),
o= = o+ (1+ Buwoe)pos) (7.7)
where a is the scale factor determining physical size of the dust cloud (the ball).
As we saw in Chapter 3, the bimetric stress—energy behaves as a phantom dark
energy. In other words, the second term on the right-hand side of eq. (7.7)
is negative. Thus, the bimetric stress—energy gives a repulsive contribution in
this setup, slowing down the gravitational collapse.
As an example, consider a dust cloud of initial density pn,o = pe ~
103kg/m3. This is very large compared with the present-day critical den-
sity pmo/pe ~ 10*. In the context of cosmological background solutions,
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Figure 7.1: The Oppenheimer—Snyder model (one spatial dimensions is
suppressed). The figure shows how the area radius of a collapsing dust
cloud evolves with time. Time runs upwards. The cloud (orange) col-
lapses under its own weight, eventually resulting in a curvature singularity
(serrated line). Already before the singularity is formed, the event horizon
(blue) starts growing from the center. This is the surface traced out by the
(hypothetical) outgoing light rays that are on the boundary of reaching out
to infinity and (eventually) being deflected back towards the center. Due
to the strong gravitational field, no information which is sent out inside of
the blue surface will escape out of it.

such a density corresponds to very early times, hence negligible dark energy in
comparison with the matter density, unless mgp, «, or § are very large. The
difference here compared with cosmological solutions is that the dust cloud
starts at rest initially (a|,—9 = 0) which requires a positive spatial curvature.
This, however, does not change our conclusion about the relation between
pmo and ppgo since the equation for the ratio of the scale factors (3.18) is
unchanged under the addition of spatial curvature and so is the dark energy
ppE. We conclude that although the bimetric stress—energy gives a repulsive
gravitational contribution, the effect is negligible unless mpp, «, or 3 are very
large. See Fig. 7.1 for an example.

In Paper II, we showed that there is no static outside vacuum solution that
can be continuously matched with the inside solution for a homogeneous dust
cloud, thus Jebsen—Birkhoff’s theorem is violated in BR.

Here, we have analyzed a special model consisting of a homogeneous re-
gion of pressureless dust. This enabled us to solve the equations of motion
analytically. The natural extension is to allow for an arbitrary radial matter
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profile. In GR, this leads to the Lemaitre-Tolman—Bondi model which is also
an exact solution. As we show in Paper II, unfortunately, in BR there is no
exact solution and the equations of motion must be solved numerically which
we do in Section 7.4.

7.3 Generalized Vaidya solutions

Besides the Lemaitre-Tolman—-Bondi solution (of which the Oppenheimer—
Snyder model is a special case), the Vaidya space-time is a well-studied analyti-
cal solution of gravitational collapse in GR. The latter describes the spherically
symmetric inflow (collapse) of null dust from radial infinity towards a center.

General relativity

In ingoing Eddington—Finkelstein coordinates, the Schwarzschild metric reads,
2
ds> = — (1 _ —m) dv? + 2dvdr + r2d02, (7.8)
r

where m is the constant mass of the source. Letting m be a function of v
promotes ds® to a Vaidya metric [177]. In this case, the Einstein tensor is
nonzero and a nonzero stress—energy tensor must be introduced. We employ
Synge’s method and declare the stress—energy tensor to be whatever the Ein-
stein tensor evaluates to, so that Einstein’s equations are satisfied. Doing so,
we have to check that the stress—energy arises from a reasonable matter model,
for example by imposing energy conditions on T*,. This is rarely the case,
with the Vaidya metric being an exception.
The stress—energy takes the form,

Oym(v)

T = 2T

Ly, 1, =—0v. (7.9)
Here [, is an ingoing radial null covector. The weak, strong, dominant, and
null energy conditions are satisfied if d,m(v) > 0. The stress—energy (7.9) rep-
resents an inflow of massless particles towards the center r = 0. For example,
starting with m = 0, the metric is flat Minkowski initially. When m increases
there is an intermediate Vaidya region and when m reaches its final value, a
Schwarzschild black hole is obtained, see Fig. 7.2.

The Vaidya metric can be generalized by including an r dependence of
m [178,179]. With,

MV, 7) = Mipass (V) — % + ﬁ 3

1
5 T (7.10)
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m(v)

(b)

Figure 7.2: A Vaidya space-time. (a) Radial null geodesics (RNG).
Outgoing RNG in blue and ingoing RNG in gray. The serrated line is the
singularity and the event horizon (EH) is dashed. Inside the EH, all light
rays end up in the singularity while the outgoing light rays outside the
EH reach out to infinity. (b) The black hole mass as a function of time v.
Initially, the mass is zero and we have a Minkowski space-time. Then m
increases for some time until reaching the final constant black hole mass,
in which case we have a Schwarzschild space-time. Panel (a) and (b) have
the same vertical axis.

Mmass(v) is the mass of the black hole, Q(v) enters as an electric charge [180,
181], and A a cosmological constant. The stress—energy can be decomposed
as,

T = pluly + 2(p + )l + PGy, (7.11)
with ingoing and outgoing null covectors,
1 2
l,=-0n, n,= 3 (1 — —m> v + 0, (7.12)
r

respectively. Introducing an orthonormal frame with basis vectors E*, [179],

e "+ nt o F —nt

(0 = V2 W=

E# = 16”07

= ®» = amg® e (713)
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the stress—energy can be projected onto this frame with the result,

w/24+p  wu/2 00
2 u/2—p 0 0

Ty =Ty Brpy— | M2 #2P . (7.14)
0 0 p o0

0 0 0 p

Thus, the stress—energy is of Type II in the classification of Hawking and
Ellis [182] and 4 can be interpreted as the energy flux in the direction E* ), p
is the tangential pressure, and p is related to the energy density (as measured
by the observer associated with this orthonormal frame).

The dominant energy condition reads,

p>0, p>P>0. (7.15)

If it is respected, the weak and strong energy conditions are also satisfied.

Bimetric gravity

The ansatz is,

2
dsz =— (1 — m(v,r)) dv® + 2dvdr + r*d§?, (7.16a)
r
o
ﬁ%mﬂ_@_”mwgm%mmm+ﬂm2, (7.16b)
r

with ¢ constant. With eq. (7.16), the bimetric stress—energies read,

A 00 0
n2em2, "~ "™ A 0 0
kgVH, = — SRR T , (7.17a)
0 0 A O
0 00 A
A 0 0 0
N 1 29p2 MM R 0
g VH, = —— | TR N , (7.17b)
¢ 0 0 A O
0 0 0 A

where mpp is the dimensionful Fierz—Pauli mass and the cosmological constants
of the two sectors are defined according to,
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A= 3H§QDE‘y:1 = Hg(BO + 3Bl + 332 + Bg), (718&)
2

/N\ = 3Hg§DE|y:1 = 9

—0_ (B, + 3B, +3B; + By). (7.18b)

If the metrics approach a proportional de Sitter solution asymptotically, the

cosmological constants coincide, A = A. With eqgs. (7.16) and (7.17), the
bimetric conservation law (2.8) reads,

(B1+ 2By + B;) [(m —m) —r0.(m —m)] = 0. (7.19)

There are two branches of solutions, corresponding to setting each of the paren-
theses to zero.

Branch I. The first branch is obtained by setting,
By + 2By + B3 = 0. (7.20)

Naively, this corresponds to setting mgp = 0 (cf. eq. (2.13b)) but note that
due to the vanishing Jacobian determinant the physical parameterization is not
applicable in this special case and we have to stick with the B-parameters. In
the rest of the thesis, we have always assumed By +2Bs+ B3 > 0, corresponding
to a positive graviton mass. With eq. (7.20), the bimetric stress-energies (7.17)
reduce to cosmological constant contributions so that,

G", + A", = kT, (7.21a)
G*, + Ao*, [t = 0. (7.21b)

Integrating the f-sector equations of motion results in,

A .
m(v, ) = Mumass + grd, (7.22)

where M.¢ iS an integration constant. Thus, the second metric is Minkowski,
dS, AdS, Schwarzschild, SdS, or SAdS dependlng on the signs of My and
A Ifm Mmass 7= 0, the Kretschmann scalar (RWWRW’)") reveals that there is a
curvature singularity at the center » = 0. This is covered by the event horizon
of fiu.
The equations in the g-sector are solved using Synge’s method and we can
AT’S.

set,
Q) A

2
2r 6 (7.23)

m(v, 1) = Mupass(V) —
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m(v)

/

Figure 7.3: Bimetric Vaidya space-times, Branch I. (a)-(b) Outgoing
RNG of g, (blue) and of f,, (red). The ingoing RNG (gray) are shared
between the metrics. The event horizons are dashed. The null cones of the
metrics are drawn at a common point. Here @ = 0 and A = A = 0. (a)
Mmass = 1.2Mmass. At 7 = 0 there is a curvature singularity with respect
to fuu, stretching from v = —oo to v = +o00. This is only partly covered
by the g, event horizon. (b) Muass = 0. The singularity is covered by the
g event horizon but there is no event horizon with respect to f,,. (c)
Mass Mupass(v) as a function of advanced time v. The plots have the same
vertical axis. Figure reprinted from Paper VI under the terms of Creative
Commons Attribution 4.0 license.

()

Since the bimetric stress—energy gives a cosmological constant contribution,
the matter stress—energy generated by eq. (7.23) has the same physical inter-
pretation as in GR. The end state of gravitational collapse is reached when
Mmass and ) reach constant values. If ) = 0, the end state corresponds to a
static, spherically symmetric, non-bidiagonal black hole [128]. If @ # 0, the
end state is a non-bidiagonal, charged black hole [183].

A notable property of the solution is that the curvature singularity of f,,
at r = 0 is naked with respect to g,,. The event horizon of g,, covers the
singularity only partly as can be seen in Fig. 7.3(a). An observer approaching
r = 0 at early times does not note anything special, but when reaching the
center, the worldline ends suddenly. On the other hand, with m ., = 0, the
singularity is covered with the event horizon of g,, but is naked with respect
to fu, see Fig. 7.3(b). This raises the question of cosmic censorship. Are
naked singularities ubiquitous in this theory or just a feature of this particular
solution?
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Branch Il. Here, we solve eq. (7.19) by setting the second parenthesis to zero.
The equations of motion in the f-sector can be integrated with the result,

2 av mass
m(vv T) = mmass(v) + ETB + m (U>, (724&)
A
+ 67"3.

2072
cos? 0 mip r

m(v,7) = Mpass(V) (7.24D)
The metrics approach a proportional de Sitter solution as r — oo, hence
the cosmological constants of the two sectors can be identified, A = A If
desired, a flat asympotic structure can be obtained by setting A = 0. The
end state of collapse is reached when my.ss = const. From eq. (7.24) we see
that the end state is a proportional SdS black hole. In this regime, the event
horizons of the two metrics coincide, as required by the theorem of Deffayet
and Jacobson [184].
The stress—energy is declared to be,

T, =k, 'G', + V¥, (7.25)

and the resulting T*, takes a slightly complicated form involving first and
second derivatives of muyass(v) as well as an explicit  dependence, see Paper VI
for details. The stress—energy is of Type II in the classification of Hawking and
Ellis [182] and has an equation of state parameter w = p/p = 1, describing
an ultrastiff fluid [185]. In this sense, these solutions require a very particular
fluid.

It is not obvious how to assess whether this stress—energy can be regarded as
physical. In bimetric theory there are several stress—energies (T*,, V#,, T*,,
etc.) and it is not clear what energy conditions should be applied to each one
of these. There is only a small amount of literature on the subject [186, 187].
Imposing the weak, strong, and dominant energy conditions on the matter
stress—energy (7.15), the result is,

By 4+ 2By + B3 <0,  OyMmass(v) >0,  9*mipass(v) <0, (7.26)

for an accreting black hole (i.e., OyMpass(v) > 0). This implies that 0, mMpass (V)
is discontinuous at the point where it starts to increase from zero. For an ex-
ample, see Fig. 7.4. For the energy conditions to apply, we need to require that
the massive spin-2 field is tachyonic around proportional background solutions
(mip < 0). Interestingly, a similar condition is found empirically in Section 7.4
for the numerical solutions of gravitational collapse. Since the Branch II met-
rics are proportional when they have reached their end states (that is when
Mmass = const. ), this signals an instability for this solution branch [188].
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m(v)

Figure 7.4: A bimetric Vaidya space-time, Branch II. (a) Outgoing
RNG of g, (blue) and f,, (red). The ingoing RNG (gray) are shared.
The event horizons are dashed. Here, the EH of g, lies inside that of f,,
until they join as the mass reach the final (constant) value. The null cones
of the metrics are drawn at a common point. At (v > 0,7 = 0) there is
a curvature singularity. (b) Mass m.s(v) as a function of advanced time
v. Initially when v < 0, g, and f,, are flat Minkowski metrics. Then
Mmass Starts increasing until reaching the constant mass end state when
g, and f,, are Schwarzschild metrics. Panel (a) and (b) have the same
vertical axis. Figure reprinted from Paper VI under the terms of Creative
Commons Attribution 4.0 license.

7.4 Numerical solutions

To solve the equations of motion numerically, we make a 34+1 decomposition of
our space-time into space+time. Here, we give a rough picture of the process.
For details, see for example Ref. [32,162,167]. We start by defining a time
function, ¢, whose level surfaces are three-dimensional spacelike hypersurfaces
that foliate our space-time, see Fig. 7.5. The induced metric 7;; is the geometry
measured by an observer living on one of the time slices, ¥; say. It is defined

by,

Ozt Ox”
i = A~ 9uv, 7.27
rYJ ayZ ay] gp ( )
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Figure 7.5: Schematic representation of the 3+1 decomposition. z* and
x'(t+dt) denote two points with the same spatial coordinate at two instants
of time, ¢t and ¢ + dt respectively. The coordinate increment dz* can be
written dz* = antdt + (B'dt + dz')dz* /Ox'.

with y® being the coordinates imposed on ¥;. Taking a small step along the
normal direction n# from the point z* on the t-slice to the (¢t + dt)-slice, we
end up at the coordinate z* + antdt. Here, we have introduced the lapse a.
Generically, the spatial coordinate z* shifts when taking such a step. To return
to the same spatial coordinate z'(t + dt) we have to take an additional step
Bidt where ' is referred to as the shift. The proper distance between two
points separated by a coordinate distance dz* is,

ds® = g,,dr"dz”. (7.28)
On the other hand, from Fig. 7.5 we see that we can also write this as,

ds® = g (an*dt)(an”dt) + v,;(da’ + B'dt)(da’ + p/dt) =
= —a?dt? + v;;(da’ + Bldt)(da? + pidt), (7.29)

where we have used ;; to calculate the proper distance between points on the
hypersurface and used the fact that n*n, = —1. This is the 3+1 decomposition
of the metric into lapse «, shift 3%, and the induced metric 7;;. From this
construction, one can see that the lapse and the shift are related to our choice
of coordinates. Setting the shift to zero, the lapse encodes the proper time
between points of the same spatial coordinates at the different time slices,

dr = a(t,2")dt

sio- (7.30)
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Besides the induced metric describing the intrinsic geometry on each time
slice, the extrinsic curvature K;; encodes the way in which the hypersurfaces
are embedded in the four-dimensional manifold, and is defined as,

ozt Ox¥

In fact, Kj; is related to the first time derivative of ;;.

Writing the Einstein equations in these variables, the lapse and shift en-
ter as nondynamical variables and are determined by our coordinate choice.
The equations split into 4 constraint equations (one Hamiltonian constraint
and three momentum constraints) and 6+6 evolution equations for ~;; and
K;;. The constraint equations do not involve any time derivatives and do not
contain the lapse or the shift. The evolution equations are first order in the
time derivatives of v;; and Kj;;. In the free evolution scheme, we solve the con-
straint equations on the initial hypersurface only and evolve the fields using the
evolution equations. The constraints are preserved during the evolution [189].

In BR, the first thing to note is that although we have two metrics, we
still have the freedom to choose only one set of coordinates. This is a source
of additional complications in this theory. First, we must ensure that there
is a common timelike direction and a common spacelike hypersurface with
respect to the two metrics. This is indeed the case [81]. There are two induced
metrics v;; and 7¥;; and two extrinsic curvatures K;; and K;;, one for each
metric. The number of evolution equations is doubled as well as the number of
Hamiltonian and momentum constraints. There are two lapses and two shifts,
o, &, B¢, and B, Asin GR, these are nondynamical and the coordinate freedom
is sufficient to fix one set of lapse and shift. The projection of the bimetric
conservation law (2.8) results in an additional constraint and its preservation
in time yields an additional constraint in form of a relation between the lapses
of the two metrics. These remove the Boulware—Deser ghost and thus have no
correspondence in GR. For details see Refs. [8,162-164, 167].

In spherical symmetry, the metrics can be decomposed as,

ds? = —a’dt* + A% (dr + Bdt)* + B2dQ?, (7.32a)

ds} = —a’dt* + A*(dr + Bdt)* + B2dQ?, (7.32b)

with the metric components depending on ¢ and r. The components of the
extrinsic curvatures are denoted,

Ki=K",, Ky=K’% =K%, K =K', K=K,\=K% (7.33)

In this setup, we start with 8 dynamical variables, (A, B, K1, K>, A, B, K, f(})
and 4 nondynamical variables, («, 3, @, 3). There are 2 coordinate freedoms
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(leaving the angular part untouched), reducing the number of true dynamical
variables by two and determining one set of lapse and shift, for example «
and . Further, there are six constraint equations of which two determine the
other set of lapse and shift, in this case @ and B , and the other four impose
constraints on the dynamical variables. In the end, we have 8 — 2 —4 = 2 true
dynamical degrees of freedom corresponding to one propagating mode. In GR,
the counting ends up with zero. This is yet another evidence of the violation
of Jebsen—Birkhoff’s theorem and the existence of a propagating scalar mode
in massive gravity.

Initial data. Here, we measure the radius and time coordinates in units of
the final black hole mass (up to some numerical factor of order unity). In
Paper VII, instead of the two shifts 8 and 3, we use the mean shift ¢ and
relative shift p between the metrics, see Appendix C for the definitions. The
first step is to solve the constraint equations on the initial hypersurface, see
Fig. 7.6 for examples and Appendix C for the equations. For simplicity, we do
this at a moment of time symmetry, that is, when K; = Ky = K; = Ky = 0.
This implies that p = 0, hence the metrics are bidiagonal at t = 0. To simplify
the constraints, we also assume that the metrics are conformally flat initially
and that they approach g,, = ¢ 2f,, = 7,, asymptotically as r — oo. In
Paper VII, we use the rescaling invariance to set the conformal factor ¢ to
unity. Here, we restore the factor and report the results in terms of rescaling
invariant parameters. For the matter content, we take a pressureless perfect
fluid (dust) with a profile similar to a Gaussian distribution (see Paper VII).
As seen in Fig. 7.7, 95 % of the total rest mass of the object is contained within
a few Schwarzschild radii, similar to the case of a neutron star. In GR such a
dust cloud would collapse to a black hole within less than ~ 1 ms.

The B-parameters used here range from ~ 1074(rg/rg)? to ~ 10(rg/rs)?
where ry is the Hubble radius and rg is the Schwarzschild radius. Since the
Hubble radius is much greater than the Schwarzschild radius even for a super-
massive black hole, the B-parameters are much greater than unity. In fact,
B,, 2 10* in our examples. For parameters closer to B,, ~ 1, which is typical
for cosmological models with modifications to the late-time accelerated expan-
sion, the bimetric contribution to the constraint equation scales down with
a factor of at least 10%° compared with the examples considered here. Thus,
we expect gravitational collapse to proceed according to GR with negligible
corrections. This is in line with the conclusion of Section 7.2.

Remarkably, we found empirically that it is necessary to require,

B1 + 2B2 + B3 < 0, (734)

to have regular initial data in this setup. If we set the expression in eq. (7.34)
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Figure 7.6: Initial data for A and A. The oscillations in r are generic
for the initial data with m2p < 0 and increase in frequency with increasing
|mpp|. In the GR limit & — 0, GR is approached as expected, see (c)-(d)
which exhibit small values of the mixing angle. In panel (b), we show
initial data with m#p > 0. In this case, A diverges at some radius. In each
panel, the nonzero B-parameters are stated. Reprinted from Paper VII
under the terms of Creative Commons Attribution 4.0 license.

to be positive, the metric fields diverge at a finite radius. See Fig. 7.6(b) for
an example. The condition (7.34) is equivalent to demanding that the Fierz—
Pauli mass is tachyonic (i.e., imaginary), see eq. (2.13b). However, this does
not imply that the theory itself is pathological but signals an instability of
the background solutions around which the combination B; + 2B3 + B3 can
be identified with the sign of the squared graviton mass [188] (in this case,
the proportional solutions f,, = ¢?g,,). Discarding the proportional solutions
forces us to look for other types of flat solutions. Although such solutions
exist (see Paper I), they are basically unexplored and should be investigated
further.

The nonlinear initial data equations are solved numerically. Nevertheless,
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far away from the source, the solution approaches flat Minkowski at ¢ = 0. In
this weak-field regime, we can study the solution by analyzing the linear per-
turbations around this background (assuming that linear perturbation theory
is valid). The perturbatlve ansatz is (7.32) witha =1+®, B/r = A=1-1V,
a=14®, A=1-0, B=12(1+6B),and = ﬁ—Oand(q)\If@\I/(SB)<<1
by assumption. Due to the requirement of a tachyonic graviton mass (7.34),
instead of the ordinary Yukawa decay (4.6), the potentials oscillate,

1 4tan®0

® = —M cos® 0 ( 4 oA 08 (wr/r5)> , (7.35a)
T 3 T
1  2tan®0

U = — M cos*0 ( + an veos (wr/r5)> , (7.35b)
T 3 T

with,
2B, +2B,+ B
Y= w (LS) e Rk N - (7.36)
TH sin“ 0 TH

Hence, the Newtonian 1/r fall-off of the gravitational potentials is modulated
by a cosine function which explains the radial oscillations in the initial data.
The oscillation frequency w scales with the square root of the B-parameters.
This behavior is observed also for the nonlinear solutions (see Paper VII),
confirming the validity of the linear perturbations in this regime.

As discussed in Chapter 4, the deviation from an inverse square law of
gravity should not exceed one part in 10 on solar-system scales. Hence, we
may demand that the amplitude of the oscillations should comply to,

tan®0 < 1077, (7.37)

Naively, we could also demand that the oscillation period is much greater than
the size of the system so that the potentials are rescaled with constant factors
over the length scale which is probed (L). That is,

1 fwlN\?
“ (=) <107 7.38
2 < s ) ~ ( )
However, with a small w, the vDVZ discontinuity reappears. In the small w
limit,
1) 1+ 4tan®@
—=—3 (7.39)
¢ 1l+tan®d

so that light bending observations are violated, see Chapter 4.
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Figure 7.7: Lagrange shells of collapsing matter (solid curves) with
initial data according to Fig. 7.6(c). The vertical, dotted lines are the
initial positions of each shell. A Lagrange shell is the surface within which
the total rest mass takes a particular value. Here, 95% of the rest mass
is contained within the outermost shell. Reprinted from Paper VII under
the terms of Creative Commons Attribution 4.0 license.

Evolution. After solving the constraint equations, the next step is to evolve
the fields in time. However, it has proved difficult to obtain a long term evo-
lution. For the system to relax to a supposed final black hole, the simulation
is expected to run until ¢ ~ 100 whereas only the region ¢ < 10 is covered by
the simulations. One example can be seen in Fig. 7.7. At larger ¢, there are
significant numerical errors. A main contribution to these come from round-
off errors when calculating the ratio of the lapses and its radial derivatives.
The former expression is derived from the preservation of the so-called sec-
ondary constraint and can be found in Ref. [164]. Nevertheless, by making
many different runs with different parameters, we observed that as long as the
numerical errors are small, the evolution follows GR closely if we start with
initial data close to GR.

We can also note that bidiagonality is not preserved during time evolution.
That is, even if we start with bidiagonal metrics so that f|,—g = B li=0, at
the next step in time the shifts do not coincide f|i—a¢ # B li=a: and hence
the metrics are not bidiagonal. This can be seen by evaluating the constraint
(C.8).
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7.5 Summary

In bimetric gravity, due to the interaction between the two metrics, the stan-
dard energy conditions are broken. This implies that the standard singularity
theorems do not apply and that there can be repulsive gravitational contribu-
tions, possibly preventing gravitational collapse from taking place. This can
be shown using the Raychaudhuri equation. The ultimate question we want to
answer is: What is the end state of a cloud of pressureless (i.e., dust) particles?
Does it collapse to form a black hole? Does a singularity appear?

To answer these questions, we first studied a setup due to Oppenheimer
and Snyder, modeling the evolution of a homogeneous, spherically symmetric
dust cloud. The conclusion is that although the bimetric contribution is nec-
essarily repulsive, preventing collapse, the effect is negligible unless the theory
parameters mgp, o, 3> 1.

We also studied generalized Vaidya solutions in BR, describing the for-
mation of a black hole by spherically symmetric accretion of massless dust
particles. The solutions require a tachyonic or vanishing graviton mass (i.e.,
m2p < 0). In the case of vanishing graviton mass, the bimetric stress—energy
yields a cosmological constant contribution and the gravitational collapse pro-
ceeds as in GR. In the case of tachyonic mass, a very particular type of fluid
is required that accretes in a very specific way, so we must be careful about
drawing any general conclusions from this solution branch.

For more realistic setups, the equations of motion must be solved numer-
ically (which is the case also in GR). This is done by splitting space-time
into space+time, solving the constraint equations at an initial time slice and
then evolving the fields using a set of evolution equations. Doing so, it is
important to choose coordinates that allow for a numerically stable solution
scheme. A fundamental complication in BR compared with GR is that there
are two metrics but still only one set of coordinate freedom. We solved the
constraint equations for the initial data in spherical symmetry. Unfortunately,
when evolving the solution in time numerical errors accumulate quickly and
invalidate the solution before reaching the end state of gravitational collapse.
Additional work is needed to establish a framework for (numerically) stable
long-term evolution. However, for initial data close to GR, the solution stays
close to GR as long as the numerical error is small. Remarkably, to have regular
initial data in this setup, it is required that By + 2By + B3 < 0, corresponding
to a tachyonic graviton mass around proportional background solutions where
fuw = ¢*gw. This signals an instability for these types of background solutions
that are traditionally used to model for example flat space-times. Discarding
these solutions forces us to study a previously unexplored regime, including
flat space-times where the metrics are not proportional. Alternatively, it is
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possible to relieve some of the assumptions that we make when solving the
initial data equations for gravitational collapse. Possibly, that would allow for
stable initial data with By + 2By + Bs > 0. More work is needed in this area.






Chapter 8

Summary and outlook

Let us take a step back and reflect upon the results presented in this thesis.
Bimetric gravity is a ghost-free theory of massive gravity, exhibiting both a
massive and a massless spin-2 field. The theory has a continuous GR limit as
well as a continuous limit to dRGT massive gravity, thus embracing these two
theories in a unified framework. The theory has five, free, constant parameters:
the mixing angle 6 between the two spin-2 fields, the mass of the massive
graviton mgp, the effective cosmological constant {25, and two parameters, «
and f3, that are (among other things) related to the screening mechanism which
restores GR results on solar-system scales. GR is retained in the limit § — 0
and dRGT massive gravity is approached as 6§ — m/2. As the title of this
thesis states, the main question is if Einstein’s theory of general relativity is
the final theory of gravity. In this context, it can be formulated as the question
whether § = 0 or not. To answer this, we have confronted the theory with a
wide range of observational tests and the result is summarized in Fig. 8.1.

Fig. 8.1 is a combined exclusion plot in the plane of the mixing angle and
the graviton mass, compiling all constraints that have been discussed in the
thesis.

o The constraints from local observations is due to solar-system tests and
gravitational lensing on galactic scales. The excluded region in Fig. 8.1
is very conservative since it assumes that a and [ are not large. If
a > 1 or > 1, the constraint disappears. If the graviton mass is
above mpp 2 0.1eV, the Compton wavelength of the massive graviton is
smaller than A\, < 1 pm which is below the smallest distance probed by
gravitational experiments. In this case the Yukawa term is exponentially
suppressed and GR is retained.

o Cosmological data gives an upper bound on the mixing angle § < 30°.
Here, we used data from type Ia supernovae (SNIa), a constraint on the
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present-day matter density due to measurements of the X-ray gas frac-
tion in galaxy clusters (XCL), and data points from the cosmic microwave
background (CMB) and baryon acoustic oscillations (BAO). Note that
we used CMB and BAO data in a very conservative way, fitting only the
ratio of the CMB and BAO distance scales. The reason being that there
is no established framework for treating cosmological perturbations in
bimetric gravity (see Chapter 6) and hence we use the data in a combi-
nation which eliminates the dependence on this as much as possible.

 For large values of the graviton mass (mgp > 1), the expansion history
of the early universe is modified which affects the predicted abundance of
the light elements as produced during Big Bang nucleosynthesis (BBN).
To be compatible with the observed abundances, the mixing angle is
constrained to be 6 < 18° in this region.

« Concerning gravitational waves (GWs), remember that there are two
spin-2 fields in the theory, one massless and one massive. Hence, the
theory can be compatible with GW observations either if the mixing
angle is small enough so that the physical metric is aligned with the
massless mode or by letting the graviton mass be small enough so that it
does not affect the GW propagation over the relevant distances (~ Gpc).

o The Higuchi bound is necessary to avoid a pathological instability in our
cosmological solutions. This yields a lower bound on the graviton mass.

o If we are interested in self-accelerating cosmological solutions we have to
impose the constraint sin® 6 < 2Q, /m?p (3.68).

For self-accelerating solutions to contribute with significant modifications of
the cosmological expansion history (i.e., 6 # 0), the graviton mass must be of
the order of the Hubble scale, mpp ~ 10723 eV. In this regime, the mixing angle
can take values all the way up to 6 ~ 30°, representing a substantial deviation
from the GR limit. For general bimetric models, there is also a viable region
for mpp 2 0.1eV. Here, gravitational wave observations set an upper bound
0 < 15°. There is also a viable region between 10727 eV < mpp < 1072° eV
where the Vainshtein screening mechanism restores GR on solar-system scales
but the linearized solution is applicable on galactic scales, restoring GR by
virtue of suppressing the Yukawa term. Here, again 6 < 30°.

As seen in Fig. 8.1, if we adopt all of these constraints, a large portion
of the parameter space is excluded. On the other hand, the mixing angle
can still reach values up to 30° when the graviton mass is of the order of the
Hubble scale, which is precisely the region where there are modifications of
the late-time expansion history of the Universe. We should also remember
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Figure 8.1: Exclusion plot in the #mgp-plane. The colored regions can
be excluded. Blue hatched: Constraints from local tests of gravity, that
is, due to solar-system tests and strong lensing in galaxies. The region is
hatched since the constraint can be alleviated by choosing « or 8 to be
large enough. Orange: cosmological tests due to CMB/BAO+SNIe+XCL.
Green: constraint due to the observed abundance of the light elements
as predicted by BBN. Red: gravitational wave observations. The hatched
region is due to absence of observed GW echoes. However, it is not clear
that such events would be detected by the current GW searches. Gray:
demanding absence of the Higuchi ghost. Purple: excluded region by re-
quiring existence of self-accelerating cosmological solutions. For the self-
accelerating models, there is a viable region around mgp ~ 10733 eV. For
general bimetric models (to which the purple constraint does not apply),
there are additional viable regions for 10727 eV < mpp < 1072 eV and
mrgp z 0.1eV.
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that although the allowed region appears narrow, there are three additional
dimensions in the parameters space, not shown in the figure. So, there is in
fact a rich spectrum of cosmological models in the viable region. An important
question is if this rich spectrum of allowed cosmologies is a result of the conser-
vative use of CMB/BAO data. To make use of the full information contained
in CMB and BAO, we must be able to treat perturbations on cosmological
backgrounds. In Chapter 6, we derived the full, nonlinear solution for a homo-
geneous and isotropic overdensity on a cosmological background. This gives us
a hint of what can be expected in the general case but a complete framework
that allows modeling of arbitrary perturbations is still lacking. If we want to
make further progress in this theory, this is arguably one of the most pressing
issues to solve.

In Fig. 8.1, we show only two of the five dimensions in the parameter
space. The effective cosmological constant must take values Q4 = 0.717023 to
be compatible with cosmological observations. The parameters o and 3 are
constrained by the absence of the Higuchi ghost (see Fig. 3.7). An additional
constraint is added if we also want to require a working Vainshtein screening
mechanism (see Fig. 4.1). These two constraints are complementary, basically
excluding negative values of 5 and some negative values of «, see Fig. 4.2 for
details.

Arguably, the greatest challenge to BR at present is computational: Given
the breakdown of linear perturbation theory, how can we model the evolution
of perturbations on cosmological backgrounds? What is a suitable framework
for numerical bimetric relativity that would enable for example the calculation
of gravitational collapse or the merger of a binary system? As we saw briefly in
Chapter 7, even the spherically symmetric case presents a formidable challenge
and a numerically stable evolution could only be obtained for a short amount
of time. These are questions that must be answered in the future to fully
understand the phenomenology of bimetric gravity.

Bimetric gravity passes the observational tests that we have implemented,
without being pushed towards the GR limit and it even fits data slightly better.
In short, gravity can be massive. On the other hand, GR (i.e., # = 0) was not
excluded, which is of course expected since GR fits data very well with only a
few exceptions (including the discrepant expansion rate of the Universe). So,
given the increased complexity of the theory, what did we gain? Does it solve
any of the problems that motivated us to look for new theories of gravity in
the first place?

o The theory does not solve the fine-tuning problem related to vacuum en-
ergy and the accelerated expansion of the Universe. However, we gained
a dynamical dark energy component which gives rise to an accelerated
expansion of the Universe, without a cosmological constant.
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o We obtained a much more flexible set of cosmological models, not cap-
tured by standard parameterizations. This might help in alleviating
current and future observational anomalies. The prime example of a
current anomaly is the discrepancy between the measured value of the
Hubble constant using probes in the nearby versus the distant Universe.
Two main tracks that have been pursued in the literature is to modify
the expansion history in the late universe or in the early universe. Bi-
metric gravity can provide both types of modifications within a unified
framework. There is some work in the literature on this topic, but only
analyzing special bimetric submodels [70,90,190]. An exploration of the
full parameter space with respect to the Hubble tension is still lacking.

o Bimetric gravity can have two important effects on the dark matter prob-
lem. Due to the Vainshtein screening mechanism, the gravitational force
is effectively increased in strength towards the edge of a galaxy, thus
reducing the need to dark matter. However, the effect is not enough to
completely get rid of dark matter [9,72]. Another feature is that the mas-
sive graviton can constitute a dark matter particle candidate. However,
to provide a viable dark matter particle, the theory is pushed towards a
limit where it becomes indistinguishable from GR [52].

So, was Einstein wrong? The answer depends on your standards of right and
wrong. The answer is apparently “no” in the sense that his theory of general
relativity gives an incredibly precise description of gravitational phenomena
on a very wide range of length scales. However, taken all together, there are
indications that general relativity is not the definitive theory of gravity. In
that sense, the answer is “yes”. The question is then: What is a better theory
of gravity that can explain some (or all) of the gravitational anomalies? We
have shown that gravity can indeed be massive which is an interesting result
in and of itself. Although the theory gives us a dark energy candidate, we did
not manage to fully solve any of the grand puzzles in modern gravity. The big
questions remain to be answered in the future.






Appendix A

List of analytical constraints

Cosmological constraints. A real-valued expansion rate in the late universe
requires,
QA > 0. (Al)

For the matter density to be positive in the early universe, we must demand,
14+2a+5>0. (A.2)

To exorcise the Higuchi ghost, the necessary and sufficient conditions are,

mip - 1 3sec? 6 Sp (A3)
200~ 24/B(3tan?0 52 — B) + So(1 — a+ B — 3tan? fla + [])’ '
and,
> —1/2
a>-1z (A.4a)
6>—-1—- 2«
< —1/2
‘e / ) , . (Adb)
B>15 (Sl +2a [1—3ta1129 =6+ 3a — Sl] + T30 — 6)

with the definitions,
So =1+ 2a+ 5, (A.5a)
Sy = \/9(1 + )? — 12(1 + 2ar) cos? 6, (A.5b)
Sy = \/3 sec2 0 [—1 — 2a + 3a2 + 3tan? H(1 + «)?]. (A.5¢)
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Vainshtein constraints. Here, we list the necessary and sufficient conditions
for a working Vainshtein mechanism to exist,’

p>1, (A.6a)
a>—4/8, (A.6b)
(a+/8) (ady + ds) > 0, (A.6c)
where,
di =1+ 3tan?6 — 6,/Fsec’ 0 + 38 sec? 0, (A.7a)
dy = —1+6y/B(1+ B)sec®§ — B(13 + 12 tan®6). (A.7b)

IThere are two typos in Ref. [72]. In the sentence before their eq. (4.15), the con-
straint should read a > —+/B. In their eq. (4.15), the definitions of d; and dy should be
interchanged.



Appendix B

Symmetries and topology

Topology. Topology provides a notion of continuity. Heuristically, it tells
us what points that lie close to each other. The topology of a space can
be diagnosed by considering closed curves and how they can (or cannot) be
continuously deformed into each other. The two-dimensional torus provides a
nice example, see Fig. B.1. For a rigorous treatment, see for example [191].
Common topologies are R™ and S™, with n being a positive integer. R™ is the
topology of the n-dimensional plane and S™ is the topology of an n-sphere.

Lie derivative. Given a vector field £*, the Lie derivative of the tensor
Trib2- . along the vector field (£¢T+1#2, ., ) tells us how the tensor
changes when dragged along the integral curves of &*. If,

Lerrrz, =0, (B.1)

the tensor is invariant with respect to displacements along £#. Aligning one co-
ordinate along &*, the components of the tensor are constant along the curves.
In particular, if

oEfg;w = vugu + vugu = 07 <B2)

we say that £" is an isometry of the metric g, and that " is a Killing vector

field (KVF).

Symmetry group. The orbits of the action of a Lie group can be identified
with the integral curves of the KVFs, say 5(”1), 563), §é). If,

£€(1)TMMWV1V2..- = £5(2)Tﬂw2mvwz--. = ££(3)Tﬂm2mvwzm =0, (B,S)

it is a symmetry group of T#1#2, . —and in the case where TH#2,  is a
metric, it is called an isometry group.
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()

Figure B.1: (a) Topology of the plane, R?. The shaded points lie close
to p. (b) Topology of a two-dimensional torus, S' x S!. Such a space
can be constructed by cutting along the perforation and gluing together
the sides as shown by the arrows. (¢) A two-dimensional torus embedded
in a three-dimensional Euclidean space. The red curve is wound around
the torus once and the blue curve twice. They cannot be continuously
deformed into each other.

(c)

Algebra. To every Lie group, there is an associated Lie algebra which is the
tangent space at the identity element of the group manifold, together with a Lie
bracket. The Killing vector fields satisfy the same algebra as the generators of
the Lie algebra. As an example, take spherical symmetry. The group, SO(3),
can be identified with the rotations of the 2-sphere. If the sphere is round,
there are three independent KVFs. In spherical coordinates,

£y = 0y, &) =cosp Oy —cotOsind Dy, &3y = —sin @ dy — cot 0 cos ¢ Dy.
(B.4)
These satisfy the properties of the so(3) Lie algebra,

|:£(a)7 g(b)] = 6abcé.(c)v a, b7 (S {17 27 3}; (B5)

and €g is the Levi-Civita symbol.



Appendix C

3+1 equations in spherical
symmetry

Here, the 3+1 equations of bimetric gravity are presented as in Paper VII. The
evolution equations take the same form as in GR with the addition of bimetric
source terms. For the components of the induced metrics they are,

OA=—aAK, +0,(gA+av), 9B =—aBK,+ (q+aA™'v),B,
(C.1a)

0,A = —aAK, + 9, (qA — av), 0,B = —aBK» + (q — &/I_lv)@ré,
(C.1b)

where the shifts 5 and j3 are reparametrized by ¢ and v (or p),

B=q+aA™w, B=q+aA v, v=p/A, A=1+p2 (C.2)

see [162]. The evolution equations for the extrinsic curvatures are,

0Ky = (g+aA )0, Ky + oK (K +2K,) — mg{ Jy — %(J — ) }

2 2
(&a 0,A O 238,%1 o0,B 5 o (97.B>7 (C.3a)

A A TR A B A B

0K = (q¢— A 0)0, Ky + oKy (K + 2K;) — afzg{ J — %(i— p) }

~ 5 2 ~ ~ A B & O2B
(&a 04 %G ,a0A08 204@3)7 (C.3b)

A2 A4 A2 A2 A B A2 B
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Oy = (q+aA v)8K2+aK2<K1+2K2>_(mg{JQ_,(J p)
N g_&na&B i&A&B a (0,B)? a (C.30)
B2 A2 B A2 A B A2 B? B c)
s T S PR

& 9a0,B  adAdB  a (9B aa2B (©30)
B2 A2 B AA B A B A2B)

The source terms (denoted p and J) derive from the effective stress—energy and
have contributions from both matter and bimetric stress—energy. For example,
p = p™ + pP, with “m” for matter and “b” for bimetric. The bimetric source
functions are defined as,

pP=- [ (w)o + A% Winl, i =-pAW), (C.4a)
=i [5G+ 5) - ot (C
=i+ Sq i3S+ 4) ot ()
-l eg i Remetn ©a
9 1/fa A A 5] 1
Jp = { (y)a + L\ <O7 +3)- /\A (¥ }yg’ (C.de)
B=fune GGy (3+5) ok (c.41
and,
J=J,+2), J=J+2J), y=B/B. (C.5)

The Hamiltonian and momentum constraints take the same form as in GR with

the bimetric stress—energy added to the sources. The Hamiltonian constraints
are,
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1 [ A? 0,A0,B (0,B)? 0?B m
(2K1+K2>K2+142(32+2A B — J2E —2B —K,g(pb+p ):07
(C.6a)
~  — — 1 (A _9,A0.B (8.B)? B\ _
(2K1+K2)K2+/~12(§2+2A é - Bz *2§ f,%gp :0,
(C.6b)
and the momentum constraints,
o.B 1 , o
(K = o) = 0,0y — g2+ %) = 0, (C.7a)
~ — 0B = 1_-
(Kl - KQ) B - GTKQ - iﬁg‘j}? = 0. (C?b)

The latter two equations can be combined in an algebraic equation for p,

2 5 (K10, B — K0, B — BO, Ky — Bjl"). (C.8)

p=——
kgAB (y))

The bimetric constraint, originating from the bimetric conservation law, reads,

A(El <y>f + 2Ky (?J);) + 24K,y <y>}

— (K )+ 2K )] ) — 24K ()}

LAO.B LA0.B 1a2a
1Z?+<y>223 +A (Y)1 0 =0. (C.9)

+ 2p( (v)

Finally, there is a constraint which gives the ratio of the lapses a and & in
terms of the other variables. Symbolically, we write,

aja =W, (C.10)

where W is some algebraic expression of the dynamical fields and their spatial
derivatives. The full expression can be found in Ref. [164].






Appendix D

Miscellaneous equations

For the background cosmology, the bimetric stress—energies can be written as
perfect fluids, see eq. (3.5), where the energy densities and pressures are given
by,
Kgpoe/ HY =30 — sin® 0mip [3(1—y) +3a(1 —y)* + B(1 —y)*|,  (D.1a)
gppn/HE = — 30 +sin? 0mip [3+ 3a + 8 — 2(1 + 20+ By + (o + B)y?]
— zsin® O mip [1 +2a(l —y)+ p(1— y)z] , (D.1b)
. 1. .
KqppE/HE =ic [st O mip(1+ 2a + B)y — 3sin® O mpp(a + B)y°
+3sin? 0 mépBy° + (3 tan? 0 Qy — sin? O mpp(l — a + ﬁ)) y4] :
(D.1c)
_ 1 .
KePor/Hy = — o [st O mipy (1 +20(l —y)+ B(1 - y)2)

+ (3 tan? 0 Qay® — sin? @ mipy(a+ B — 28y + (1 —a + B)yQ)H .
(D.1d)
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The equation for the Stiickelberg field p(r) outside a source of mass M is,
3sec? i+ 6sec® O (1 — a)p’+
1
3 [6 sec’ 0 a® — 2(17 + 18tan®f)a + 4sec? § 3 + 10 + 9 tan? 0} wi+

2
3 {6SGC290(2 — (7 +9tan®O)a + 4sec? 0 3 + 1} whr

[2(1 + 3tan® 0)a® — sec® 0 8% + 2(1 + 2 tan® 0) 8 — 4af — 204} W+

W

2 1
—3 tan? 6 %5 — 3 tan? 6 32"

= —sec’d (1 + p)? (7:/)3 (1-pp?). (D.2)
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