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Abstract

In this thesis, we will explore the effect that adding a mass to the normally massless
graviton has on the tensor power spectrum of the primordial stochastic gravitational
wave background during inflation and in the subsequent epochs of radiation and matter
domination. We start by going over the background theory of gravitational waves,
stochastic backgrounds and their power spectra, and the effective field theory of
inflation. We will derive the tensor power spectrum due to quantum fluctuations that
get stretched out to superhorizon scales during inflation, after which we will discuss
what happens in massive gravity theories. We will then proceed to use the same
procedure as for a massless graviton and derive the tensor power spectrum due to a
massive graviton. This is not possible for a general time-dependent mass so we make
some choices. The spectrum can be derived in the case of a constant mass for a de Sitter
background, a general background with s = —2 and s = —2(1 4+ 1/p) — with the
graviton mass 111, (1) given by mz(17) o« a®(17) with a(17) o 5 the scale factor as a
function of conformal time # — or a radiation-dominated background with s = —1. The
power spectra are all seen to be blue, i.e. their spectral tilt n7 > 0, when m, > 0. We end
with a critical review of the current literature in which we note that authors have made
questionable choices for describing the inflationary period, where they approximate it as
a pure de Sitter Universe while in reality, it should be quasi-de Sitter.
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Chapter

Introduction

Einstein’s theory of General Relativity (GR) has predicted a number of phenomena that
at the time of its publishing had not yet been observed. These phenomena include the
existence of black holes (whose first direct observational evidence was only published
as recently as 2019 [1]), gravitational lensing, and gravitational waves (GWs), which are
the focus of this thesis. GWs in their most basic definition can be described as “ripples
in spacetime”. They are fluctuations in the background metric that describes the Uni-
verse, that can be produced by basically anything. Even the movement of my hand while
writing this text produces GWs, although they are extremely small and impossible to
measure. In order to be able to measure GWs, we need extremely large, cosmological
sources such as the merging of black holes or neutron stars. The merger of a binary black
hole system is ultimately what lead to the first detection of GWs in 2015 by the joint ef-
forts of the Laser Interferometer Gravitational-Wave Observatory (LIGO) and the Virgo
interferometer [2]. These detectors work by sending a laser beam through a beam splitter,
into two mirrors, collecting the two combined beams again in a detector, and measuring
the phase difference of the beams. Perturbations in the spacetime metric cause it to ex-
pand or contract so that such a phase difference can occur. From this, the strength of the
perturbation (the GW) can be derived. See also Section 4 of [3] for more details on GW
interferometers.

GWs are important to study because they can act as probes of the very early Uni-
verse. For the entire range of energy scales for which our current understanding of grav-
ity holds, the GW interaction rate is smaller than the expansion rate of the Universe (the
Hubble parameter), meaning that once GWs are produced, they do not interact with any-
thing and they propagate freely through the Universe, eventually for us to potentially
measure them. This is true for black hole mergers that produce a sudden burst of large
GWs, but also for early-Universe events such as during inflation (which we will intro-
duce shortly). By just using telescopes based on receiving electromagnetic radiation, we
can only look back to the time of photon decoupling, which happened around a redshift of
z ~ 1100, or about 370,000 years after the beginning of the Universe. After this event, the
Universe became transparent for photons so they started to free-stream. We see the elec-

7
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8 Introduction

tromagnetic radiation from this period today as the Cosmic Microwave Background (CMB),
so this is an imprint of the earliest time when photons just decoupled. Since GWs de-
couple immediately as soon as they are produced, in theory it is possible to look back far
beyond the CMB to the very early Universe.

Moreover, the GWs contain unaltered information about the processes that produced
them, and therefore about the conditions of the Universe at times that are unreachable by
standard telescopes. In this thesis, we will focus on these early-Universe events and in
particular on the early period of inflation. This is a period of rapid exponential expansion
of the Universe that was introduced as a way to overcome the problems of the standard
cosmological model (the ACDM model) [4] (see also Section 2.3). The inflationary pe-
riod is expected to produce a background of GWs that can be described in a statistical
way (see Section 2.2 for more details about why and how this works). These kinds of
GW backgrounds are called stochastic gravitational wave backgrounds (SGWBs). Such back-
grounds are measured through their power spectrum, which basically gives the strength
at different length or frequency scales. The SGWB produced by inflation in our current
understanding is expected to have specific characteristics which means that being able
to measure such backgrounds will give us more information about this period. It is also
possible that there are more sources during or after inflation that also produce SGWBs
with different properties.

In order for the SGWB power spectra to correspond with observations, we require
them to be blue-tilted. This means that at small wavelengths (large wavenumbers or large
frequencies), the power spectrum is large so that we can measure GWs at these scales. At
large wavelengths (small wavenumbers or small frequencies), i.e. at CMB scales, a blue
spectrum is small.

Let us now go back to GR, which in our current understanding can be described by a
massless spin-2 particle that we call the graviton. As for the theory of inflation, often the
single-field slow-roll model is adopted, in which the exponential expansion of inflation is
assumed to be caused by a single scalar field called the inflaton. The “slow-roll”-part is
not important for now but we will come back to this in Section 2.3. We can write down the
action corresponding to a massless graviton and the inflaton, which we can eventually
show to give rise to the SGWB power spectrum during inflation.

A daring next step is to try to give the graviton a mass. Even though according to
many, GR is a very beautiful and accurate theory, there is still a discrepancy between
theory and observations. Looking at supernova data [5, 6], the Universe is currently
going through a phase of accelerated expansion. If GR is indeed as accurate as promised,
then there must be a dark energy density p ~ 1072’ g cm ™2 ~ 10~% GeV*. The simplest
explanation is that this energy density is due to the cosmological constant A, which gets
an extremely small value. On the other hand, if we were to consider quantum field theory
arguments, summing the zero-point energies of all normal modes of some field of mass
m¢ up to some cutoff Ac > m; gives a vacuum energy density (o) ~ 2 x 107! GeV*,
assuming the cutoff to be the Planck scale, A. ~ (87tG)~!/2 [7]. There is a discrepancy of
nearly 120 orders of magnitude between the two densities, and this is clearly a problem
(called the cosmological constant problem).
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This is why scientists have tried to come up with different models of modified gravity:
it can be shown that an accelerating Universe can be produced in such models, without
the need for dark energy. In particular, in this work, we will look at the theory of mas-
sive gravity, in which the graviton is given a mass m. We will not go into much detail
here but we will see that this theory is plagued by inconsistencies such as ghosts — fields
with a negative kinetic term — and discontinuities (the vDVZ discontinuity). Even though
these can be avoided or solved, it takes specific cases or regimes to do so. One way to
look at it, which is also the order that we will follow in this work, is to first look at the
simplest form of massive gravity, the Fierz-Pauli form [8], which is a Lorentz-invariant
model. This comes with some problems that can be solved within the Lorentz-invariant
regime, but it will turn out to also be beneficial to look at Lorentz-violating massive grav-
ity. In this way, certain instabilities and discontinuities can be avoided. Moreover, some
problems might be an artefact of flat Minkowski space, so it might also help if we take
the cosmological Friedmann-Lemaitre-Robertson-Walker (FLRW) metric.

Taking then for granted that the graviton can have a mass, we can add it to our inflation
action and calculate the tensor power spectrum from it. The mass can be time-dependent,
so we will go over different models in this work and see what happens to the spectrum
in each case. This can then help with future observations of the inflationary GW back-
ground, as each time-dependence creates a different spectral tilt of the spectrum.

Structure. This thesis is structured as follows. In Chapter 2, we will set up the basic
theoretical framework of gravitational waves and SGWBs and their power spectra. We
will also go over the theory of inflation, how quantum fluctuations during inflation can
create an SGWB, and other sources of such backgrounds. In Chapter 3, we will then add a
mass to the graviton and discuss the advantages and problems this brings. Chapter 4 will
then discuss the implications of Lorentz breaking massive gravity for the tensor power
spectrum of the SGWB. Finally, we will make a comparison with the literature and con-
clude the research in Chapter 5. Then there are also three appendices. Appendix A will
go over important cosmological concepts and relations and Appendix B will give some
more information about the Bessel functions and their properties. Finally, Appendix C
will show some of the more lengthy and tedious calculations that would not fit in the
main body, but for completeness are still included.

Conventions. Throughout this thesis, we will work in units where ¢ = i = 1. We will
use the reduced Planck mass M3, = 1/87G where G is the gravitational constant, with
the value Mp ~ 2.44 x 10'® GeV. Greek indices wv,a,pB,...=0,1,2,3 are used for space-
time dimensions, while Latin indices 7, j, k, ... = 1,2, 3 will be used for spatial dimensions.
We assume the Einstein convention for summing over repeated indices, and we use the
mostly positive metric signature, i.e., 17, = diag(—1,+1,+1,+1). Specific spacetimes
will be introduced when they are necessary. The metric perturbation is denoted by h,,,
sometimes with the prefactor 2/ M3, but this will be indicated. /;; is the spatial part of
the perturbation and yx;; will be used to refer to the transverse and traceless part of f, .
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Chapter

Theoretical framework

This chapter will go over the basic theoretical background needed for the rest of the the-
sis. We will start with the basics of gravitational waves in Section 2.1, in which we quickly
go over the main concepts. Section 2.2 will then describe stochastic backgrounds of grav-
itational waves and how they can be characterised by their power spectrum. Finally,
Section 2.3 describes the period of inflation in the early Universe. We will first go over
the basics, then calculate the irreducible SGWB power spectrum due to quantum fluctu-
ations, and finally go over some other sources of SGWB that may or may not have to do
with inflation.

This chapter will mainly follow the review on cosmological backgrounds of gravita-
tional waves by Caprini and Figueroa (2018) [3]: the three sections 2.1, 2.2, and 2.3, will
follow parts of Sections 2, 3, and 5 of [3], respectively. Other sources will be referenced at
the appropriate times.

2.1 Gravitational waves

2.1.1 The transverse and traceless gauge

Let us start our description of GWs in flat space with the Minkowski metric 7, and add
a small symmetric perturbation |1, (x)| < 1 to it so that the general metric becomes

Suv(X) = My + Iy (X). 2.1)
This allows for the usual calculation of the Einstein equations

1 1
G = Ry — EWVR = M—ZITM, (2.2)
P

where T, is the energy-momentum tensor. The steps that we follow for this are (1) the
calculation of the Christoffel symbols I'*;;, from the metric g,,, (2) the calculation of the
Riemann tensor R,z from I'*;;, (3) the calculation of the Ricci tensor Ry, = —R* 4,

11
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12 Theoretical framework

and (4) the calculation of the Ricci scalar R = R¥ ;. The steps are not shown here but can
be found e.g. in [3]; to first order in h,, (which is why it is called the linearised theory), the
Einstein tensor G, has the form

1 — — — -
G],n/ - E (aaavhay + aaa‘uhwx - Dh[ﬂ/ - ﬂyvatxa‘ghaﬁ> 7 (23)

where we have introduced a new metric perturbation

1
Fyw = g = Sl (2.4)

with h = h*, the trace of hy,. The trace of l_zw, can be calculated to be i = —h, so
this is also called the trace-reversed metric perturbation. Because GR is invariant under
general coordinate transformations x* — x'#(x), we can choose to make an infinitesimal
coordinate transformation x# — x* + ¢¥#, under which the trace-reversed perturbation
transforms as

My (x7) = Iy (%) + 170068 — 38y — 30 (2.5)
We can therefore choose a transformation in such a way that

Hhyy(x) =0, (2.6)
called the Lorentz gauge, with which the Einstein tensor (2.3) becomes

2
M2
Mg,

1 ]
Gy) = — 5y Ty andso Oy, = - 2.7)

— Milz)l
This is simply a wave equation with a source, and it has a homogeneous solution
T () = / ke [Ty ()" 4 Ty, ()| (2.8)

where from the Lorentz gauge (2.6) it follows that the functions Ew(k) have to satisfy
kth,, = 0. From the homogeneous solution, it also becomes clear why we talk about
gravitational waves, since the solutions to the wave equation (2.7) are waves.

Let us then go over the degrees of freedom (DoF) of the perturbation /1,,, from which
we will ultimately arrive at the transverse-traceless gauge and the fact that GWs have
two polarisations. The Lorentz gauge (2.6) represents 4 constraints on the perturbation
flw, so with fzw being a symmetric tensor with 10 independent components (DoF), there
are naively 10 — 4 = 6 DoF left. However, the Lorentz gauge in fact does not completely
fix the gauge freedom. From Equation (2.5), we can see that the Lorentz gauge condition
also requires [1¢, = 0. In the homogeneous case, the wave equation is invariant under
Lorentz preserving infinitesimal coordinate transformations, [ h;,v = Uhyy = 0, and this
means that we can take 4 infinitesimal displacements ¢, (where [1¢,, = 0) that place 4
more constraints over the transformed metric perturbation /. This removes 4 more
DoF so we are left with 6 — 4 = 2 propagating DoF.

12
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2.1 Gravitational waves 13

In total, this amounts to 8 constraints which we can re-distribute over the tensor com-
ponents. We can choose ¢, in Equation (2.5) such that the trace vanishes, h = 0, which
means that hy,, = hy,, and such that hyp; = 0. We have now used 4 conditions. Further-
more, the Lorentz condition combined with hy; = 0 implies hop = 0 and so hq is only
a function of the spatial coordinates x. Since GWs are the time-dependent part, we can
simply set oo = 0. Finally, the spatial-spatial part of the Lorentz condition gives the three
conditions d;h;; = 0, so in total we have set

hyO = 0, h= 0, and al”ll] = 0, (29)

which is called the transverse-traceless (TT) gauge. With this, we can construct a general
TT tensor. The tensor should be symmetric so that there are only 10 independent compo-
nents. Setting the time components zero leaves us with the 6 h;; components. The trans-
verse condition 0;/;; then means that the components parallel to the direction of propaga-
tion of the GW also vanish, and setting this direction to the Z-direction gets rid of the h;3
and hs; components. We have then hyy, h12, ho1, and hy, left. The symmetry of the tensor
means that h11p = hy1, and the traceless condition means that h1; = —h2, so we really
only have 2 independent components left. We call these components h = hyy = —hp
and hy = hyp = hyy, so that

0 0 0 0
hyy = 8 ZI _hhi 8 (2.10)
0 0 0
and the metric can be written as
ds? = —dt? + (1 +hy ) dx® + (1 — hy) dy? + 2k dx dy + dz% (2.11)

The + and x components are the two polarisations of the GW.

In the rest of this thesis, we will call the TT part of the perturbation tensor yx;;, to
distinguish it from the spatial-spatial part of the tensor, /;;. This means that where-ever
we write );;, we mean that it satisfies the TT conditions X' =x=0and9; Xij = 0.

2.1.2 Expanding space

Let us now turn to cosmology where we have a homogeneous and isotropic background.
The most general metric in this case is given by the FLRW metric,

ds® = — d* + a?(t)d;; dx’ d/, (2.12)

where ¢ is the cosmic time, a(t) is the scale factor describing how much the Universe has
expanded since the beginning, and x' are now comoving coordinates. Adding the GW
perturbation /i, to this, we can write it in the TT gauge as

ds® = —dt* +a?(t) (51']' + Xij) dx’ d/, (2.13)

13
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14 Theoretical framework

where d;x;; = X'; = 0. By linearising the Einstein equations with this metric, i.e., calculat-
ing the Christoffel symbols, Riemann tensor, and Ricci tensor and scalar, we can derive
an equation of motion for the TT part y;; (see [3]),

N , V2
)(l']‘<x, t) + 3HX1']'(X, t) — ?Xi]'(x, t) = 167TGH;5-T(X, t), (214)

with H = 4/a the Hubble parameter, a dot (") indicating a derivative with respect to the
cosmic time £, and HiTjT the TT part of the anisotropic stress LT, which can be calculated

from the spatial part of the energy-momentum tensor T;; and the pressure p via asz-]- =
T — pa®(8ij + xij)- We can simplify the above equation of motion a bit by going to Fourier
space, in which we decompose the TT perturbation yx;; as

d3k -
Xij(x 1) = /WXij(k,f)elk'x, (2.15)

and subsequently decompose the Fourier components x;;(k, ) into their polarisations +
and X as

xii(dot) = Y xr(I t)el(K), (2.16)

r=+,x

where the polarisation tensors e;j(lA() can be taken to be real, to satisfy E;j(—lA() = e;j(f(),
and they follow the orthonormal relation

eji(K)el; (k) = 20, (2.17)

Finally, for yx;; to be real, we require x; (k,t) = x,(—k,t).
For the rest of the thesis, it will be convenient to go to conformal time, defined by
dn = dt/a(t). The FLRW metric (2.13) can then be written as

ds? = a?(1) [— dy? + (517 + Xi]') dx’ dxj] , (2.18)

and we can define X;;(k,7) = ax;;j(k, ) so that the equation of motion (2.14) becomes in
Fourier space

1

a
Xii(k,m) + (kz - a) Xii(k, 1) = 167Ga’ 1 (K, 77). (2.19)

Here, a prime (' ) denotes a derivative with respect to 7 and HE-T(k,n) is the Fourier
component of HZ-T]-T(X, 1),

I (x, 1) = 4’k I} (K, 7)e " (2.20)
1] X’U - (271_)3 if /776 . .

14
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2.1 Gravitational waves 15

Next, we take the case with no sources so that HiTjT = 0, and we write the Xij in terms of

their polarisations X, using the relation (2.16) or the definition X, (k, n) = ax,(k,n), so
that we obtain

al/

X! (k,77) + <k2 - a) X, (k, i) = 0. (2.21)

For a scale factor of the form a(y) = (17/19)” with p = —1 for de Sitter, p = 1 for radiation
domination, and p = 2 for matter domination (see Appendix A.2.1), the general solutions
can be written as

A (K)
a(n)

Vilp-12(kn) + ir((;))\/ﬁYpl/z(kﬂ)z (2.22)

xr(k 1) =

where [, and Y), are the Bessel functions of the first and second kind (see Appendix B) and
A, and B, are constants to be determined from the initial conditions. We can actually look
at two specific regimes in which the solutions take some physically interesting forms.
The second term in the brackets in Equation (2.21) is proportional to a”/a « H? where
H = aH = a’/a is the conformal Hubble parameter. This means that we compare k and
‘H and we can eliminate one of these two terms by looking in the sub- or superhorizon
regimes, k > H or k < H, respectively (see Appendix A.2.4).

Let us first look at the subhorizon case, k > aH. In this case, the first term in the
equation of motion (2.21) dominates and the differential equation is simply X' (k,7) +
k2X, (k,7) = 0, which is a simple harmonic oscillator and therefore has solutions

Ay (K)

xr(k 1) = ar(

iy, Br(K) iy 2.23
e T ¢ 223)

where again A, and B, are constants to be determined from the initial conditions. The
solutions are simply oscillating in time which is to be expected from GWs.

However, in the superhorizon limit, k < aH, the second term, 4" /a, dominates and
the solution is given by

dy’
a%(n')’

which has a constant term and a term that decays with the expansion of the Universe (and
therefore it decays in time). This solution will become important in Section 2.3, where we
have quantum fluctuations that grow beyond the horizon due to inflation. The decaying
mode quickly becomes negligible but the constant mode stays there indefinitely, until
they finally cross the horizon again and start oscillating (the subhorizon solution), which
means that they become the standard GWs that we could measure today (if we were to
have sensitive enough interferometers).

Kol ) = 4,10 + B, (1) [ 229

15
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16 Theoretical framework

2.2 Stochastic backgrounds of gravitational waves

2.2.1 Description

Now that we know how to describe GWs, we can move on to cosmological sources of
GWs and explain why we can regard them as having a stochastic nature. First of all, we
must note that a stochastic background means that we can statistically describe the GWs
that are produced, and this requires a large number of realisations of the same system,
with each system having the same initial conditions so that we can properly study the
statistics. However, there is only one Universe and therefore only one copy of the system.

This problem can be overcome by using the ergodic hypothesis, which states that taking
an ensemble average over the many realisations of the system, is the same as taking either
the spatial average over a large enough region, or a temporal average of a region over a
long enough time. A good approximation of the number of uncorrelated regions from
which we are receiving GW signals today is given by ~ ©, 2, where ©, is the angle
subtending the size of the source. Taking as an example the electroweak phase transition,
it turns out that there are about 10** uncorrelated signals that we receive today from
this GW source, which is enough for us to describe them statistically. One could also
think of trying to observe the individual sources, i.e., not describing them statistically but
individually, but because of the number of regions this would require extremely sensitive
GW detectors that we do not have and also will not have in the future.

There are a few properties that SGWBs have: they are statistically homogeneous and
isotropic, and they are Gaussian. The statistical homogeneity and isotropy basically
comes from the fact that the Universe can be described by the expanding FLRW metric.
Because of the homogeneity and isotropy of the Universe, the sources that produce the
GW background produce them everywhere at the same time, and therefore these prop-
erties are handed over to the SGWB as well. Gaussianity follows from the notion that
the GW background is produced by uncorrelated regions that are identically distributed
throughout the Universe, which according to the central limit theorem means that the
signal that we receive today tends towards the normal (or Gaussian) distribution.

A fourth property of these backgrounds is the absence of a net polarisation. We will
not go into much detail here, but it has to do with the absence of a significant source
of parity violation in the Universe, which causes the two polarisations + and x to be
uncorrelated. For more information, see [3].

2.2.2 The power spectrum

An SGWB can be characterised entirely by its power spectrum, in which we incorporate
the four assumptions (statistical homogeneity and isotropy, Gaussianity, and the absence
of a net polarisation). The power spectrum h2(k, 77) is given by
8m°
() (K 7)) = =500 (k= K)o, (K, ), (2.25)
where the 4, comes from the lack of a net polarisation, the 6©) (k — k') and the fact that
Xc is a function of just k = |k| are a result of the statistical homogeneity and isotropy, and

16
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2.3 Inflation 17

the effect of Gaussianity is that the above power spectrum contains all information about
the polarisation modes x;.

In addition to this definition of the power spectrum, in this work, we will instead use
a slightly different version of this, in terms of the expectation value of the Fourier modes
Xij(k,77), which are related to the polarisation modes x,(k, ) through Equation (2.16).
Using a redefinition of the power spectrum Py (k) = 2x?2, we can instead write

2
(a0 ) (0, 1)) = 215 P16 (k= 1), (2.26)

Using the Fourier decomposition (2.15) for X,-]-(x, 17), this can be rewritten to!

dk
(xii(x mxij(x,n)) = Px = 2/ T —xz(k, (2.27)

For the remainder of this thesis, this will be everything that we need to know about
SGWBs and their power spectra. For more details, we refer the reader to [3, 9].

2.3 Inflation

Let us now discuss a very important mechanism for the production of an SWGB: inflation.
Inflation is a phase of accelerated expansion in the very early Universe and it is used
primarily to solve the horizon and flatness problems that arise in the Hot Big Bang model
of the Universe [4, 10]. We will quickly go over the two problems but we will skip a lot
of details as the reader is assumed to be familiar with these problems.

The horizon problem arises due to there being causally disconnected regions in the
early Universe, which is assumed to be homogeneous and isotropic, according to the
cosmological principle. This homogeneity and isotropy can only arise, however, if the
regions are in causal contact with each other and therefore they seem to violate causal-
ity. Inflation solves this problem because of the exponential expansion in the very early
Universe, which causes regions that were causally connected before inflation, to become
causally disconnected after this period. Detailed calculations show that about 60 e-folds
are needed for this problem to be solved.

The flatness problem is related to the total energy density of the Universe, which
appears to be extremely close to the critical density pcit, which corresponds to a flat Uni-
verse and a density parameter () = p/pqrit = 1. However, this is an unstable equilibrium.
In fact, it can be computed that at the time of Big Bang Nucleosynthesis (BBN), the elec-
troweak phase transition (EWPT), and at the Planck time fpj, () has to take the values
|1 — Q(tBBN)| < 10716, |1 — Q(tEWPT)| < 10730, and |1 — Q(tp1)| < 107% for Q) to be so
close to 1 today. These values are extremely small, which therefore raises the question,
why the energy density was so finely tuned for the Universe to be so close to being flat.

ISee calculation 5. in Appendix C.1. Note that this calculation is actually done for the inflationary case, in
which we have quantum fluctuations and therefore promote the perturbations x;; to operators. The Fourier

3/2

decomposition also has a different denominator (277)°/“ so that it works out.
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Inflation solves this problem as well which can be seen by the scale factor dependence of
(1—Q), namely (1 — Q) « a~2. This means that as the Universe expands exponentially
during inflation, 1 — ) will tend towards zero and so () towards 1. Inflation causes the
density parameter to be extremely close to 1 which means that today, we also measure
it to be very close to 1. More detailed calculations show that about 60 to 70 e-folds are
needed for this problem to be solved, in accordance with the number of e-folds needed
for the horizon problem.

Apart from solving the horizon and flatness problems, inflation also seems to play an
important role in the formation of large-scale structure (LSS) in the early Universe, and
therefore is important for the existence of the current Universe. This is due to quantum
fluctuations that get stretched to super-Hubble scales during the exponential expansion
of inflation. At the end of Section 2.1.2, we have seen that for superhorizon scales, the
solution has a decaying and a constant mode. The decaying mode quickly becomes neg-
ligible but the constant mode will stay there until at some point, after inflation has ended
and the expansion has decelerated again, it re-enters the horizon and starts oscillating. A
starting point for the formation of LSS has now been created, which will eventually lead
to the LSS as we know it today.

In the following subsections, we will talk first about the basics of inflation in Section
2.3.1, where we take an effective field theory approach and assume that inflation is driven
by a scalar field. We will go over the equations of motion and the quasi-exponential ex-
pansion of inflation, where we will skip a lot of the details as the reader is assumed to be
familiar with this as well. In Section 2.3.2, we will then calculate the tensor power spec-
trum resulting from the quantum perturbations that get stretched by inflation. This will
be an important basis for the calculations in Chapter 4, where we add a mass term to the
inflaton action. Finally, Section 2.3.3 will cover some more sources of GW backgrounds
during inflation, and also during later epochs.

2.3.1 Basics

In cosmology, we often describe inflation as being driven by a scalar field ¢, called the
inflaton. The inflaton has a simple kinetic term in its action, — 39" ¢$d,¢, and it rolls slowly
down its potential V(¢) in the aptly-named slow-roll model. Including the Einstein-Hilbert
term, the full inflaton action reads

M3, 1
TR — anaH(p —V(p)|. (2.28)

S:/d‘}x\/jg

The fact that the inflaton is slowly rolling down its potential, can be translated to the fact
that in this regime (the slow-roll regime) the kinetic energy is negligible compared to the
potential energy, i.e., 3¢* < V(¢).

From the action, we can calculate the energy-momentum tensor T via

v __ a£¢ v v _ v 1 v " v
T = 5,90 8" Lo = 979970 = 5870u99"0 = gV (9), (2.29)
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2.3 Inflation 19

where we have used the Lagrangian density of the inflaton £y = —10,¢3"¢ — V(¢).
From this, we can then calculate the energy density p, = T% and pressure py = % Y T,

1. 1.
pp=59"+V(9) and py=-¢>—V(¢), (2.30)

where in the calculations we have assumed spatial homogeneity of the inflaton field so
that V¢ = 0. We can plug these expressions into the Friedmann equations (A.5) and (A.8)
to obtain two equations of motion for ¢,

3MEH? = V() <1 + e;’) , and (2.31a)
dV(g) .. (M
ol —atig (% 1), (231b)

where we have defined the two slow-roll parameters €, = 3$?/2V and 17, = —¢/H¢.
The slow-roll relation 3¢? < V(¢) then translates to the simple regime €5 < 1, and we
also have a second slow-roll condition, |4>| < HqS, which means that the acceleration
of the field is much smaller than the velocity of the field per Hubble time H~!. This
second condition translates directly into 17y < 1. Sometimes, it is also useful to define
the potential slow-roll parameters ey = (M3,/2)(V'/V)? ~ ey and 5y = M3 (V"/V) ~
v — €y, where again the conditions ey < 1 and v < 1 are sufficient for the slow-roll
approximation.

Important for us is a third version of the slow-roll parameter ey (or €p), which is
defined by

H d /1
H=E—1mz =7 <H> , (2.32)
and it represents the rate of change of the inflationary Hubble rate. To see how this
is related to the other slow-roll parameters, we look at the equation of state parameter
w = py/py (see Appendix A). With the pressure and energy density given by Equation
(2.30), and using the slow-roll approximation %4)2 < V(¢), we can write the equation of
state parameter to linear order in €y as
o 5

w _1+7 = —1—|—3e4,. (2.33)

In Appendix A.2.2, we show that from the Friedmann equation it also follows that w =
2ey /3 — 1, which means that we can approximately say ey ~ ey =~ €,. In the rest of this
work, we will refer to the collection of these parameters as simply €, without a subscript.
From the expression (2.33) for w, we can see that when € = 0, then w = —1 and
this corresponds to a de Sitter Universe or purely exponential expansion as then p =
—p. For e # 0 (but still € < 1), there is a slight deviation from this pure de Sitter case
and we call this a quasi-de Sitter Universe. Inflation is therefore described by a quasi-
de Sitter Universe, with a nearly perfectly exponential expansion, but a slight deviation
from this characterised by the slow-roll parameter €. During exponential expansion, the
Hubble parameter is approximately constant, so during inflation, i.e., quasi-exponential
expansion, we can also approximately say that the Hubble parameter remains constant.
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2.3.2 The irreducible inflationary SGWB power spectrum

Earlier, we mentioned quantum fluctuations that get stretched out to super-Hubble scales
during inflation. They remain constant until they cross the horizon again after infla-
tion has ended, they start oscillating, and they become the basis for LSS formation. The
same principle applies to the tensor metric perturbations y;;, which also get stretched to
super-Hubble scales, remain constant there until they cross the horizon after the end of
inflation, after which they start oscillating and form an irreducible background of GWs
whose power spectrum we could measure today. The reason that this background is
a stochastic background, is because the metric perturbations are random variables be-
cause they are random quantum fluctuations. After they cross the horizon, they become
effectively classical and this causes the metric perturbations to become equivalent to a
stochastic variable, even though they were quantum in origin. After inflation, the modes
re-enter the horizon and they keep this stochastic nature, meaning that the irreducible
background of gravitational waves from the quantum fluctuations during inflation, con-
stitutes a stochastic background and can therefore be described by a power spectrum. See
[3, 11] for more in-depth discussions about the stochastic nature of the GW background
from inflation.

In order to see this production of an SGWB from inflation, we can simply calculate this
power spectrum from the inflaton action (2.28). Some calculations are quite lengthy and
are therefore not included, but they can be found in Appendix C.1. At the appropriate
times, we will refer to the specific calculations in this appendix. We follow approximately
the steps in Section 5 of [3], but will sometimes deviate from this.

Action and equation of motion

Let us start at Equation (2.28) and expand the pure gravitational part with the perturbed
FLRW metric in conformal time # (see Equation (2.18)),

ds? = a*(n) [— diy® + ((sij + xu') dx’ dxj] , (2.34)
which gives us the second-order action

MZ
Sg) = —?Pl /d;yd3xa2(17)17”"8;,)(1-]'%)@]-. (2.35)

Because y;; is the transverse and traceless part of the full perturbation hy,, we can de-
compose it into its two polarisation states r = +, X (see Equations (2.15) and (2.16)) as

xij(x 1) = y:;,X / (g:;gxr(k, e *xel (k) (2.36)
where the two polarisation tensors elfj(f() are real and satisfy the conditions

efi(—k) = e};(k) and (2.37a)

eji(K)el; (k) = 28, (2.37b)
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2.3 Inflation 21

(the second relation is the orthonormal condition). Moreover, requiring that x;; be real
translates to the condition

xr(kn) = x (k7). (2.38)

Substituting all of this into Equation (2.35) and working through the steps, we arrive at?

M3 d’k

2 2 2

¢ =0 ¥ [ang Ssan [ on]t =[xt (239)
4 = (27)

After this, we can go to Mukhanov-Sasaki variables, defined by

o,(k, ) = ”};aw)xr(km. (2.40)

Substitution of this into Equation (2.39) gives®

2 1 d3k LZ”
r=+,x

This action describes the dynamics of two scalar fields v,(x,#) so we can find the equa-
tions of motion through the Euler-Lagrange formalism. Working through the steps again,
we find*

o) (k,n) +wi(n)v (k) =0 with wi(y) =k* — a/l(”). (2.42)

Because the irreducible background is produced by vacuum quantum fluctuations of
the x;; field, which are stretched by the quasi-exponential expansion of the Universe, we
need to promote the real scalar fields v,(x,#) to quantum operators 9, that obey canon-
ical commutation relations, as is often done in quantum field theory. The commutation
relations are given by

[0,(x,17), oy (X', )] = i6,,6®) (x —x) and (2.43a)
[0:(x,17), 00 (X, )] = [Ar(x,77), A (X, )] =0, (2.43b)

where 7, is the conjugate momentum of the operator 9,. We can decompose this operator
into its mode expansion,

'UA (X ) — (1371( |:'U ( )e—ik'Xﬁ +'U*( )eik«ﬁ‘f i| (2 44)
r\ X, ) = (27_[)3 k7 kr k\1 kr| s '

2See calculation 1. in Appendix C.1.
3See calculation 2. in Appendix C.1.
4See calculation 3. in Appendix C.1.
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22 Theoretical framework

where the mode functions v, (1) are just dependent on k = |k| since the background is
spatially isotropic. Ay, and 4}, are the annihilation and creation operators that satisfy the
usual commutation relations

[akr,alt,,/] = (21)%0,, 0¥ (k — k) and (2.45a)
[y, rer] = [ﬁL,ﬁLﬂ} =0. (2.45b)

The mode functions v, (1) then satisfy the same equation of motion as the polarisation
modes v,(k, 1), i.e.,

o) + (o) =0 with wl(y) =& — D, (2.46)

Subhorizon solution

The differential equation (2.46) is not solvable for a general wy (7). Instead, we have to
make an Ansatz for a(77), but even before that, we can take a look at the subhorizon solu-
tion where k > aH (see Equation (A.29b) in Appendix A), so that the term k* dominates
over the term a” /a and the differential equation that needs to be solved is simply

oi () + Ko () = 0. (2.47)

This is a simple harmonic oscillator with constant frequency w? = k* and it has the
general solution

o(n7) = e (k)e ™ 4 c_ (k)™ (2.48)

We can associate the annihilation operator 4y, to the positive frequency mode =", and
this operator is also used to define the vacuum state |0) via 4y,|0) = 0. Because inflation
can be described by a (quasi-)de Sitter Universe, this vacuum corresponds to the Bunch-
Davies vacuum [12]. In this prescription, the solutions only have the positive frequency
modes and so we set ¢_ (k) = 0. To determine the constant c. (k), we use the normalisa-
tion condition®

Uy — Ui =1, (2.49)
k — UkUk

from which we can quickly calculate that ¢ (k) = 1/+/2k and so the subhorizon solution
with the Bunch-Davies vacuum as the initial condition is given by

etk
Uk(ﬂ) = \/ﬂ

This solution means that below the horizon, the solutions oscillate in time until the mode
crosses the horizon, as we also saw at the end of Section 2.1.2.

for k> aH. (2.50)

5See calculation 4. in Appendix C.1. For the derivation, we use the commutation relations (2.43a) and
(2.45), as well as the mode expansion (2.44).
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2.3 Inflation 23

General solution

Instead of considering the superhorizon limit, k < aH, we choose to now find a general
solution to the differential equation (2.46) for some Ansatz for the scale factor a(7). In
Section 2.3.1, we have shown that during inflation, the Universe expands quasi-exponen-
tially (quasi-de Sitter) and this deviation from pure exponential expansion (de Sitter) is
characterised by the slow-roll parameter €. In Appendix A.2.2, it is shown that in this
case, the scale factor approximately follows the relation

1
~ , (2.51)
H(U) [_(1 —€)floﬂ]1+e

which can be written as a() = (11/10)? for some constant 7y, with in the quasi-de Sitter
case, p = —1/(1 — €) ~ —1 — €. We can then calculate

Pt Lasgerg = L pracr o), 25)

To linear order in €, the differential equation (2.46) is then written as

v () + o) =0, (2.53)

k2—1712(2+3e)

which is exactly in the form (B.11) (see Appendix B) witha =k, b =2+ 3¢, t = 17, and
z = vx. The solutions are also given in the appendix as

) =rc1(k)\/— H (—=kn) + ca(k)+/— H (2.54)

where the arguments all contain a minus sign because this will make it easier to take
limits, as in a de Sitter Universe, super- and subhorizon are given by —ky < 1 and
—kn > 1, respectively (see Appendix A.2.4). The order v is given by

3 14 3
,/ (2+3€)+1= ,/1+f€ < €>:2+€, (2.55)

so this shows that v = 3/2 in pure de Sitter (¢ = 0), and again the slow-roll parameter
€ denotes the deviation from this. To determine the constants c1(k) and c;(k), we use
the subhorizon limit of the solution, i.e. the solution in the limit —k# > 1. The large-
argument limits for the Hankel functions are given in Appendix B.2.2 and show that
c2(k) = 0 and c; (k) is calculated by comparing it with the subhorizon solution (2.50),

z;k(,7)2 lk’l (k) /=7 exp{ ( kq<v+;>>]
:cm@ wos] 5

1 [rk in 1
:>C](k):27k 7€Xp 7 V+§

v+ )
VT ep llf (v+3)| (256)

2
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With these constants, the full solution finally becomes
RVL in 1
vk(n) = 5exp |5 (vts

The power spectrum

V=HY (<ky). (2.57)

To now calculate the irreducible inflationary power spectrum P, (k) from this solution,
we use the definition (2.26),

2772

(01723 (k, ) 235K, 1)[0) = =3Py (k)6 (k — K), (2.58)

which can be rewritten to (2.27)°,
. . dk

(01%ii 00 1) ki (6 1)10) = | 2Py (k). (2.59)
With the mode expansion

s d3k ik-x 4 * —ik-x 5t r (1

R = 5 [ 555 [me g + xitne ] e, (2.60

r=+,x (27m)

where yxj follows from vy via Equation (2.40), the power spectrum can be calculated to
be’
2
Px(") = ‘

Ky (1) 3
o )HV (k)| with v=">+e. (2.61)

T2 200
TME,a

The superhorizon power spectrum

Physically, this form of the power spectrum does not say much, and it makes sense to
take the sub- and superhorizon limits. Let us start with the subhorizon limit, i.e., the
limit in which —kn > 1 or k > aH. We can use the large-argument limit of the Hankel

function again, given in Appendix B.2.2, |H§1) (x > 1)|> = 2/7x, so then
KBy 2 2H? ( k
M2 a2 —mtky  m2M3 \aH

nr
Py (k) =~ ) where nr =2, k>aH. (2.62)
We can see that the spectrum has a spectral tilt nt = 2,% and at the horizon, k = aH, the
power spectrum is given by

2H?

Py(k) ~ ———-,
* Mg,

(2.63)

6See calculation 5. in Appendix C.1.

7See calculation 6. in Appendix C.1. This involves the commutation relations (2.45) and the definition of
the vacuum state, 4y, |0) = 0 or (0|af = 0.

8This spectral tilt is not very important because it is the superhorizon scales that stay constant (see the
end of Section 2.1.2), re-enter the horizon in the post-inflationary era, and then turn into normal GWs for us
to measure. The subhorizon scales simply oscillate in time.
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2.3 Inflation 25

which is often regarded in the literature as the irreducible inflationary power spectrum.

Taking the superhorizon limit, —kn < 1 or k < aH, requires a bit more work and it is
here that we see the effects of the quasi-de Sitter regime. We now use the small-argument
limit of the Hankel function, given in Appendix B.2.1,

—2v
HY (x < 1))2 ~ %Fz(v) (;) . (2.64)

Substituting this into our power spectrum, we can rewrite it to’

2H? < k

nr
~ 2 - —
Py (k) ~ 12)1f (€) aH> , where nr 2¢, k< aH,

3
M (2.65)

and where f(e) = 21T <§ + €> (1—e)lte.

The function f(e) can be Taylor expanded around € = 0 since € < 1, which gives f(e) ~
V/7t(1 — 0.27¢). The quasi-de Sitter regime therefore causes a very slight deviation from
the pure de Sitter case. It is for this reason that we approximate f(e) ~ f(0) in the
following, where f(0) = \/7t. The power spectrum is then given by

2H [k \7F
S L 2
P(k) M3, <aH> (2.66)
This therefore has a spectral tilt of nT = —2¢ due to the quasi-de Sitter nature of inflation.

At the horizon k = aH, it again reduces to the inflationary power spectrum (2.63),

2H?

Pelk) ~
* Mg,

(2.67)

so the two regimes (super- and subhorizon) converge to a common value at their inter-
section. Since € > 0, the spectral tilt n7 = —2¢ is negative and this results in a slightly
red-tilted spectrum, while in reality a blue-tilted spectrum (with nt > 0) is desired (see
Chapter 1).

2.3.3 Other sources of SGWBs

Now that we have discussed the irreducible SGWB power spectrum from quantum fluc-
tuations during inflation, let us quickly point out some other sources that generate such a
background. We will first restrict ourselves to inflation, and then move on to later times.
All of these cases are discussed in more detail in the final sections of [3]. In most cases,
the background is created due to a nonzero anisotropic stress which, according to Equa-
tion (2.14), actively sources GWs (in contrast to the inflation case that we just discussed,
in which the background is created by quantum fluctuations).

9See calculation 7. in Appendix C.1.
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First of all, we can have additional fields during inflation, that can have interactions
leading to particle production. These particles are produced by the inflaton rolling down
its potential, which creates a time-dependent background that is needed for this parti-
cle production. Another method is by so-called spectator fields, which are fields that do
not influence any background dynamics in any way (hence the name), but they can ac-
quire scalar and/or tensor perturbations in the same way that the inflaton acquires them,
through quantum fluctuations. Several authors (e.g. [13]; for others, see the references
within [3]) have investigated the effects of spectator fields and it turns out that they can
enhance the inflationary tensor modes. It is even possible in some cases to obtain a blue
GW signal, which is desired.

These two options both add extra fields in addition to the massless inflaton, which
is responsible for the quasi-exponential expansion of the inflationary Universe. Instead,
we might look at modifications of the theory of gravity, in which we make the gravi-
ton massive. This is typically done by considering new symmetries in the inflationary
sector, which is already known to break time-reparametrisations (because of the time-
dependence of the scale factor in the FLRW metric), but it is invariant under space-
reparametrisations. Breaking this symmetry, the tensor modes do not need to be massless
anymore, as we will see in Chapter 3. It turns out that such a tensor mass term can affect
the spectral tilt of the power spectrum in such a way that it could become blue, as desired.
However, as we will see in Chapter 4, it is in fact not generally possible to obtain a quasi-
de Sitter solution for massive gravity, but instead often in the literature, the inflationary
era is approximated as pure de Sitter. In the next chapter, we will go into further detail
about massive gravity and we will see where this graviton mass comes from. In Chapter
4 we will then see the implications of this graviton mass on the power spectrum, and all
the problems that come with it.

Before we discuss massive gravity, however, let us quickly touch upon some more im-
portant mechanisms generating GW backgrounds after inflation (again, see [3] for more
details). During the history of the Universe, several phase transitions have occurred, such
as the QCD (quantum chromodynamics) or the electroweak phase transitions. These are
examples of first-order phase transitions, in which there is a barrier in the order parame-
ter driving the phase transition. The exact physics of such transitions is not important for
our purposes (as we just want to mention it), but it causes a nonzero anisotropic stress
and therefore these phase transitions are a source for GWs. Finally, one could also have
GW backgrounds generated during the preheating era just after inflation, or due to so-
called “cosmic defects”, but we will not go into any detail here.
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Chapter

Review of massive gravity

In this chapter, we will discuss the reasons for and consequences of giving a mass to the
graviton. We will start with a flat Minkowski background and discuss the most general
action for a massive graviton, the Fierz-Pauli action, in Section 3.1. We then move on to a
curved background and also add Lorentz breaking mass terms in Section 3.2.

3.1 Lorentz-invariant massive gravity on a flat background

Let us start with the discussion on a flat Minkowski background. We follow mainly the
review article by Hinterbichler (2012) [14]. For a massless spin-2 particle (i.e. the massless
graviton), carried by a symmetric tensor field /,,, the linearised Einstein-Hilbert (EH)
action can be written as

S _ My, d*x\/—gR 3.1
EH > Xy —8 3.1)

= / d*x [—;aAhwaAW + 0,7 0" H — 9,9y h + %aAhaAh , (3.2)

where ¢ = det(g,y) is the determinant of the metric, R is the Ricci scalar, and h = h*,
is the trace of h,,. The prefactor disappears because of our choice to perturb the metric
such that

2
S = M+ O = Ny + 1 (3.3)
Pl

The terms in Equation (3.2) describe the massless, helicity-2 graviton and they are invari-
ant under the gauge symmetry

h;w — h;u/ = hyv + a;l'gv + av(?;u (3-4)

with ¢, (x) the gauge parameter, which depends on the spacetime coordinates x,. As we
discussed in Chapters 1 and 2, we can try to add a mass m to the graviton, and we do this
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28 Review of massive gravity

by adding the term
1
Sy = / d*x [—ZmZ (i — h2>] (3.5)
to the EH action (3.2). This term breaks the gauge symmetry (3.4), and the full action,

Skp = SgH + Sm, (3.6)

is called the Fierz-Pauli (FP) action [8]. The combination h,,h*" — h? is specifically chosen
such that this linearised theory of massive gravity is healthy, i.e., it does not contain any
“ghostly” DOoF; this specific choice is called the Fierz-Pauli tuning. If we were to take
any other combination f,,, h*"" + ah?> where a # —1, then the theory does not anymore
describe a massive spin-2 particle, and instead also includes a scalar with a negative
kinetic energy, which is called a ghost. Because of their negative kinetic energy, ghosts are
unphysical modes and we therefore want to avoid them in any theory.

3.1.1 The vDVZ discontinuity

This first problem of creating ghosts is readily solved by choosing the coefficient between
the terms h,,h"" and h? in the action (3.5) to be —1, i.e., choosing the Fierz-Pauli tuning.
However, there is another problem that arises with this FP action, called the vDVZ dis-
continuity.

Degree of freedom count

To see what this is, where it comes from and how it is resolved, we start by looking at the
number of DoF in the massless and massive theories. In Section 2.1 of [14], it is shown
that for m = 0, there are two DoF, corresponding to the two polarisations of the massless
graviton (see also Section 2.1.1). This is done by expanding the /1, into their components
hoo, hoi = hip, and hjj. The h;; have six DoF! but the o and hg; appear only linearly so
they can be considered Lagrange multipliers enforcing two constraints that reduce the
number of DoF by four, leaving just two.

When m # 0, the hp; do not create these constraints anymore and we only have the
constraint from hg, which reduces the number of DoF by one, leaving five. If, on the
other hand, we have the more general combination i, h*"" + ah? where a # —1, then even
the hgy term does not appear linearly anymore, it does not anymore enforce a constraint,
and so the full six DoF of h;; are active. This extra DoF is the ghostly DoF. Therefore, we
again see that we can avoid an unhealthy theory (a theory with ghosts) if we choose the
Fierz-Pauli tuning.

IIn general, the 3 X 3 matrix hij has 9 independent coefficients and so 9 DoF, but since h,, is symmetric,
h;; must also be symmetric and we only have 6 independent terms.
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3.1 Lorentz-invariant massive gravity on a flat background 29

Coupling to matter

Now, since gravity has an effect on all matter, it makes sense to couple the tensor /,, to
the energy-momentum tensor T}, (x) of a source. This gives us the total action

S = / d*x [ — %aAhwaAhW + 0l 23 I — 9,k + %aAhaAh
(3.7)

_1 2 wo_ 1,2 L nv
o2 (I = 12) + e T

The equations of motion of /,, can now be calculated and from that, we can find a general
solution for hy,(x) in the form of a Fourier transform of terms including the Fourier
transformed energy-momentum tensor T, (p). Solutions for a point source can then also
be found; the details of these calculations will not be shown here but can be found in
Section 3 of [14]. For the massless graviton, they find

M 1

foo(¥) = Sy T

hai(x) =0, (3:8)
M 1

M (%) = 5 gy e O

and for the massive graviton, they show that the solution is gauge equivalent to?

OM 1 e

hoo(x) = —

() = 3 ar

hoi(x) =0, (3.9)
M 1 e

M%) = Sy an 7o

In these equations, M is the mass of the point source (i.e., T# (x) = M&} 556 (x)) and r
is the distance from this source.

Next, we can write (see e.g. Chapter 7 of [15]) 2hoo/ Mp; = —2®, 2h;;/ Mp; = —2¥6;,
and 2hy;/ Mp; = 0 with ®(r) the Newtonian potential and ¥ (r) some other function. If
then ¥(x) = y®(x) for some constant vy, then the photon deflection angle a at impact
parameter b around this source of mass M is given by

GM
For the massless case, we can see from Equation (3.8) that v = 1 and so the deflection

angle is wmasstess = 4GM/b. 1If we do the same for the massive case, Equation (3.9) in

2Note that the massive solution (3.9) shows the Yukawa suppression factor e~ /r, characteristic for a
massive field satisfying the Klein-Gordon equation (00 — m?)y = 0. Long-range forces, like gravity, should
not have this exponential suppression and therefore must have m = 0.
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30 Review of massive gravity

the massless limit shows that v = 1/2 and therefore amassive = 3GM/b. This difference
in deflection angles between the massless theory and the massless limit of the massive
theory,

3
Xmassive = Z Xmasslesss (3.11)

is called the van Dam-Veltman-Zakharov (vDVZ) discontinuity, named after the people who
first discovered it in 1970 [16, 17].

The origin of the vDVZ discontinuity

To see where the vDVZ discontinuity comes from, let us go back to the DoF count from
before. We have seen that in the massless theory, there are two DoF while in the massive
theory, there are five. In fact, if we were to take m — 0 in the sourced action (3.7), then
we should not even be able to end up at the massless theory, as three DoF are lost and the
limit is not smooth. Instead, we would expect the other three DoF to still be present and
one of them will turn out to be responsible for the vDVZ discontinuity.

To explicitly see this, we use the so-called Stiickelberg trick, in which we make a re-
placement of the field in such a way that the new action, after this replacement, is dy-
namically equivalent to the old action but it now has a gauge symmetry. This is usually
done by modelling the replacement after the would-be gauge symmetry in the massless
case. For our purposes, we have the action (3.7) which, when m = 0, has the gauge sym-
metry (3.4), but the mass term breaks this gauge symmetry. Nevertheless, we can model
our Stiickelberg replacement after this gauge symmetry and replace

This new field A, is called a Stiickelberg field. We see that because of this replacement, we
now have a gauge symmetry by simultaneously replacing

My — Wy =l + Ol = oy + 9,6 + 3,8 and

/ (3.13)
Ay = Ay = Ay +0A, = Ay — G

This replacement with the new field A, actually still has four DoF in the massless limit
so we still lose one. To account for this, we introduce another Stiickelberg field
Ay — Ay +0u¢. (3.14)
This creates another gauge symmetry if we simultaneously replace
P =p+op=¢—A

A rescaling A, — A,/m and ¢ — ¢/m?, the assumption that the source is conserved
(0,T" = 0), and taking the limit m — 0, gives us an action with all five DoF in the

(3.15)
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massless limit,

1 1
S = / d*x [ — SOl Y + Ouhya 0 h*t — 9,9, h + SOnhd
1 1 (3.16)
Here, F,, = d,Ay — dy Ay, and the five DoF are the two from the massless graviton (f,,;
the top line is exactly the massless graviton action (3.2)), two from a massless vector (A;
equivalent to the two polarisations of the photon), and one from the scalar ¢, which is
kinetically mixed with the graviton.
As a final step, we can decouple the scalar ¢ from the tensor /,, by making a redefi-
nition hy, = h, + ¢17,,.> With this, the action becomes

5= / dix [ - %aAh;VaAh’W + 0, h MY — WD + %aAh'aAh'
(3.17)
1 1 1
I nv _ M _— K THY _
2 PP = 30,99"9 + LI, T + 9T

where T = T, is the trace of the energy-momentum tensor T, and F,, is defined as
before. We can now manifestly see that we have five DoF: two for the massless graviton,
two for a massless vector, and one for a massless scalar. This scalar is still coupled to the
trace T, even in the massless limit, and this is exactly the origin of the vDVZ discontinuity.

From this result, we can understand the difference in the deflection angle of light
between the massless theory and the massless limit of the massive theory as follows.
For light the energy-momentum tensor is traceless, T = 0, so the scalar DoF does not
affect the bending of light. However, for nonrelativistic masses, i.e., when T # 0, we do
see a difference and therefore the Newtonian potential is altered. This alteration of the
Newtonian potential exactly causes this discontinuity between the light bending in the
massless limit of the massive theory and in the massless theory.

3.1.2 Resolution of the vDVZ discontinuity

To see how the vDVZ discontinuity is resolved, we first need to introduce the nonlinear
theory of Lorentz-invariant massive gravity. We will see that this theory causes a ghost
which we normally do not want. However, in this case, it plays a crucial role in the
resolution of the discontinuity.

The nonlinear theory

In massless GR, we can expand the GR action (3.1) around the Minkowski metric g,, =
Huv + 2hyy / Mpy, after which we end up at the second order (linear) action (3.2). We can go
a step further and expand to higher order in /1, so that we obtain an action with a lot of

3This h;“/ is different from the h;m in the gauge symmetry equation (3.13).
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32 Review of massive gravity

interaction terms of the form ~ 92h"*2 where n > 0 is an integer. These higher powers are
suppressed by higher and higher powers of 1/ Mpj, which enters in our normalisation.

In massive gravity, we can do a similar expansion. For massive gravity, we add a
mass term to the GR term. For simplicity, we can take this mass term to be the FP term,
which is a term to second order in /. Any nonlinearities therefore arise in the GR term
in this case and the action can be written with a flat Minkowski background as*

M2
5=-H /d4x [(\/TgR) - imz (gl — hz)] : (3.18)

If we wanted to include a more general nonlinear mass term as well, then we would need
to add some general potential V (g, ) which is given by

V(g h) =Va(g, h)+ Va(g,h) + V(g h) +- -, (3.19)
where

Va(g, h) = (%) — (h)?, (3.20a)

Va(g, h) = c1 (h3) 4 co(W?) (W) + c3(h)?, (3.20b)

Va(g, h) = di () + do(h%) (h) + d3(h*)? + dy (W) (1) + ds (h)*, (3.20¢)

In these equations, the angled brackets are traces with the indices raised by the metric
g, The first term is simply the FP term with the minus sign indicating the FP tuning
(hyyh*" — h?), and the subsequent terms are combinations of traces of higher and higher
powers of f,,. For our purposes, we will stick to the FP mass term and nonlinearities
that only arise in the GR term (Equation (3.18)), with a flat Minkowski background.” In
this case, we can calculate the equation of motion to have the form

V-8 <RW - ;ng> + %mZ (W —y"h) = 0. (3.21)

The Vainshtein radius

Before we explore the number of DoF in the nonlinear theory, we first need to see how
a crucial radius arises if we look for spherical metric solutions to the above equation of
motion. Taking the background to be the spherical flat Minkowski metric, 77,y dx* dx¥ =
—d? +dr? 4+ r2 dQ? with dO? = d6? + sin?(6) d¢?, we can look for solutions of the form

gu dx" dx¥ = —B(r) dt* + C(r) dr* + A(r)r* dQ. (3.22)

4Notice that we perturb around this action with the metric g4y = v + hyy, after which we canonically
normalise it as i,y — 2k, / Mpy to get rid of the prefactors. This expression is therefore slightly different
from the expressions that we saw at the beginning of this chapter.

5For the more general case, see Section 6 of [14].
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3.1 Lorentz-invariant massive gravity on a flat background 33

The fact that A, B, and C are only functions of r is due to the fact that we want the metric to
be static (no time-dependence) and isotropic (no angular dependence). By plugging this
metric into the equation of motion (3.21), we can find three equations that the variables
A, B, and C must adhere to. We expand these variables using a small parameter § < 1
(i.e., A(r) = Ao(r) + 8A1(r) + 6>Aa(r) + - - - and similar expressions for B(r) and C(r))
and solve this iteratively for higher orders in § each time. Going through the steps (see
Section 6.3 of [14]), we end up in the limit mr < 1 with

8 GM 1 GM
B<r)_1__§T <1_6m41’5+'”>' (3.23a)
8 GM GM
4 GM GM
Ay _1=2 GM [ ,CM 2
(r) 3 47tm?r3 < mirs ) ’ (8.23¢)

which we observe is an expansion in terms of the parameter ry /r where

GM\'/°

is called the Vainshtein radius [18]. In the massless limit m — 0, ry — co and the expansion
breaks down, providing hope that the vDVZ is only a problem in the linear theory.

The Boulware-Deser ghost

As already mentioned when we did the DoF count in Section 3.1.1, when we do not
choose the FP tuning so the mass term is given by h,,,h*" + ah? with a # —1, then the full
six DoF of hj; are active and the sixth DoF is a ghost. This can also be seen if we write
the metric components in terms of the shift N; and lapse N, via goo = —N? + gif N;Nj,
goi = Nj, and g;; = gij. We will not go into much detail here (see Section 6.4 of [14]), but it
boils down to the notion that for m = 0, N; and N are Lagrange multipliers that remove 4
of the 6 DoF, leaving 2. These calculations have been done for the nonlinear theory so we
see that in the massless theory, the nonlinear and linear action provide the same number
of DoF.

When adding the FP mass term, we get terms that are quadratic in the lapse and shift
so they do not act anymore as Lagrange multipliers. Instead, they are auxiliary fields
whose equations of motion we can plug back into the action to obtain a nonvanishing
Hamiltonian.® This now means that all 6 DoF are active, so we have one more than in
the linear theory. As is discussed in Section 8 of [14], this sixth DoF is a ghost,7 and it is
called the Boulware-Deser (BD) ghost [19].

®In massless gravity, the Hamiltonian vanished which made sure that the lapse and shift appeared as
Lagrange multipliers and we only had 2 DoF.

"The fact that this has to be a ghost has to do with the scalar action which has higher derivatives. The
equations of motion are fourth order, the scalar Lagrangian propagates two degrees of freedom, and by
“Ostrogradsky’s theorem”, one of these has to be a ghost.
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34 Review of massive gravity

Ghosts are nonphysical states that we want to avoid where possible, so it makes sense
to try to find a way to remove this BD ghost. It turns out that there is a way to get rid
of this instability by showing that in the full nonlinear theory, the lapse N leads to a
Hamiltonian constraint, which in turn leads to a secondary constraint. These two are
enough to remove one propagating mode and make sure that there are only five DoF
remaining of which none are ghosts. For more details about this procedure, see [20].

The decoupling limit and the resolution of the vDVZ discontinuity

Finally, we are in the right place to see how the vDVZ discontinuity can be resolved in
the nonlinear theory through the so-called Vainshtein mechanism. For this, we use the
nonlinear Stiickelberg formalism, which is similar to the linear formalism we described
in Section 3.1.1, but now the replacement has a lot more terms,

Ty = Hyw = hyy + 3, Ay + 3y Ay + 20,00 + 9, A%, Ag + 3, A3, 0000

3.25
+0,0° P9y Aq + 0,0°Pydup + - - -, (3.25)

where in the dots we include terms quadratic and higher in the fields and containing
at least one power of /i, but these are not important for us. We can compare this with
our linear Stiickelberg formalism, Equations (3.12) and (3.14), and see that the linear part
constitutes the first four terms of the nonlinear part. Canonical normalisation requires us
to replace h,, — 2h,,/Mp as before, as well as A, — 2A,/mMp; and ¢ — 2¢/ m?Mpy,
which makes sure that the expressions in this formalism can be easily compared to the
expressions from Section 3.1.1.

Making this Stiickelberg replacement in the linear FP action gives a lot of interaction
terms. For now, we want to focus on the scalar field ¢, as it is the scalar ghost that we
eventually want to use in the Vainshtein mechanism to get rid of the vDVZ discontinuity.
The term suppressed by the smallest scale turns out to be the term ~ (9%¢)3/ A2 where

As = (Mplm‘*)l/5 (3.26)

is the smallest cutoff scale of the effective field theory. Next, we take the decoupling limit,
in which m — 0, Mp; — oo, T — oo, but we keep As and the ratio T/ Mp, fixed. In this
limit, all of the above interaction terms go to zero except for the term ~ (9%¢)3/ Ag. Also
applying the conformal transformation hy, = hy, + m2¢n,, (see just before Equation
(3.17)), we end up with the scalar action

Sp= [ d' {—3<a¢>2 + 33 (O - CP @207 + Mlmqﬁ} . 627)

In addition to these terms, the free graviton coupled to the source and the free decoupled
vector also survive this decoupling limit.

Around a massive point source (as is needed for the appearance of the vDVZ discon-
tinuity), we can expand the scalar field ¢ into a background term ®(r) and a fluctuation
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3.2 Lorentz-violating massive gravity on a curved background 35

¢ = ¢ — ®. From the action, we can then derive a Lagrangian and from this it follows
that the theory propagates two DoF of which one is a ghost with a mass (see [14, 21] for
more details)
A2

mé,host(r) ~ Wg)(r) (3.28)
Around a flat background, or far from the source, ® — 0 and mghost — 00, which means
that the ghost is not seen in the linear theory. Around nontrivial backgrounds, however,
the ghost mass becomes finite and we observe the ghost. It can also be shown (see [14])
that at distances much below the Vainshtein radius v ~ (1/As)(M/Mp;)!/® (Equation
(3.24) combined with (3.26)), the ghost mass becomes very small, which corresponds to
it mediating a long-range force. Normally, a scalar field corresponds with an attractive
force, but because we now have a scalar ghost with a negative kinetic energy, this actually
now mediates a repulsive force. It turns out that it precisely cancels the attractive force
due to the coupling of the scalar field to the trace T, which is the force responsible for the
vDVZ discontinuity. This is more explicitly shown in [14], but for us it is important that
the force responsible for the vDVZ discontinuity is cancelled in the nonlinear regime and
therefore we do not see it anymore.

To summarise, the BD ghost that arises in the nonlinear massive gravity theory can be
used to resolve the vDVZ discontinuity that arises in the linear massive gravity theory.
Still, though, we require the ghostly DoF for this, which we want to try to avoid as it is
nonphysical. Another way to overcome this is to look at curved backgrounds (the FLRW
background that allows us to connect this massive gravity theory with our cosmological
problem), and, going another step further, explicitly break Lorentz invariance.

3.2 Lorentz-violating massive gravity on a curved background

So far, we have discussed a model of massive gravity that exhibits Lorentz invariance,
and we have just seen that this comes with some problems. In the linear approximation,
when we add the diffeomorphism-breaking FP mass term to the linearised EH action, we
propagate five DoF instead of the usual two in massless gravity. One of these couples to
the energy-momentum tensor even in the massless limit and we see the vDVZ disconti-
nuity. This discontinuity can be solved in the nonlinear regime through the Vainshtein
mechanism, in which we use the BD ghost that only arises in the nonlinear regime. Al-
though it solves the vDVZ discontinuity; it is still a ghostly DoF which we want to try to
avoid.

The inconsistencies could potentially be solved if we look at Lorentz-violating mas-
sive gravity [22, 23]. Furthermore, it has been shown that some problems may be solved
if we go to a curved background instead of the flat, Minkowski background we used in
Section 3.1 (see e.g. [24, 25]). It is for these reasons that it might be useful to combine
the two and look at Lorentz-violating massive gravity on a curved background, which is
what was done by Blas et al. (2009) [23]. This is also the paper that we will follow in this
section.
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36 Review of massive gravity

3.2.1 Action and SVT decomposition

We will adopt the flat FLRW metric in conformal time 7, given by
ds? = a?(1y) {— dy? + dx? + dy* + dzz} : (3.29)

The GR action with this background is given by

Sep = / dtx/—gM2,(R — 6H2). (3.30)

Here, H is the Hubble parameter given by H = d/a = a’/a? where a dot (") represents
again a derivative with respect to the cosmic time ¢ (which we will not use further) and a
prime (') is a derivative with respect to 7. We might also sometimes use the conformal
Hubble parameter H = a’/a = aH.

The curved background also affects the masses that we can give to the perturbation /
(which will be defined shortly); the general second-order action for the Lorentz-breaking
mass terms is given by®’

M2
S = g [ dey/=g[midy + 2mh; — (3 — 4H'a )i 631

+ (m% - 2H’a_1)hizi - Zmil’loohii} .

Notice that here we still have the prefactor M3,/8 as we have not normalised hy, in the
same way as we did in Equation (3.3). Instead, we have used the metric

gyl/ - az(ﬂ‘uv + hyv) - g;u/ + azhyv (332)

(where g, = [lzﬂw/ is the FLRW metric (3.29)). The masses in Equation (3.31) are gen-
eral time-dependent masses, m; = m;(1) for i = 0,1,2,3,4, since there is no reason for
preserving time-reparametrisations in an FLRW Universe. Notice that for the specific
choice

ms=0, mi=mji—4Ha ' =mj—2H'a™' = m? =m?, (3.33)

the action (3.31) reduces back to the FP action (3.5) if we canonically normalise the per-
turbation according to h;,, — 2h;,, / Mp. Not making this specific choice for the different
masses will in some cases create ghosts again, which we want to avoid.

To be able to analyse the Lorentz-breaking action (3.31) and see in which cases we can
avoid ghosts, we should decompose it into a tensor (T), a vector (V), and a scalar (S) part

8Rotational and translational symmetries are still preserved because these are properties of the FLRW
Universe.

9Notice the factor 1/2 difference with [23]. Different authors use different conventions that might not all
be consistent with each other, but we have tried to keep the notation as consistent as possible throughout
this thesis, meaning that we have a prefactor 1/8 here. Sometimes we just have to accept that these small
inconsistencies exist.
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and look at these sectors separately. This is known as the SVT decomposition. We start by
decomposing the components of %, into irreducible fields,

hoo = 1,
hoi = u; + 9;v, (3.34)
hi]' = Xij T aiS]‘ + a]'SZ‘ + aia]'(?' + 51']'”(,

where we now have four scalars ¢, v,0, T, two transverse vectors u;,s; (with the con-

straints d;u; = 9d;s; = 0), and a transverse and traceless tensor y;; (in the same notation as
in Chapter 2) which has d;x;; = ;;xij = 0.

Tensor part

Taking just the tensor part that includes the TT tensor yx;j, and also including the GR
action (3.30) linearised in the metric perturbation h,,, we end up with the action for
tensor perturbations

MZ
s = TPI /d4xa2 [—ﬂ””ayxzjavxzj — amix| . (3.35)

This action is free from ghosts as there are no values for the mass m;, that cause the kinetic
term to become negative. We can write out the first term in the action and also write
my = m, as the mass of the x field if we are merely looking at the tensorial part of the
action. This will give us an action in a form that we will be able to use in Chapter 4,

M2
s(T) — 71’1 /d4xa2(17) [()dj)z — (Okxij)* — ﬂz(ﬁ)mi(ﬂ)xﬂ : (3.36)

We have also included the explicit 7-dependencies in the terms. Notice that when m, = 0,
the above actions reduce to the massless action (2.35).

Because this part does not give any ghosts, we can move on for now to the vector and
scalar actions, but we will come back to this action in Chapter 4.

Vector part

We can do a similar thing for the vector part, where we collect all terms with u; and s; in
the action, after which we end up with the action

MZ
sV) = TPI /d‘*xa2 [—(ui — s))V?(u; — s}) + a? (m%ulz + m%sjvzsj)} : (3.37)

Because u; has no time-derivatives, we can integrate this out using its equation of motion.
The action then takes the form

M? &
1
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from which we can see that there are no instabilities for m% > 0 and m% > 0. In the case
my = 0, there are no time-derivatives of s; anymore so there is no propagating vector
mode. In Section 3.2.2 we will also look at this case in a bit more detail in the context of
the vDVZ discontinuity.

Scalar part

For the scalar part of the action, we end up with the very long expression

2
S) = Ném /d4xa2{ —6(T +HY)? +2(2p — 1) V1
+4(t" + HP) V(20 — o)

(3.39)
+a? [m%l[JZ —2m2oV?0 — m3 (o Vi 4+ 21V20 + 377)

+m3 (V20 4 37)? — 2m5y(V20 + 31)} }

We can see that ¢ and v do not have any time-derivatives, so they can be regarded as
Lagrange multipliers that provide constraints that we can substitute back into the action,
getting rid of the ¢ and v terms. This leaves us with a Lagrangian in terms of the two
remaining variables ¥ = ¢/ V? and T, which we group into a vector ¢ = (Z,7)7 (see [23]
for more details). From the Lagrangian, we can construct the Hamiltonian

Hy o = %nTzcln + %quM 9, (3.40)

where 71; is the conjugate momentum (71; = Kj; q);- — Bijg)), K1 is the kinetic term which
has the form

_ 1 3 —4V2/a?m? -2
1_ 1
K== M2,a2 ( -2 2H?/m3 |’ (3.41)

M = A+ BK~'B is the potential term, and A and B are matrices whose explicit ex-
pressions are not important for us. From the kinetic term, we require that it is positive
definite to avoid ghosts, which translates into positivity of the eigenvalues of X!, and
therefore the conditions 0 < m§ < 6H? and m? > 0. We can now have a healthy (ghost-
free) theory for some choices of the masses, where in the linear flat case with a general
mass term (without the FP tuning), or in the flat nonlinear case (c.f. Section 3.1.2) this
was not possible. This also allows us to get rid of the vDVZ discontinuity in this curved
theory, as we will see shortly.

Often, we also require that there are no so-called gradient instabilities, which are equiv-
alent to ghosts (with a negative kinetic term), but for the spatial part. This translates to
positive definiteness of the potential term M whose calculations are not given here or in
[23], but work out to give the constraints

(3~ 20
16m3

m3 —m3 < and Ha'l<—|=1+

(3.42)
4 16m32

m? (] —2mﬁ>2]
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where we have assumed m% > 0, m% > 0, and H2 > 0. This shows that for a theory
completely free of any instabilities, there are constraints on all masses mé until mﬁ. These
expressions also assume that mg,m; # 0, but in [23] it is explored what happens when
these masses are set to zero. The only thing that we will mention here is that at interme-
diate momenta and for my = 0 (which is required if we want to go to the FP case), we
obtain two constraints on the masses which reduce to the Higuchi bound [24] 2H? < m?
when we set all nonzero masses to the value m? (so we go back to the Lorentz-invariant
case) and we take a de Sitter background. This shows that this theory is still compatible
with the Lorentz-invariant theory when we take the appropriate limits.

3.2.2 The vDVZ discontinuity revisited

We will conclude this chapter by revisiting the vDVZ discontinuity in curved space for
the Lorentz-breaking theory. We follow Section 7 of [23] in this part, in which the physics
of the vDVZ discontinuity is captured by expanding the potentials ® and ¥ (see the
text just before Equation (3.10)) in powers of 1/V2. In GR and for a point source, these
potentials are given by ®gr = Ygr = Too/ MI%IVZ. In massive gravity, it can be shown
that at small scales and provided that m3 # m3, there is no discontinuity, but at large

scales and when m3 = m3, the relation between ¥ and @ is given by

2m3Y¥ = mid. (3.43)

In the language of Section 3.1.1, this implies y = 1/2 for massive gravity'? and therefore
we see the vDVZ discontinuity.

As is detailed in [23], in a curved background and for m; = 0, the potentials are
shown to reduce back to their GR solutions in de Sitter space, and in a general FLRW
background the corrections to ® and Y vanish and we also reduce to the GR values,
meaning that there is no vDVZ discontinuity in these cases. The authors also adopt a
time-dependence of the masses and then show that still there is no discontinuity in the
potentials. For the case my = 0 similar arguments are true, just with different expressions
for the potentials that still reduce to the GR potentials in the massless limit.

To summarise this part, the Lorentz-violating masses that we include in this theory,
together with the fact that we now have a curved (FLRW) background, make sure that
in specific cases for the masses we can resolve the vDVZ discontinuity. Moreover, ghosts
and spatial inconsistencies can be avoided by constraining the different mass terms in
various ways.

For now, however, we will focus on the tensorial part of this Lorentz-violating mas-
sive gravity theory (Equation (3.36)). We will accept that a graviton mass m,(17) = n1,(1)
causes this action and investigate its implications in more detail for the period of infla-
tion, and beyond that.

10Recall that y was defined as ¥ (x) = y®(x).
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Chapter

Implications of massive gravity

In this chapter, we will explore the effects that adding a mass to the graviton has on the
GW tensor power spectrum that we observe today. We will first derive the equation of
motion from the action (3.36) in Section 4.1, after which we will study several possibilities
of solving this equation of motion in Section 4.2. In Section 4.3, we will then use these
solutions to derive the power spectra in general and in the superhorizon limit, so that we
can see explicitly the spectral tilt of each spectrum.

4.1 Action and equation of motion

The following derivation of the equation of motion will follow very closely the derivation
presented in Section 2.3.2, so some steps will be skipped over. For more details, see the
derivations and calculations in Section 2.3.2 and Appendix C.1.

Let us start at the second order massive tensor action (3.36),

MZ
s — Tpl /d4xa2(17) [—q”vayxijav?(ij - ﬂZ(’?)m;ZC(W)Xinij] (4.1a)

2
= Népl /d4xa2(77) [(X;j)z _ (akXi]’)z _ QZ(U)mi(q)X%j} . (4.1b)

As it turns out, we can make this a bit more general by adding derivative operators in
such a way that we can write the second term as c%(17) (9xxi;)%, where c1(1) is called the
tensor sound speed. In GR, this is set to 1, i.e., the speed of light, but in massive gravity
theories it can deviate from unity. We will not go into this in more detail but for a bit
more explanation, see [26-28]. cr(77) is in general a function of time, but since this term is
not the focus of our research, we will keep it constant during our calculations, ¢r(77) = cr
([27, 28] explore some options with a time-dependent tensor sound speed). The complete
action now reads

MZ
s = S [ atxa®(n) [ - @i — a*(n)m ()3 (42)
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42 Implications of massive gravity

We now follow the same procedure as in Section 2.3.2, that is, we first insert the
Fourier expansion (2.36),
d3k e A
xij(xn) = ) /ﬁxr(k,n)e ik *eji(k), (4.3)
F=1,% (2m)
with efj the usual polarisation tensors and where the modes x;, have the usual reality
condition (see Equations (2.37) and (2.38)). This will give the action (steps are not shown
here as they are very similar as before)

M3 d’k
(T) — PL ax 2 / 2
s =20 L [angseon{
’ (4.4)
- [+ ] bt n) .
Next, we go to Mukhanov-Sasaki variables, defined by Equation (2.40),
Mp
(k1) = ——a (k,7n), 4.5
(koy) = —Zalm)x: (k) (4.5)
after which we can rewrite the action to
1 d’k
(T) — = R 2 / 2
03 E [t i
(4.6)
212, 2 2 a" (1) 2
— [k +a(nymi(n) = =55 | forto ).

From this, we can derive the equations of motion for |v,|, using the standard Euler-
Lagrange formalism, after which we can safely remove the absolute values, promote the
functions v, to operators 9,, and use the mode expansion (2.44),

br(x, 1) = Ak [v (1)e ™ *ay, 4 vi( )eik'xf} 4.7)
r\X, ) = (27_[>3 K\ kr k\1 kr| :

where vy (77) only depends on k = |k| because of the isotropic background. The equations
of motion are now found to be

o) + (o) =0, where wl(y) = AR+ 2y — D | @s)

Because 11, (17) can be any general function of the conformal time 7, this differential
equation cannot in general be solved. Moreover, there are different models for the scale
factor a(n), e.g., a (quasi-)de Sitter Universe or radiation or matter domination, which all
have a different time-dependence. It is for this reason that we have no choice but to make
choices for both the functions m,(17) and a(17). We will discuss these choices in the next
section.
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4.2 Solutions to the differential equation 43

4.2 Solutions to the differential equation

Let us now take a look at the specific forms that we have to let the graviton mass 1, (77)
and the scale factor a(7) take on. Starting with the scale factor, we can be quickly done
as we can assume a general power-law Ansatz,

p
a(y) = (,;70> , (4.9)

where p = 1 for radiation domination, p = 2 for matter domination, p = —1 for a
de Sitter background, and p = —1/(1 —€) ~ —1 — € for a quasi-de Sitter background
(see Appendices A.2.1 and A.2.2). Substituting this into the equation of motion (4.8), we
obtain

2p
-1
o)+ |+ <’7) ()~ L o) = @10
Although this power-law scale factor simplifies the differential equation already; it is still
not generally solvable if we do not specify p and m, (7). Let us therefore take a look at
the various cases in which the differential equation is solvable.

Subhorizon solution

The first solvable option is to take the limit ctk > aH,! i.e., the subhorizon limit, in
accordance with our analysis in Section 2.3.2. In this case, the first term in the square
brackets dominates and we simply have

i () + ko () = 0. (4.11)

This has the solution vy (1) = Ce~“7%, where the negative-frequency mode (¢°7¥) has
already been removed to correspond with the Bunch-Davies vacuum. The constant C
can be found from the condition v;v}* — vfv), = i (from [3]; see also calculation 4. in
Appendix C.1), and the solution in this limit is

e—icrky

ol = e

We see that by setting cr = 1, we reduce to the subhorizon solution (2.50).

Using this subhorizon case as our solution for comparing the general solutions, we
can then take into account the scale factor and graviton mass terms in the equation of
motion (4.8) and try to solve it for specific cases. We note beforehand that the only an-
alytic solutions are obtained when we also take the graviton mass to be a power-law of
the form

my () = pya (), (4.13)

INotice that we now have to use crk > aH (and ctk < aH for superhorizon) instead of k > aH, as the
horizon is slightly different for waves not travelling at the speed of light. See also Appendix A.2.4.

crk > aH. (4.12)

43

Version of June 29, 2023— Created June 29, 2023 - 18:47



44

Implications of massive gravity

where a(7) is given by the power-law (4.9), j1, is constant and s is the degree that we can
vary freely (as it will turn out, there are certain constraints on the values of s). With this
in mind, let us first summarise the different cases and the reasons for them.

1. (Quasi-)de Sitter background, constant mass. We start the analysis by taking a

constant mass (s = 0) and attempting to take a quasi-de Sitter background (p =
—1/(1—€) ~ —1 —¢), in order to try to simulate what happens to the power
spectrum caused by a massive graviton during inflation. However, the combination
of the second and third terms in square brackets in the differential equation (4.8),
makes it so that the quasi-de Sitter case is now unsolvable. Instead, we make the
approximation —1 — e >~ —1, in which case it is solvable, but it does not describe
inflation anymore as the scale factor is now assumed to evolve as a(77) « ! and
not « 77717¢ anymore. This approximation gives the general solution (4.22).

. General background, s = —2. Moving beyond inflation, we cannot find solutions

for general s and p = —1, 1, 2. Instead, there are two possibilities for s, which group
the mass term in the differential equation (4.8) with either the first term (c2k?) or the
final term (p(p — 1) /7?). The first case corresponds with choosing s = —2, in which
case the solutions depend on the value of p. For a de Sitter background (p = —1),
the general solution is given by Equation (4.28), for radiation domination (p = 1),
by Equation (4.30), and for matter domination (p = 2), by Equation (4.31). We can
also have a quasi-de Sitter background here, in which case we just have the solution
(4.27)withp = —1/(1 —¢).

. General background, s = —2(1 4 1/p). Another option is to group the mass term

with the final term (p(p — 1) /%?), which requires it to obtain a « 1/12-dependence.
This is achieved by choosing s = —2(1+ 1/p) and the solutions are given by Equa-
tions (4.33) and (4.37) (for p < 0 and p > 0, respectively), where the order v is
dependent on p and given by (4.35) and (4.39), respectively.

. Radiation-dominated background. In the case of a radiation-dominated back-

ground, the final term in the differential equation (4.8) disappears so we have more
freedom with our power-law graviton mass. Taking integer s, we can take s =
0,—1,—-2,-3,—4; s > 1 gives infinite polynomial solutions and generally a nonva-
nishing graviton mass at late times, which we do not expect (at the present time, we
want to reduce back to massless GR). Furthermore, s < —5 does not have analytic
solutions, so we restrict ourselves to —4 < s < 0. The solutions are given in terms
of parabolic cylinder functions (s = 0), Airy functions (s = —1), the subhorizon so-
lution (s = —2), confluent hypergeometric functions (s = —3), and Bessel functions
(s = —4). We note that the cases s = —2 and s = —4 correspond with the previous
two cases. The only other solution for which we have also been able to find the in-
tegration constants is the case s = —1, and it is given by Equation (4.43). For s = 0
and s = —3, we will therefore not continue to try to find the power spectrum.

. Different mass functions. We have also tried to adopt different functions for the

graviton mass, other than a power-law, but we do not see any way in which the
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4.2 Solutions to the differential equation 45

differential equation can be solved in such cases. This is because of the power-
law behaviour of the scale factor (@ « 5? for p = —1,1,2), which means that the
differential equation is only solvable if the graviton mass also follows a power-law.

421 (Quasi-)de Sitter background with constant graviton mass

Let us first look at the inflation case, i.e., a quasi-de Sitter background like in Section

2.3.2, but this time with the added graviton mass term a*(7)m3 (). During quasi-de

Sitter expansion, the scale factor approximately evolves in time as (see Appendix A.2.2)

a(y) ~ [—(1—e)Hoy] ' °, (4.14)

which means that, like in Chapter 2 (Equation (2.52)),

(2 + 3e) (4.15)

to first order in €. As for the mass term m, (), a small time-dependence is expected
proportional to € [26], but for now we will ignore the time-dependence of the mass and
simply take m,(17) = p, constant. With these assumptions, the differential equation
becomes

1 2+ 3e

v//( )+ C2k2—|— _
K\ T [(1_€)H017]2+2e 72

ok(n) = 0. (4.16)

Already at this point, we notice that this equation is not solvable. This is because the
second and third terms in the square brackets do not have the same 7-dependence: the
second term is &x 1/ 172+2€ while the third term is « 1/ 772. The two terms cannot be com-
bined and we cannot find any solutions.

One option is therefore to simply stop here and accept that massive gravity does not
yield any analytic solutions during inflation (at least for a constant mass, as is often done
in the literature), and this is the main point that we want to try to convey. However, sev-
eral authors ([26, 29-35]; see also the discussion in Chapter 5) have opted to approximate
the inflationary period as pure de Sitter simply in order to find analytic solutions to the
differential equation (4.8). We cannot make clear enough that doing this defeats the entire
purpose of inflation, namely that it evolves as a quasi-exponential Universe and therefore
strictly speaking, it cannot be approximated by pure de Sitter.

Nevertheless, we will go on with a similar calculation, but whereas the references
mentioned above simply set € = 0% in the differential equation (4.16), we will still keep
some aspects of the quasi-de Sitter background. We will merely approximate the expo-
nent 2 + 2¢ ~ 2 and keep the (1 — €) in the denominator of the second term and the

2Sometimes, the quasi-de Sitter effect is added later on by simply adding the spectral tilt of ny = —2¢ to
the spectral tilt from massive gravity in pure de Sitter. We will see that the result that we obtain is the same
as this and is therefore, again, not representative of inflation.
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(2 + 3¢) in the numerator of the third.® In this way, we can combine the second and third
terms and get it in the form

1 T
" 2k2 _ 2 _ X =0, 4.17
Uk (17) + cr 772 ( +3e (1 _ €)2H%> Uk(ﬂ) 0 ( )

but we stress again that this equation is not representative of inflation because it does
not follow the quasi-exponential expansion that is assumed in that period. Following
through with the calculations, from Appendix B.1.3 we can see that the general solution
is now given by

k)\/—inﬁl (—crkn) + ca(k)y/— H (—crkn), (4.18)
where
D Y PR | S VPR Y RN NN S S (4.19)
2 (1—¢€)2H? 2 37 9(1—e)2H? '

We can look at this expression for v in two regimes: for large graviton mass, 4., > 9H,,
the final term dominates and we have an imaginary v which we do not want. Instead,
we take the small mass limit, 44, < 9H? so that we can Taylor expand this expression.
We also know that € < 1 so we can simultaneously Taylor expand this function to obtain
the approximate form

3 145 4
~Zte—tX (14 2¢), 42
veste 3H§< +3e> (4.20)

We can see that in the massless limit, #,, — 0, we have v ~ € + 3/2 which is the infla-
tionary solution (2.55). We also note that we have included the cross-terms between ;4)2(
and €, but have not gone to second order in y3 and e themselves. The cross-term does
not add much further information but we will leave it in for completeness.

The next step is to find the constants c1 (k) and ¢, (k), which can be done by applying
the large-argument limit —ctky > 1, corresponding to the subhorizon limit in de Sit-
ter space (see Appendix A.2.4), and comparing this with the subhorizon limit we found
before (Equation (4.12)). Like in Chapter 2, we use the large-argument limits of the two
Hankel functions (Appendix B.2.2) and from this we see that again c» (k) = 0 and

& (k) = \/f exp [l; <v 4 ;)

31f we want to be more consistent, we should also approximate 1 — € ~ 1 and 2 + 3¢ ~~ 2 so that we are
entirely in pure de Sitter.

(4.21)
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4.2 Solutions to the differential equation 47

The general solution is then given by

o) = L exp [;T (v+3)

. 3 145 4
Wlth V22+€_3I—I§<1+3€>

/=i HY (~crky)

(4.22)

4.2.2 General background with s = —2

We can then look at some cases where the graviton mass is not constant but instead
follows the power-law mi(iy) = yias with s # 0 some constant. We also go back to
the more general a(n7) = (Hon/p)? again (see Appendix A.2.1), so we can also see what
happens during a radiation- or matter-dominated era, i.e., after the end of inflation with
its quasi-exponential expansion.

In these cases, the differential equation (4.10) becomes

o (2+s)p 1
TR + iy (;’7> - p(p)] ok(17) = 0. (423)

,U// "‘f_
k(1) 72

As before, this is not generally solvable for arbitrary s and p. We can therefore choose s
and p such that the second term is grouped either with the first or with the final term,
i.e., we have either an 77" or 772 power-law in the second term. We first focus on the first

case where s = —2 so that the second term simplifies to yi, and the differential equation
becomes
1
o) + | R+ g =g - 1)] o () = 0. (424)

This has the general solution

() = 1BV ETH, o (/33 )
+ ca (k) /iinﬁ)l/z <i—7]\/c2Tk2 + y%) ,

where the + or — signs depend on the value of p: if p = —1 (de Sitter), sub- and super-
horizon is given by the limits —ctkyy > 1 and —crky < 1, respectively. On the other
hand, for p = 1 (radiation domination), we have crky > 1 and crky < 1, respectively,
and the same holds for matter domination (p = 2), just with an extra factor 1/2 (see
Appendix A.2.4). We see that this therefore changes our definition of large- and small-
argument limits of the Hankel functions, so we must change the arguments accordingly.
Also, in order to even be able to take this limit, we have to assume that y)zc K cszz so the
argument approximately reduces to the desired £crky. In order to continue, we must
therefore treat the three cases p = —1, 1,2 separately.

(4.25)
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48 Implications of massive gravity

Moreover, we cannot compare our subhorizon limit (4.12) with the subhorizon limit
of the above solution, because we now also have the mass in our argument. Instead, we
have the subhorizon solution

~

1
o (1) =~ \/Tﬁk

The mass term has to be included in the subhorizon solution because this term does not
have a time-dependence anymore, and this alters the frequency wy = crk to @y. Let us
then look at the three cases p = —1,1,2.

e with a”),% = cszZ + pti, crk > aH. (4.26)

(Quasi-)de Sitter case

In the de Sitter case, p = —1, we take the minus signs in the solution (4.25). Assuming
for the subhorizon limit that the arguments can be approximated as ~ —crky, we can
take the large-argument limits of the Hankel functions again and see that cp(k) = 0 and
c1(k) = (\/71/2)e™/2, so that the general solution becomes

7"[ .
or(17) = {emp/%/—nH,il_)l/z (—ﬂ\/Cszz + y§> : (4.27)

We can then plug in p = —1 and use H(_la)/z(x) = iy/2/me™ (x +i)x~3/2 to obtain

o (1) = \/feim\/—ﬂ : i\[’iem‘:’k(—ﬂwk +i) (=)
Le*l’ﬂ(ﬂk T](Dk — l
V2o @

L (o) e (4.28)
2wy ylop

where we have written @7 = c¢3k* + yi. Notice that we can also take a quasi-de Sitter

background with p = —1/(1 — €), but in this case we cannot write the Hankel function
out because the order p —1/2 ~ —3/2 — € depends on €. In this case, we simply have
the solution (4.27) with p = —1/(1 —¢).

Radiation-dominated case

In the radiation-dominated case, p = 1, we take the plus signs in the solution (4.25).
Again approximating the argument as >~ crk#, we can take the subhorizon limit crky >
1, compare it with Equation (4.26), and obtain the constants ¢1(k) = 0 and cy(k) =
(v/71/2)e~"7P/2, such that the full solution in this case becomes

T _in
vl = 5T 2 it (/R ) (429)
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4.2 Solutions to the differential equation 49

Plugging in p = 1 and using H{ /)2 = i\/2/mxe”™*, we have
— —17'[/2 —znwk
o (1) Vi e
— —in@y 4.30
ZdJk ‘ (4.30)

which is the same as the subhorizon solution (4.26). This is also logical, because when
p =1, then p(p — 1) = 0, the final term is absent in the differential equation (4.10), and
we go back to the subhorizon differential equation v}/ (1) 4+ @xvk () = 0, which indeed
has the solution (4.26).

Matter-dominated case

Lastly, we have the matter-dominated case, p = 2, for which we also take the plus signs
in Equation (4.25). The general solution is therefore given by Equation (4.29) and we can

plug in p = 2 and use Hé/)z( ) = V2/me (i — x)x~3/2 to find

u(n) = ﬁe_m\f' \/Ee_i”@" (i — nax) (nay) >*

_ L — i@ Nk —
V2t el
= 1~ (1 - 1~> e %, (4.31)
2wy oz
which we observe to be the same solution as in the de Sitter case. This is because p(p —
1) = 2 both for p = —1 and for p = 2, so the solutions must be identical as well.*

4.2.3 General background with s = —2(1+4 1/p)

Having gone over all possibilities for the case s = —2, we can look at the other case
presented at the beginning of the previous section, s = —2(1 + 1/p). This ensures that
the mass-term has a 1/7?-dependence so it can be grouped with the final term in the
differential equation (4.23), and we write

" 2,0 1 V?cpz _
og () + |erk” — 7 p(p—1)— 27! vk(17) = 0. (4.32)
0

The case in Section 4.2.1 looks like a specific case of this if we take p ~ —1 —€ ~ —1,
although this would imply that s = —2¢, while before we took it to be zero and approxi-
mated the exponent 2 4 2e ~ 2. Solving this more general case goes analogously to that

4 Also, the minus signs all cancel in such a way that the solutions are identical, making stronger the claim
that we can freely add such minus signs to make it easier to take super- and subhorizon limits, as long as
they are added consistently.
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50 Implications of massive gravity

case, but again we have to distinguish between the + and — signs inside the arguments,
which depends again on if we take (quasi-)de Sitter or radiation or matter domination.
(Quasi-)de Sitter case

Forp <0(ie,p=—1lorp~—1—¢€), wehave

v(ny) = \/ZE exp [1; (v + ;)

V=HY (—erky), (4.33)

where now we have, since p < 0,

1 PN A
VZJ4<p(p 1) 2 +1
_1 (2p—1)2 — 2u,p\*

— 2P H,

2
_1-2p _ 2uxp
==+ <( i) (4.34)

For p, > Hy, this gives an imaginary order, which we do not want, so we take y, < Hp
so that

1 2 p?
~ 1 , 435
B R e T (439)

In the quasi-de Sitter case, with p ~ —1 — ¢, this would give

3 145 4
~ — ———= 14z 4.
v te— g §<+36>, (4.36)

which is the same as we found before in Equation (4.20). Again, we stress that this quasi-
de Sitter case is not the same as the one described in Section 4.2.1, as s = —2(1+1/p)
with p ~ —1 — € implies that s = —2¢, which now also depends on ¢, and so m, does
as well. The mass is therefore not constant, as we assumed in Section 4.2.1, but still,
it shows that if we take a slowly-varying graviton mass we can still find a solution. A
constant mass during inflation is still not in general solvable.

Radiation- and matter-dominated case

For p > 0 (i.e.,, p = 1 or p = 2), we have instead the solution

Vr

or(n7) = 5 eXp [—l; (V+ ;) \/ﬁHﬁz)(chn), (4.37)
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where since p > 0 now, we have

1 uip?
vz\l4<p(p1) 2 +1

2
_2p—1 2uxp
= J1 <(2p_ 1)H0> . (4.38)

TSN P . {— (4.39)

4.2.4 Radiation-dominated background with general power-law mass

For our final viable option, let us return to a more general power-law graviton mass, with,
at least for now, unspecified s. We choose a radiation-dominated background with p =1,
because then p(p —1) = 0 and a(y) = Hon (see Appendix A.2.1), and the differential
equation (4.8) is reduced to

of (1) + |3 + i (Hon) > | e () = 0. (4.40)

Once again, this is not solvable for any s so we have to make some choices. At least
without the final term, proportional to 1/%2, we will now obtain solutions in terms of
different functions than the Bessel functions. In the following, we will restrict ourselves
to integer choices for s. Also, it is worth noting that we take s < 0, which makes sure that
the mass decreases in time and we reduce to massless GR at late times. It also turns out
that taking s > 1 will give polynomial solutions with an infinite amount of terms, so it is
not worth looking in this regime.

s=20

Taking s = 0 in Equation (4.40), corresponding with a constant graviton mass, the solu-
tion is given by the parabolic cylinder function D, (x) (see Chapter 12 of [36]),

o) = e1(k)D_n-1/2 | i+ 1)v/icHon | +e2(k)Dovyo | (1= 1)v/xHon |, (441)

with n = ic2k?/2u, Hy. Because of the form of the large-argument expansions of the
function D,, we were not able to find expressions for the constants c;(k) and c»(k), so
we will keep the general solution as above. We will therefore also not be able to find the
power spectrum in this case.
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s=—1
For s = —1, the solution is of the form
‘ 2K + VZ Hor ‘ 2K + yz Hon
Uk(ﬂ) =0 (k) AI <_Z—;[§CH(32/3 + Cz(k) Bi _W , (442)

where Ai(x) and Bi(x) are the Airy functions (see Chapter 9 of [36]). Using the large-
argument expansions of these functions, the approximation y)ZCHoiy < c2k?, some Taylor
expansions to order O(7), and some rewriting, finally gives us the values ¢ (k) = 0 and
c1(k) such that

1/4
472 1/12 2ic3Kk3 | [ c3k®+ u2Hoy
X X X

s=—2
With s = —2, we completely revert back to the subhorizon solution (4.30),

1 o
o) = ——=e "%, with @F = 3k®+ 2. (4.44)

Zwk

This case has been discussed in Section 4.2.2, so we will move on.

s—= -3

Taking s = —3 gives solutions in terms of the so-called “confluent hypergeometric func-
tions”, M(a, b, x) and U(a, b, x) (see Chapter 13 of [36]),

2
u(y) = cl(k)Hloe"CT"”M (1 - ,2,21'ch17)

. (4.45)
+0 (k) HloeichW u (1 — Zlcl;"leQ ,2, 2ZCTkI7>

Because of the form of the large-argument expansions for the functions M and U, we
cannot easily find equations for the constants c1(k) and cz(k), so we will keep these as
constants and the general solution as above. Because of this, we will also not be able to
calculate the power spectrum in this case.

s—= —4
Finally, we can take s = —4, which gives us solutions in terms of the familiar Hankel
functions,

o) = c1 (k)y/iTH (crky) + ea (k)T H (crkry), (4.46)

5See Calculation 6. in Appendix C.2.
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4.3 The power spectrum 53

where v = 1,/1— 4u2 /Hg. Like before, we can use the large-argument expansions of
the Hankel functions, which gives the solution

o) = L exp [—;T (v+3)

This is the same as the solution (4.37), since s = —2(1 +1/p) with p = 1 gives s = —4.

Fors < —5, we cannot find analytic solutions anymore so we will stop here. In theory,
we could go on and keep defining new solutions with specific large- and small-argument
properties, power series, derivatives, and all other properties, but this is beyond the scope
of this project and probably more of a mathematical physics problem.

In the same spirit, it is also not worth it to look in more detail into the matter-domi-
nated background solutions. In this case, we have the third term again, proportional to
o« 1/1?%, so we cannot find solutions for a general s anymore. The two cases for which we
can still find solutions are s = —2 and s = —3, and they have been discussed in Sections
4.2.2 and 4.2.3 (with p = 2), respectively.

VIHY (erky). (4.47)

4.2.5 Different graviton mass functions

Let us now move on from the power-law graviton masses, and look at other possible
forms. A promising Ansatz is the decaying exponential, mi(q) = ‘uie*”l (for ¢ some
constant with dimensions 1/[#]), since this reduces to massless gravity at late times. On
a power-law background, a(y) = (17/10)?, the differential equation (4.8) now becomes

p
e -1
op () + k> + yfc (170) e — P(Pﬂz) vk(n7) = 0. (4.48)

However, it is not possible to analytically solve this. Even setting p = 1 so that the final
term disappears still does not make it solvable. The same is true if we take any other
function for mi(n): because of the power-law behaviour of the scale factor, we can only
really solve this in some specific cases if we also have a power-law for the graviton mass.
The only possibility to potentially have a solution for an exponentially decaying graviton
mass would be if we are in the superhorizon limit, i.e. the first term, C‘%k2 is absent, and
p = 1 so that the final term is zero as well. But even then, we have a differential equation

of the form

o (1) + 1y 'e”Mor(n) =0, (4.49)

which still is not solvable. So unfortunately, we have to let this possibility rest here.

4.3 The power spectrum

From the solutions for vi(#) that we have just found in the different cases, it is fairly
straightforward to calculate the power spectrum P, (k), as this follows the same steps
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54 Implications of massive gravity

as Chapter 2. We first calculate the modulus |vi(77)| and from there |xx ()|, and then via
Py (k) = 23| x1 () |*/ 7 (see Equation C.41) the power spectrum. With Equation (4.5), we
can write |x«(17)| = v/2|vx(7)|/ Mpia() and so the power spectrum is calculated directly
from the solutions in Section 4.2 via
413 )

)’Uk(ﬂ)’ :

Pyk) = ——5——
x 2 M3,a2 (1

(4.50)

4.3.1 The (quasi-)de Sitter case

Let us start with the (quasi-)de Sitter case, which has the solution (4.22),
T in
u(7) = {exp [2< ) V=i HY (—crkn)

. 3 1VX 4
with v~2+e—§ﬁ <1+36>.

(4.51)

The power spectrum is then calculated to be®

2
Py (k) = |HY (—erkiy)

(4.52)
M%1 ?
which in the superhorizon limit —ctky < 1 and withy = —1/(1 — €)aH can be calcu-
lated to be

2 nr
Px(k) ~ 2H (CTk

. 23 4

ANES uH) with np = —2e+ 3H’; (1 + 3e> . (4.53)
As we have already said before, we stress that this is not the exact quasi-de Sitter so-
lution, but for a more thorough discussion about this, see Section 4.2.1 and Chapter 5.
Nevertheless, we can see from the spectral tilt nt that we can have the desired blue-tilted
spectrum if we have a graviton mass pt)z( > 0, provided the slow-roll parameter is small
enough that it does not cancel this contribution. The pure de Sitter case (¢ = 0) will al-
ways have a blue spectrum for positive graviton mass, as then the spectral tilt is simply
nr = 2p3 /3Hg.

4.3.2 General background, s = —2

The case in which we have a general background with the scale factor dependence of the

graviton mass parametrised by choosing s = —2, has the solutions (4.27) and (4.29),
o(n) = \F mp/z\ﬁH 12 ( \/CZTk2 + y%) , for p<0, and (4.54a)
ﬁ i 2
o) = e Y,y (y/FR 118 ), for p >0, (4.54b)

6See Calculation 1. in Appendix C.2.
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4.3 The power spectrum 55

Here, we write cD% = cszz + ”?c' We can consider the three components p = —1,1,2 (de
Sitter, radiation domination, matter domination) separately, as well as the quasi-de Sitter
casep=—-1/(1—¢)~—-1—e.

Quasi-de Sitter

p = —1/(1 — e) gives the solution

T i —€
vk(w:‘fe 0 Y (—m/c%kzwﬁ), (4.55)

from which the power spectrum in the superhorizon limit —c7ky < 1 can be calculated
to be”

(3—€)/(1—¢)

Py (k) ~ 212 (erk)* (VTR (4.56)
BT omME 3\ aH aH ' '
We can then look in the two regimes ctk > p, and ctk < piy; the first one gives
2H? crk\"" . 6 — 4e
Px(k) —_ W (g[—l) Wlth nT — ? — 6 +2€, (4:.57)

and ctk < iy gives

Py = —2H2 ()T ek 4.58
x( )_9n2M§,lc’3; aH oH (4.58)

In both cases, we have a blue spectrum (nt > 0) but for small graviton mass (or large
wavenumbers), it is about twice as steep as for large mass (or small wavenumbers).

De Sitter and matter domination

p = —1land p = 2 give the equal solutions (4.28) and (4.31),

oe(n) = 1~ (1— l;)e_i”‘:’k. (4.59)

200k Wy

This solution gives a power spectrum dependent on the value of p,

2H?(ctk)3 1 (aH)? 1
Pylk) = 2= 1+ : (4.60)
X 2 M32,c3 (aH)? p? 3k + 12 [2ie 42

7See Calculation 2. in Appendix C.2.
8See Calculation 3. in Appendix C.2.
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56 Implications of massive gravity

We take the superhorizon limit, ctk < aH, so that the second term in brackets dominates
over the first. Also, we can split it up again into two cases where ctk > p, or ctk < py.
The first gives

2H?

Pk~ 2
x(k) p2m2 Mz, c3.

(4.61)

which is the same as before (Equation (4.53)) in pure de Sitter (p = —1 and € = 0) and
with p,, < H. In the case where cTk < 1, we have

3
2H2 CTk
Polk)~ —1 (T8 (4.62)
x(k) = p2m2 M3z, c3. (P‘x)

so we see that we now compare the wave number crk with the graviton mass ., instead
of the conformal Hubble parameter aH. We also notice that this is not scale-invariant
and has a spectral tilt nT = 3 > 0, which means that the spectrum is blue-tilted. For the
matter-dominated power spectrum, the only difference is that we divide by p* = 4 (since
p = 2 then), which does not alter the scale-dependence of the power spectrum.

Radiation domination
For p = 1, we have the solution (4.30),

ur(n) = %e*i”‘”’f, (4.63)

\/Zwk

which gives the power spectrum’

2H2(crk)? 1

Py(k) = . (4.64)
X 2 M3, c3.(aH)? [z + 12
For ¢tk > p,, this becomes
2H?2  [crk\?
PX <k) — 7T2M1231C:%—v (EII_I> 7 (465)

which also has a spectral tilt nT = 2 > 0 so that it is blue-tilted. For ctk < p,, we have
instead

Py(k) ~

2
2H® aH (ch) ’ (4.66)

T2 Mpcy Hy \aH

which has a steeper tilt nt = 3, the same as the ctk < pu, case for (quasi-)de Sitter and
matter domination.

9See Calculation 4. in Appendix C.2.
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4.3 The power spectrum 57

4.3.3 General background, s = —2(1+ 1/p)

The other general background case that was solvable was the one wheres = —2(1+1/p)
so that the mass term could be grouped with the a” /a-term. The solution depends again
on the sign of p and is given by Equations (4.33) and (4.37),

o(n) = \/2%@(}3 [Z; <V + ;) V —nHél)(—chn), for p<0, and (4.67a)
] 1
o) = Y exp [—f (v 3) | VAP ek, for p>o (4.67b)
The order v can be approximated as
1w
= 5 4.68
’ ¢<p 2 (2p-1)H; (469)

where the minus sign is for p < 0 and the plus sign for p > 0. With the small-argument
limit of the Hankel functions, we calculate the power spectrum, where the only depen-
dence on the sign of p is in the order v,

22 H2 oy [Tk
Py (k) =~ WFZ(V)Pl ? <aH> , (4.69)

We can calculate this explicitly for p = —1,1,2 (or s = 0, —4, —3),

2H2  [crk\"T 2u?
Pelk)= ——— () , wh =% p=-1 470
)= e <aH> where =gz P (4702
2H2  [crk\"T 2u?
Pk)=——+—(—] , wh =2 Xoop=1, 4.70b
V0= o (i) - where =245 p (4.700)
H? crk nr 8ﬂ2
Polk)=——" () , wh = X 50 4.70
x(K) 2m2 M3, c3. (aH) where i 3H? P (4.70c)

We see that in each case, if u,, > 0, we have a blue-tilted spectrum. The first case corre-
sponds to the approximately quasi-de Sitter case (Equation (4.53)) if we set € = 0 for pure
de Sitter.

For the exact quasi-de Sitter case p = —1/(1 — €) >~ —1 — ¢, the solution reduces to
the solution of the constant mass so the power spectrum will be precisely given by the
solution (4.53). As already noted before, the difference between the two cases is that the
mass is now time-dependent, since s = —2e now, whereas it was constant before.

10See Calculation 5. in Appendix C.2.
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58 Implications of massive gravity

4.3.4 Radiation-dominated background, s = —1

The final case that we can look at is the case for a radiation-dominated background with
other values for s. We have dones = —2 and s = —4 (these were the radiation-dominated
cases in Sections 4.3.2 and 4.3.3), and s = 0 and s = —3 did not give satisfactory solu-
tions (they still have constants that we cannot calculate), but for s = —1 we did obtain a
solution, namely Equation (4.43),

1/4
47 1/12 2ic3Kk3 | [ cAk®+ u2Hoy
(1) =~ <}12Ho> (—V;ZCH()) exp [3}42THo] Ai <_(T—VZHOX)2/3 N 4 )
X X X

Ai(x) is the Airy function which can be converted to a Hankel function. From this, we
can take the superhorizon limit and rewrite the equation a lot, after which we eventually
end up with the general power spectrum,!

212 ferk\? (ar2\ /1
Po(k) = —— (L= - (= 4.72
x(k) 703 M3, c% <HH> (3;4)2() <3> (4.722)
1/3
2H? H? 3
~158———— 5 <‘:Tk> . (4.72b)
2 Mgicr \ py aH

We have also used the Friedmann equation during the radiation-dominated era, H/Hy =
1/a% if O, = 1. The above power spectrum has a spectral tilt iy = 3 > 0, which means
that this is also a blue-tilted spectrum. In fact, the tilt is the same as for the case s = —2
when crk < piy.

Table 4.1 on the next page shows a summary of the various spectral tilts for the dif-
ferent values of p and s and for the different regimes. We note that we have put the
approximate spectral tilt for quasi-de Sitter with s = 0 in the table, even though strictly
speaking this is not possible. The tilt for s = —2¢ is the same as this approximate tilt.

11See Calculation 7. in Appendix C.2.
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Chapter

Discussion and conclusion

In the previous chapter, we have shown that in some specific cases, we can find an-
alytic expressions for the tensor power spectrum of the stochastic gravitational wave
background due to an extra graviton mass. We will now compare our results with the
literature and explain why the calculations that different authors perform are not always
possible.

Let us start with the time-dependence of the graviton mass. There is not much to be found
in the literature, but there are a few examples. First of all, let us note the power-law time-
dependence used in [23], which we also used in Chapter 4. Although the authors of [23]
do not use this to calculate the tensor power spectrum, but instead use it for the analysis
of the different gravitational potentials and equations of motion, we have still decided to
use such a time-dependence in our analysis.

The only actual time-dependence that we could find is adopted in Fujita et al. (2019,
2020) [34, 35], where the mass is assumed to be constant, m(#) = m, up until some time 77,
in the radiation-dominated era, and zero afterwards. The scale factor is taken tobe a(7) =
—1/Hpy during inflation which corresponds with a de Sitter background. After inflation
(during reheating and further after that), the scale factor is taken as a(#) = a,%/1,, which
corresponds to a radiation-dominated Universe, as expected. The power spectrum is then
calculated in [34] in three phases, namely a massless phase and a mass-dominant phase
after inflation (which are not as important for this discussion), but also what they call an
“inflation phase”, where the mass is constant and the scale factor evolves according to a
de Sitter Universe. The calculation of the power spectrum in this case is equivalent to the
calculations in Sections 4.2.1 and 4.3.1 of this work, but in reality, they do not apply at all
to inflation because the background is not taken to be quasi-de Sitter, as it should, but it
has to be approximated as pure de Sitter for us to be able to find analytic solutions. The
authors of [34, 35] do mention that they approximate inflation as pure de Sitter, but they
fail to mention the validity of this approximation, which does not exist.

It seems that we single out a small group of authors, but in fact, this problem is
widespread amongst several authors and research groups. Sticking for now to a gravi-
ton with a constant mass, there are more examples, such as [26, 30-33], that all come
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62 Discussion and conclusion

to the same result. Focusing first on Bartolo et al. (2016a, 2016b) [30, 31], they find
again the solution for xy(#) in terms of the Hankel function of the first kind, with the
order v = 9/4 — mi/ H?. This leads eventually to a power spectrum with a spectral
tilt ny = 2m§(/ 3H?2. However, this is again the product of a pure de Sitter background,
where 2% o« 1772 so that we can find the analytic Hankel function solution. Where [34, 35]
explain that they have to assume a de Sitter approximation during inflation, [30] does not
make any such assumption and it looks like they simply take this for granted. Luckily,
[31] does explain that we need a quasi-de Sitter background during inflation and they
even mention that “analytical considerations can be carried out in a quasi-de Sitter space,
€ < 1 for cr and my only mildly depending on time”, although the authors then con-
tinue to take pure de Sitter and constant cr and m,, and end up again with the spectral
tilt ny = Zmi /3H?2. In fact, we have shown in Section 4.3.3 that when mi o« a2 itis pos-
sible to find analytic solutions so it is unclear why the authors of [31] have not included
this case.

Let us next quickly consider the other three references. Riccardione et al. (2018) [33]
again states that inflationary tensor modes can be approximated by using a de Sitter back-
ground and end up with the same result for the spectral tilt. Domeénech et al. (2017) [32]
even goes a step further and adds the spectral tilt for the quasi-de Sitter Universe (with
a massless graviton) to the pure de Sitter Universe with a massive graviton, obtaining
the spectral tilt nt ~ —2¢ + 2m§( /3H?, the same that we found in Section 4.3.1. [30] does
the same, but we stress again that this method cannot be used because we cannot add a
quasi-de Sitter solution to a massive pure de Sitter one. Finally, Cannone et al. (2015) [26]
finds a slightly different action for tensor fluctuations and therefore also a slightly differ-
ent spectral tilt n7, which also includes an interaction between the mass-term mi /H? and
the quasi-de Sitter slow-roll parameter €. They do not explain if they use a pure de Sitter
approximation here and do not show any steps, simply saying that it is “easy to derive
the expression for the power spectrum” from the given action. Also, they mention that
“a (small) time-dependence for [the masses] would instead be expected, proportional
to slow-roll parameters quantifying the departure from an exact de Sitter phase during
inflation”, but they neglect this time-dependence. As noted in the previous paragraph,
adding such a time-dependence proportional to the slow-roll parameter does in fact help.

These references have all made use of a pure de Sitter background and a constant graviton
mass, and sometimes also a tensor sound speed cr # 1, and they all found the same re-
sults. However, there is also a class of authors that take a more general time-dependence
of the graviton mass. Going in chronological order, we start with probably the most gen-
eral analysis in Bessada et al. (2009) [37], who decide to numerically solve the differential
equation. However, they do this not in a (quasi-)de Sitter background but rather with
a Universe only containing radiation and matter. The same arguments apply however,
and we have seen in Chapter 4 that also in these regimes, we cannot solve the differential
equation for a general time-dependence of the graviton mass. Myung et al. (2014) [29]
adopts a completely different massive gravity model (the “Einstein-Chern-Simons-Weyl”
model), but the idea is the same. Inflation is again approximated by de Sitter expansion
and the power spectra for scalar, vector, and tensor perturbations are calculated in this

62

Version of June 29, 2023- Created June 29, 2023 - 18:47



63

model. It seems that we cannot compare it with our research because of the different
massive gravity model, but at the very end they take the general massive gravity model
that we adopt in this work, and again obtain the same spectral index ny ~ Zm)zc/ 3H?,
because of the pure de Sitter approximation.

And then there are two papers by Kuroyanagi et al. (2018) [38] and Hiramatsu et al.
(2018) [39], that solve the differential equation without making any assumptions about
the scale factor and take a general time-dependence for the graviton mass. They end up
with a power spectrum

2
Py (k) o< exp [— / ZJZth] , (5.1)

where the integral bounds are not important for us right now. The only assumption that
was made here is that we are on superhorizon scales, k < aH, so that the only surviving
term in the differential equation' is the mass term. [38] neatly explains the breakdown
of the de Sitter approximation and therefore we have to take the superhorizon limit. A
general solution outside of this limit is still not possible, however, the authors of [38] still
end up at the spectral tilt ny = —2¢ + Zm?C /3H?, which is the quasi-de Sitter massless tilt
added to the pure de Sitter massive tilt, as we saw before.

[39] remains more general and only takes in their calculations (which are put in the
appendix as it is not the main goal of the paper) the superhorizon limit and m)zc < H?,
after which they arrive at the general power spectrum (5.1). They then take a specific
time-dependence

2m?2

% sinh(an)
3H?

= nry + Pa (5.2)

cosh?(an)
(where dn = Hdt and « and B are some constants with « < 1), after which they end
up with a power-law (k/k¢)"™ multiplied with a peaked factor due to the second term
in the above time-dependence. With e.g. « = 0 or B = 0, the power spectrum again
has a spectral tilt 2m§( /3H? which shows that this, once again, corresponds to a de Sitter
background because the mass is then constant.

To summarise this discussion and conclude the research, we stress again that it is not
possible to find an analytic solution to the differential equation (4.8) in the quasi-de Sitter
background that describes inflation, if the graviton mass is taken to be constant. The best
we can do is (1) to assume inflation can be approximated by a pure de Sitter Universe
[26, 29-35], which is really not an option as it defeats the whole purpose of inflation,
namely that it does not exactly follow exponential expansion, (2) to take the superhorizon
limit [38, 39] and not worry about what happens in the general case around the horizon
k ~ aH, (3) to numerically solve the differential equation [37] and accept that we cannot
find analytic solutions, or (4) adopt a specific time-dependence so that mi xa2orua %,
after which we can find analytic solutions.

1The differential equation in question is slightly different from our Equation (4.8), in that the authors of
[38, 39] divide by a2 so that in the mass term, there is no scale factor anymore.
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In this thesis, we have shown that in addition to the above solutions, we can also
find analytic solutions in other specific cases, namely when looking at pure de Sitter
or radiation or matter domination. For a power-law m3(y) = p3a’(17), we can have
a blue GW spectrum by taking s = —2 in de Sitter, radiation domination, and matter
domination, by taking s = —2(1+1/p) (with p = —1 for de Sitter, p = 1 for radiation
domination, and p = 2 for matter domination) and a mass ptf( > 0, or in a radiation-
dominated background with s = —1. In addition to the constant mass quasi-de Sitter case
of Sections 4.2.1 and 4.3.1 (which is not completely valid because of the reasons explained
in the discussion above), these constitute all the cases where a power-law graviton mass

can lead to an analytical solution for the GW power spectrum.
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Appendix

Important concepts in cosmology

In this appendix, we will go over some concepts from cosmology that are relevant for
this thesis. We will start with a short overview of the Friedmann equations coming from
the Einstein equations in an FLRW Universe and derive the scale factor-dependence of
the energy density. Then, we will derive some useful properties relating the scale factor,
conformal time, and comoving wavenumber in different single-component Universes.

A.1 The Friedmann equations

A good starting point for this appendix will be Einstein’s theory of General Relativity,
which can be described by the Einstein-Hilbert action with an additional matter term,

S—/&ﬁ[L6G+ 4, (A1)

with R = RMg,, the Ricci scalar, R*" the Ricci tensor, § = det(g,y) the determinant
of the metric tensor Suv, and L the Lagrangian density for matter. Varying this action
with respect to the metric (see Chapter 4 of [15]), we arrive at the well-known Einstein
equation,

1 T,
Ry = 5Rgu = 87GTy  or @”:x%‘ (A2)
Pl
Here, T}, is the energy-momentum tensor, given by
2 48
Ty = — s (A.3)

VR

with S, the action for matter, S, = f d*x/— gLm. The next step is to adopt a metric.
The most general metric describing a homogeneous and isotropic Universe is the FLRW
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72 Important concepts in cosmology

metric!
dﬁz—mhw%wpﬂ+ﬂmﬂy where dO? =d6? +sin?(0)d¢?.  (A4)

From this metric, we can calculate the Christoffel symbols and from those the nonzero
Ricci tensor components and the Ricci scalar (see Chapter 8 of [15] for more details).
Finally, we choose to model energy and matter by a perfect fluid, so that the energy-
momentum tensor is simply given by Too = p, Tjj = gijp, and To; = Tjp = 0, where p is
the energy density and p the pressure.

We can then plug everything into the Einstein equation (A.2); the yv = 00 equation
gives the first Friedmann equation,

LN\ 2
2[4 _ 8nG
2 = (a> SR (A5)

The uv = ij equations give the equation

.. 2N\ 2
a a

which, after substitution of the first Friedmann equation, gives the second Friedmann
equation, also known as the acceleration equation,

i 4nG
2 = —T (,0 + 3P) . (A7)

A second form of the acceleration equation comes from requiring the conservation of
the energy-momentum tensor, V,,T#" = 0. Taking v = 0 and working out the steps we
then arrive at the fluid equation,

p+3§(p+p) =0. (A.8)

This equation can also be derived using the first law of thermodynamics, dQ = dE +
p dV, but this method is beyond the scope of this appendix. A third way is to differentiate
the first Friedmann equation and substitute the acceleration equation.

A.1.1 The equation of state

From the Friedmann equations, it is possible to derive the scale factor-dependence of the
energy density p, if we assume some relation between p and the pressure p. This relation
is known as the equation of state and is parametrised by the equation of state parameter
w,

p — wp. (A.9)

For our purposes the flat FLRW metric is enough, but we can also derive the Friedmann equations with
an extra curvature x, which manifests itself as an extra factor —x/a? in the first Friedmann equation.
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A.2 Scale factor, conformal time, and comoving wavenumber 73

Substituting this into the fluid equation (A.8) and getting rid of the time differentials, we
can quickly obtain the relation

p(a) = poa 0+, (A.10)

The value of w depends on the component: if we look at nonrelativistic matter, then
due to the thermal energy being negligible compared to the rest mass energy, we have

wm = 0. For relativistic matter, including photons, it can be shown that w, = 1/3.
Adding a cosmological constant A, we can see that because the energy density should be
constant, we should have wy = —1 and the equation of state is p = —p.

This all means that we can break up the Universe into different components that all
have a different evolution of the energy density. For nonrelativistic matter, we have pp,
a3, for relativistic matter, Py & a—* and for the cosmological constant, pp « const. We
can also rewrite the first Friedmann equation (A.5) into these components if we define
the critical density, poit = 3H?/87G, and the density parameter for a single component,
Qi = pi/ Perit- Using the subscript o for present-day values, we then rewrite

H 2 Q')/,O Qm,O
(HO> = Doy, (A1)

A.2 Scale factor, conformal time, and comoving wavenumber

With the rewritten form of the Friedmann equation, we can derive some relations for the
scale factor as a function of conformal time, and other properties related to this. First of
all, we note that in the previous section, we have exclusively worked with the cosmic
time ¢, but in this section, we will quickly move to conformal time as the relations that
we derive will have nicer forms.

A.2.1 Time-dependence of the scale factor

Let us look at a single-component Universe, with a general equation of state parameter
w. The energy density evolves as p = ppa >(17®) and the Friedmann equation for this
Universe reads

2N\ 2 2
H? = <a> = - (A.12)

We can rewrite this by separation of variables where we bring all a to the left-hand side
and the rest to the right-hand side,

a1+30)/2dgq = | /QpHZ dt. (A.13)

We then move to conformal time, which is defined by dy = dt/a(t). Moving this extra
scale factor to the left and integrating from a(y = 0) = 0 to a(17), we obtain

2Bo-1/2 4, — QoH2 dyy = 3w2+ 1a(3w+1)/2 =1 [ H2, (A.14)
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which can be rewritten to

2/ (3w+1)
a(y) = [3“’ 1, QOHZ} (A.15)
Usually, we will take ()9 = 1, corresponding to a flat Universe, and so this gives
3w+ 1 2/ (3w+1)
a(ny) = [ 5 Ho’?] (A.16)

We can consider the three components that we saw before: (nonrelativistic) matter with
wm = 0, relativistic matter or radiation with w, = 1/3, and the cosmological constant,
withwy = —1 (a Universe with just a cosmological constant is called a de Sitter Universe).
Substituting these values for w gives the relations

2
a(n) = <H20'7> (matter), (A.17a)
a(n) = Hoy (radiation), (A.17b)
a(y) = (—Hon)™* (de Sitter). (A.17c)

In Chapter 4, we parametrise the scale factor as a(1) = (11/10)*, so we see from Equation
(A.16) that in general, we have

p
- H()17 . 2
For matter, we then have p = 2, for radiation p = 1, and for a de Sitter Universe p = —1.

A.2.2 A quasi-de Sitter Universe

In addition to the pure de Sitter case, we can also have a quasi-de Sitter Universe, which is
the Universe that is typically adopted during inflation. The deviation from pure de Sitter
is characterised by the slow-roll parameter € (see Section 2.3.1). This parameter is defined
in various ways, but the one that we will use here is

H d/1

We know from solving Equation (A.13) for the cosmic time ¢, that the scale factor depends

on t as a « t2/(30+3) g5 the Hubble parameter is
-1
1 _a_ 12/ (3w+3) | 2 12/ (Guw+3)-1
H 3(w+1)
_ ;(w + 1)t2/(3w+3)—2/(3w+3) +1 g(w 4 1) (A20)
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Then the time-derivative of this gives

2
e:%(w—i—l)(:)w:ge—l. (A.21)

Finally, using p = 2/ (3w + 1), we can write, to linear order in €?

2 2 1
P= e 371 22" 1-c~ dte) (A.22)

Applying this to Equation (A.18), we have for a quasi-de Sitter Universe,

a(y) = [_(1 B €)H077] ~l-e _ [ i el)H ,ﬂl+€ (quasi-de Sitter). (A.23)
- - 0

A.2.3 yinterms of a and H

We can rewrite Equation (A.16) so we obtain an equation for # in terms of the scale factor
a and the Hubble parameter H, which is given by Equation (A.12). Setting ()y = 1 again,
we can rewrite this to Hy = Ha®(17%)/2 and rewriting Equation (A.16) to
2 qBwt1)/2
T=3w+1 H

(A.24)

then gives

_ 2 1 _p
1= 3w¥1aH  aH

(A.25)

We see that 77 < 1/aH for all components, and they just have a different prefactor based
on the value for w (or p). For the three components and the quasi-de Sitter case, we have

2
n= i (matter), (A.26a)
1 ..
n= o (radiation), (A.26b)
1 .
n= g (de Sitter), (A.260)
L (quasi-de Sitter). (A.26d)

W:_(l—e)uH

A.24 Conformal time and comoving wavenumber

We might also sometimes use a comoving wavenumber k. To see the relation to the
conformal time, we start at the Hubble law, v = Hr. The horizon is the distance photons

2Gince € < 1 in the slow-roll approximation, we can use a Taylor expansion. However, this Taylor
expansion is only really used if p is used as a power.
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can have maximally travelled, so we set v = ¢ = 1 and obtain the horizon Ry = 1/H.
The physical distance at this horizon is r = Ry = 1/H, and the comoving distance x,
defined by r = ax with a the scale factor, is then x = 1/aH. Finally, we can define the
comoving wavenumber simply as the inverse of the comoving distance, k = 1/x, so that
the horizon is given by

k=aH. (A.27)

We can then also already see the conditions for super- and subhorizon modes. The su-
perhorizon regime has r > Ry, so x > 1/aH, and thus k < aH. Subhorizon is defined
by k > aH.

Next, we can relate the horizon k = aH to the conformal time 7 via Equation (A.25),

_P
=1 (A.28)
For matter (p = 2), radiation (p = 1), de Sitter (p = —1), and quasi-de Sitter (p =

—1/(1 —€)), we therefore have = 2/k, n = 1/k, n = —1/k, and y = —1/(1 —€)k,
respectively. We can again look at the super- and subhorizon regimes. Taking for the
superhorizon case k < aH = p/1, we see that we have ky/p < 1, and the subhorizon
limit k > p/n gives ki /p > 1. Summarised in two equations, we can write

k< aH or k]j <1 (superhorizon), (A.29a)
k> aH or k}j >1 (subhorizon). (A.29b)

An important case is the de Sitter Universe, where p = —1, so that —ky < 1and —ky > 1
for the super- and subhorizon limits, respectively.

Also worth noting is the modification that happens when the horizon is caused by
waves not travelling at the speed of light. Following the same procedure as before, we
set v = cr (in the same notation used in Chapter 4) with ct some sound speed not equal
to the speed of light. Following through, the horizon is now given by ctk = aH and the
super- and subhorizon limits are given by

ctk < aH or

CT;U <1 (superhorizon), (A.30a)

ctk > aH or CT;W >1 (subhorizon). (A.30b)

Setting cr = 1 again, we reduce to the previous results.
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Appendix B

Selected properties of Bessel functions

In this appendix, we will go over some important properties of the Bessel functions used
in this thesis, including definitions, derivatives, and small- and large-argument limits.
All properties shown here come from Chapter 10 of the Digital Library of Mathematical
Functions (DLMF) [36].

B.1 Basic properties

B.1.1 Bessel and Hankel functions

The different Bessel functions are all solutions of Bessel’s differential equation,

o), dy()

pe: ot (x> —v*)y(x) =0, (B.1)

and there are four relevant solutions, namely the Bessel functions of the first and second
kind, J,(x) and Y, (x), respectively, and the Hankel functions of the first and second kind,

(1)

H, "/ (x) and HP? (x), respectively. The main functions J, and Y, have the general form

k x 2k+v
Z KIT( 1/+k—|—1) (z) and (B-23)
Jo(x) cos(vm) — o (x)

sin(vrr)

Yy(x) = (B.2b)

Any solution to Bessel’s equation can be written as a linear combination of these two
solutions, i.e.,

y(x) = c1Ju(x) + c2Yy (x) (B.3)

with ¢; and ¢ some constants, determined from the initial conditions. The Hankel func-
tions of the first and second kind comprise a second set of linearly independent solutions
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to Bessel’s equation. They are defined via the Bessel functions as

H,Sl)(x) = Ju(x) +iYy(x) and (B.4a)
HP (x) = Ju(x) — iYy(x), (B.4b)

thus we can also write the solutions as
y(x) = i HYY (x) + . HP (), (B.5)

where again ¢; and ¢ are constants determined from the initial conditions.

B.1.2 Derivatives

If we look at the derivatives of the Bessel and Hankel functions, it is convenient to group
the four functions J,, Yy, Hsl), and Hﬁz) into one function, C,(x). This will make the
following more clear as the derivatives have the same form for each of these functions.
In general, the k-th derivative can be written in two ways,

(j{;}c)k (¥Cu(x)) = '€, 4(x) or (B.62)
<31c£c)k (x_VCU(x)> = (1) x77*C, i (%), (B.6b)

For our purposes, only the first derivatives are important. Taking k = 1, it can easily be
shown that

d

Cu(x) = G () = Co(x) = ZCu(x) = Cua (). (B.7)

B.1.3 A different form of Bessel’s equation

In Chapters 2 and 4, we are often confronted with a slightly different form of the differ-
ential equation (B.1). To arrive at this form, we make the substitution

y(x) = Wz(x)/ (B.8)
which modifies Bessel’s equation to the form!

X — <1/2 - i)] z(x) =0. (B.9)

LThis derivation is trivial and left as an exercise to the reader. It involves some simple derivatives and
collecting and cancelling of terms, after which the differential equation (B.9) is quickly found.

2

dx2
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The solutions to this differential equation are still given by y(x), and with the substitution
(B.8) this means that the solutions are given by

z(x) = c1vVxJu (%) + c2v/xYy (%) (B.10a)
= c1v/xHWY (x) + co/xHP (). (B.10b)

Again, the constants c; and ¢, can be determined from the initial conditions, as usual, and
the solutions can be checked by differentiating twice and substituting into Equation (B.9),
making clever use of the two possibilities for the derivative, Equation (B.7), and collecting
and cancelling terms. A final set of alterations that can be performed is to replace x = at
for some constant a, divide by #?, and write v2 — 1/4 = b, so that the differential equation
reads

&z (- &)z o (B.11)

The solutions for this are the same as before, but with v> —1/4 = borv = Vb +1/4 =
V4b +1/2. Also, we replace x = at in the Bessel functions? so that the solutions read

Z(t) = Clﬁ]m/z(ﬂt) + CZ\/EY\/AT-H/Z(at) (B12a)
= \/Eﬂgim pat) + cz\/EHEiiTH (at). (B.12b)

The second solution (B.12b) is usually used in Chapters 2 and 4.

B.2 Limiting properties

Also useful are the limiting cases, i.e. the cases for very small and very large arguments,
x < Tand x > 1. Let us look at the four functions in these two limits.

B.2.1 Small-argument limits

In the limit x < 1, the k = 0-term in Equation (B.2a) dominates and we can write

1 x\"
Ju(x < 1) =~ Tw+1) <2> : (B.13)

The definition (B.2b) then also gives us the small-argument limit of the second Bessel
function,

Y, (x < 1) ~ —FST”) (;‘>_ (B.14)

2Notice that the v/x should also become +/at, but the \/a can be absorbed in the constants ¢; and c;.
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In the same way, the definitions (B.4a) and (B.4b) give the small-argument limits of the
Hankel functions,

HY (x < 1) ~ —%F(v) (;) " and (B.15a)
HP (x < 1) ~ %F(v) (;) - (B.15b)

B.2.2 Large-argument limits

In the limit x >> 1, we have slightly different expressions. The Bessel functions of the first
and second kind are given by

Jo(x > 1) >~/ %cos [x —5 (v + é) and (B.16a)
[ 2 . 1
Yo(x>1) ~ e [x ) <1/ + 2) (B.16b)

Again, using the definitions (B.4a) and (B.4b), the Hankel functions have the approxima-
tion

Hsl)(x >1) ~ \/%exp [i(x - g <1/ + ;))] and (B.17a)
(2) 2 , T 1
H)”7 (x> 1) ~ L &Xp | (x ) (1/ + 2)) . (B.17b)
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Appendix

Lengthy calculations

In this appendix, we will show the more lengthy calculations that do not fit in the main
body. Often, they are not very insightful but for completeness they are still included here.
C.1 Irreducible inflationary power spectrum

Below are calculations related to the irreducible SGWB power spectrum during inflation
for massless gravity (i.e., Chapter 2).

1. Action in terms of Fourier modes

We start from the action (2.35),

(2) M%’l l 3.2 g
Sy’ = —?/dl’]d xa“(n)nt 9 XijOv Xij- (C.1)

Writing out the terms using the Einstein convention, we have

Sg) ) _Nfl / dﬂdeaZ(ﬂ) [_ (arsz-]->2 + (8mXij>2]

Ml%l 3v,2 ! 2 2
= ?/d’?d xa*(17) [(Xz‘j) - <3mXij> ] ~ (C2)
Next, we substitute the Fourier expansion into the two polarisations, Equation (2.36),

RER e
xif(xm) = ) Tﬂ)gxr(k,ﬂ)e exel (k), (C.3)
r=t,x
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where 31]( k) = e; (k), elfj(lQ) i (k) = 26,4, and x*(k,57) = x+(—k, ). Performing this
substitution, we observe that a derivative 9d,, simply gives us a factor —ik, and we have

M3 dnd3xd3kd3k’ exyr (1 i
sp =t [ [etome o ] [ ¢ e o )]

7’7’ +><
— [=ilon (ko e e (k)| - [ =ik x (K, )e ﬂ““(k’)}} (n)
M3 dndx d3kd3k/ )% (o (]
=% LT e S e i) « ca
[xr(k,n)x,f( ")+ kK () xp (K, 77)]

Next, we get rid of the integral over x by using the definition of the three-dimensional

Dirac delta, 6®) (k — k') = i %e_i(k_k/)'x, so then

3 31,/
I e LRI
i (C.5)
[xr(k,ﬂ)xr/( ) A kK (k) xe (K, )] -
This can now be integrated over k’, which because of the Dirac delta sets all k' = —k. The

polarisation tensors do not change under this change, as ¢j; (k) = e ]( k). Withk -k = k2,
we then have

M2, d3k RS
9= L[ g e e )%

rr'=

(C.6)
X [xr(k,ﬂm(—k,ﬂ) — k() (= 1) |

We can then use the orthonormal relation for the polarisation tensors and the reality
condition for the perturbation )x,, which we both mentioned before, such that

s L[ drgged i [xienas o — K thonx; o] €2
rr'=
and then we can remove the J,» with the summation over ' so that we end up with

M2 43k . .
5= L[ ) [ ) = Rt )|

_ M 31<
X [ angseon [ton - ol C8)

r=

This final equation is Equation (2.39).
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C.1 Irreducible inflationary power spectrum 83

2. Action in terms of Mukhanov-Sasaki variables

We start at Equation (2.39),

@) _ M—l%l / ﬁ 2 / 2 42 2
% =g r:;X g™ 1) )P =1 e 7] (C.9)

and substitute the Mukhanov-Sasaki variables (2.40),

or(k,17) = @“(U)Xr(k/ﬂ) —= xr(ky) = Mp\lf(q)vr(k,n). (C.10)

For clarity, we omit the k- and 77-dependencies in the following; the derivative is

_v2in ) V2, (C11)
- Mp | a a2 | Mpal| ™ a |’ '
Then
/12 2 /12 a, 2 al /% %
|Xr’ = M2 az ’Ur’ + ; |v7’| _;(Urvr —l—?)ﬂ]r) . (C12)
Pl

We now have this third term that we have to rewrite. This is done by considering that
the term appears inside an integral over d;, so we can partially integrate it, assuming the
boundary terms are zero, as

[ an [— (v} +vw:*>] = [y {() @,v:y] = [ay [()]
_ /d17 [”a” . (‘:)2] 10,2, (C.13)

The second term in this equation then cancels with the second term in Equation (C.12)
and we can effectively write

2 _
- 2 .2
Ma

e

o2+ o |2] (C.14)

Substituting this into Equation (C.9), we finally obtain

M3 d3k 2 a”’ 2
s — n /d a? PP+ = r | =K o2
g 4 r:;X 77(2”)3 M3,a LA a| vl M%l”ﬂ’ vl
= 2r+,x/d17(27f>3 [|Ur| — kv +;\Ur\ - (C.15)

This final equation is Equation (2.41).
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84 Lengthy calculations

3. Equation of motion

We start at the action (2.41) and apply the Euler-Lagrange equation of motion to the
Lagrangian density

/ _1/2_1 2_“7// 2_1/2_12 2
Lol o) = o2~ 5 (=2 ) jorl? = 1ol P~ S n)lon 16)
The relevant derivatives are
oL »
Ao~ wi(n)|vy] and (C.17a)
oL B oL\ N
” (a@yrvrr)) =0 (51 ) =l = o (C170)

where in the second line, we have expanded the indices with the Einstein convention
and gotten rid of the spatial derivative 9,, as the term 0,,|v,| is not represented in the
Lagrangian density. The equations of motion now become

oL oL
) — — ;’ 4 w? =0. C.18
iz <a(ay’0k’)> 30| 0| k(’7)|vr| ( )

At this point, we can safely remove the absolute values because the complex conjugate
of this equation of motion will effectively be the same equation. We then have

ol (k) +wi(n)v (k) =0 with wi(y) =k — a”(iy). (C.19)
This is Equation (2.42).
4. Normalisation condition
We want to derive the normalisation condition (2.49),

ORU; — VRO = 1. (C.20)
To do so, we start at the commutation relation (2.43a),

C = [0,(xn), (X, 1)] =i6,6® (x —X), (C.21)

and for this, we require the conjugate momentum 7,(x, %) = 9L /9v,(x, 7). From Equa-
tion (C.17b), we can see that 77,(x,7) = v,.(x,7), and therefore the same holds when we
promote them to operators. We can then use the mode expansion (2.44),

oo = [ LK [ou()e ™ + 0} () al, | (C.22)
r\X, 1) = (27.[>3 K\ kr k\1 kr|’ .
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C.1 Irreducible inflationary power spectrum 85

where the annihilation and creation operators 4y, and ﬁﬂr follow the commutation rela-
tions (2.45),

el | = (276,60 (k= K) and [y, faoy] = [, 81| = 0. (C.23)

Plugging the mode expansion into the commutation relation (C.21), and using the iden-
tity [A + B,C] = [A, C] + [B, C] of the commutator, we obtain

C = [or(x1), frw(xﬁﬂ)] = [0 ), 04 (X )]

d3kd3k’ _ R _ R
= / vke kXgy, 4 viel® "altr) , (v,’(,e R R al’:,r,>

d3kd3k/ k k/ / A / k k/' / A'I‘ ~
:/ (2n)s vevpe X (4, gy ] + vfosel k) [akr'ak’/}
(C.24)
: ! !
+ vpope kx—kx) {ﬁkr,ak,,,} + v o), e (kXK [ﬁltr, ﬁk/w] }

In this equation, we see the canonical commutation relations (C.23); the first and second
terms have commutators that are zero so we are just left with the third and fourth terms.
We can then continue the calculation,

31431/

C= / ‘2‘%;‘ [ e XX gyt pi(kex “} 6,160 (k — K) (C.25)
3 o

= / (27:; vkvf(*e_l("_x)k—vaf(el(x ")k} Sppt (C.26)

= (00} — v}0}) 8,0 (x — X). (C.27)

In the first line, we have reversed the final commutator so we obtain the minus sign,
and we have substituted the delta functions of the commutators. In the second line, we
have integrated over k' to get rid of the delta function, and in the third line, we have
used again the definition of the Dirac delta to get rid of the final integral, and used that
683 (x —x') = 68)(x' — x). Comparing this result with the requirement for C, Equation
(C.21), we see that indeed

vkU — VRO = 1. (C.28)

This is the normalisation condition (2.49).

5. General equation for the power spectrum

We want to show Equation (2.59) from Equation (2.58), so we use the latter equation,

Oy e 1) 0) = 2Py ()60 (1~ 1), (€29)
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86 Lengthy calculations

and the Fourier decomposition

o d3k o —ik-x
Xij(x,17) = / (Zn)g,/zxq(k ,1)e (C.30)

)

to write

d3kd3k/ 71 1/ X
| e Aol m (0, me K

(0% (x, 1) Xij(x, 1)|0) = <0

B / d3kd3k’

(013 (ke 1) %351, 1) [0 14O

3 3 / o
_ / d kd;‘ 272 P (k)51 (k — 1 )e 1K)
d3k 27r

= | Gy e P o) (C31)

where in the last step we integrated over k’ to get rid of the delta function and the ex-
ponential. The next step is to go to spherical coordinates since the power spectrum is
simply a function of the modulus k = |k|. We have d°k = 47tk? dk and therefore

) . 272 -4 [ k2dk dk
(01 (1) Xij (x,1)]0) = s @ Py(k) = Px( ), (C.32)

which is exactly Equation (2.59).

6. The power spectrum from the irreducible SGWB during inflation

We now want to calculate the specific form of the power spectrum from the exact solution
(2.57). We first write it with Equation (2.40) to

xe(r) = Mm{(q)\zﬁ plz (HD VHY(

- (1)
_ | nm i 1\ | Hy (—kn)
= 5 exp [ > (v + 2> 7Mp1(1(77) . (C.33)
As it will turn out, we will only need the absolute value of this, i.e.,
L 1y,
Dl = =" oy [ () (€34

With this in mind, we calculate the quantity (x*) = (0|%i;(x, 17)%ij(x,77)|0), from which
we can then read out the power spectrum with Equation (2.59). Let us substitute the
Fourier expansion
. d3k X X .
R = L [ s [one g + xitne al, ] e (k) (€35)
) (@27n)?

r=
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C.1 Irreducible inflationary power spectrum 87

kK
(X = E / < X6 ()i + i ()™ al |

ry'=

< P Sa + xi el ] 0)
d3kd3k/
= Z / Xk?(k/e HHK)X(0| 21 ey [0)
rr'=
+ Xixpe <0”1krak’ 0) (C.36)
+ X;Xk/ei ( <0’akrak/1’/ ’0>

X ee O 0]}, 6l 10) | e ()l (R).

These four terms all involve ladder operators operating on the vacuum state |0), and
with the definition 4y, |0) = 0 (or, equivalently, (0|4 = 0), we can see that the first, third,
and fourth terms are all zero, and we just have the second term. With the commutation
relation (2.45a), written as ay,4f, = (271)35,,6C) (k — K') + 4f 4y, we can then also get rid
of the final ladder operators and end up with

W= ¥ [ o R a6 K126,16 1= )¢ (e () 37)

Next, we perform the integral over k/, getting rid of the Dirac delta while setting k' = k
and k' = k everywhere. We can also get rid of the é,» by summing over r/, which sets all
" = r. We then simply have

d’k . .
2y _
W)= 8| el e, (C.38)
Using the normalisation condition for the polarisation tensors, e}; j (k)e f]/ (k), we get a factor

26, since v’ = r in our case. We subsequently get rid of the final summation over r which
combined with é,, gives us another factor 2, so that

3
(x*) =4/ (d 1; Xk (C.39)

Xk is only dependent on the modulus k = |k|, so we can go to spherical coordinates for
which d°k = 47tk? dk, and so

dk 2k3 dk
o [Raklanl = [ 2P = [ P, (C40)

where in the final step, we used Equation (2.59). From this, we can see that in general,
the power spectrum is given by

2%3
Pr(k) = —5 [l (C.41)
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We then finally substitute our solution for |xx(#)|, Equation (C.34), so that

Pelh) = % (-) 3o [0 n)

2 M3,a?
Ky (1) 2w 3
=— Hy/ (—kn)| , th v=2+e C.42
vy [ | with v =3 e (C42)
which is Equation (2.61).
7. The superhorizon power spectrum
We have the power spectrum (2.61),
L (1) 2 3
Py(k) = ————|H, ' (—k ith v=—-+4¢ C43
X( ) 7TM1231”2(77) ) v ( 77)‘ wi v 2 +e€ ( )

and we want to write this in the superhorizon limit —ky < 1 or k < aH, where we use
the small-argument limit of the Hankel function as shown in Appendix B.2.1,

—2v
1) 2 1., x
Hy/(x <1)| ~ T (v) (2> . (C.44)

With x = —k and # = —1/(1 — €)aH in quasi-de Sitter (see Appendix A.2.3), the power
spectrum becomes

Ky 1 ,/(3 kn\ 0%
Ko 2 (2 M
P~ et (3+¢) (7)
32

= — 512 K rZ (3 + €> 23+2€ ( k ) )
M3, (aH)? (1 —€)aH 2 (1—e€)aH

_ 2H? si0e0 (3 piae (KT
2H* |14 1ep (3 TR\

= 2:7€(1 — T = — . 4
o |2 079 (2 i e) (m) (C45)

If we now set f(€) = 217¢T(3/2 + €)(1 — €)' 7€, then we arrive at

2H? k\
Py (k) =~ 7T3M1231f (€) <aH> , for k< aH, (C.46)
which is Equation (2.65).
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C.2 The power spectrum from massive gravity 89

C.2 The power spectrum from massive gravity

Below are calculations related to the power spectrum arising from massive gravity, in the
different cases presented in Chapter 4. In each calculation, we derive the power spectrum
P, (k) from the solutions v, (#) via Equation (4.50),

43

Pk = 2 M3 (1)

o (17) > (C.47)

1. The (quasi-)de Sitter power spectrum

We start at the solution (4.51),
R4 in
uk(n) = 5 P

with vwg—l—e—?’};;‘z(l%—;le),

N H (—crkn)

(C.48)

and want to calculate the power spectrum (4.53) in the superhorizon limit from this. To
do so, we simply substitute the solution into Equation (C.47) so that the exponential
disappears because of the absolute signs, and the general power spectrum is

453
Palk) = m4 ) [ 1) (=erk)|
an 5 ‘H chiy)‘. (C.49)

We can then take the superhorizon limit —crky < 1 (see Appendix A.2.4) in which

HY(x < 1) ~ —%r(y) <ch> h (C.50)

(see Appendix B.2.1) and the power spectrum is written as

2
Kn i crkn\ ™
k) ~ — ——T ——
Pa(k) TM3a? | T (V)< 2 >
Ky crkn\ ™%

Next, we substitute the expression for # in terms of aH during the quasi-de Sitter period,
n = —1/(1 —e€)aH (see Appendix A.2.3), so that

_ H? 3 1 2 2v crk 2 2v
Px®) = one (e T T ar’ V)2 (H> (1-¢)
212 3—-2v
_HTW) <CTk> 22(1 - €). (C52)
s MPlcT aH
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90 Lengthy calculations

As before, we can approximate the terms 22 ~ 2% = 8 and (1 — €)% ~ (1 —¢€)> ~ 1, s0
basically we set for these terms €, y1, ~ 0 (we take the massless de Sitter approximation).
For the gamma function, we do the same, so that I'*(v) ~ I'?(3/2) = 7/4. The spectral
tilt is given by
2u2 4 2u2 4
=3-2w=3-3-2¢+_5 (14+-e)=-2e+_-2(14+-¢], C.53
nr v €+3H3< +3e> €+3H§< +3e> ( )

so the power spectrum with all these approximations is finally given by

2H?  [crk\™T 243 4
Pok) ~ ———— [ ith np= -2+ —% (1+- 54
(k) TVERE] (aH) with nr e+3 2 ( +3€>, (C.54)
which is Equation (4.53).

2. Quasi-de Sitter fors = —2

We start at the solution (4.55),

T _
ww>=‘§e Wﬂldﬁ—ﬂHgmpqqm<_WM@W*7%>/ (C.55)

and want to calculate from this the general power spectrum (4.56). To do so, we substitute
the solution again in Equation (C.47) so that the exponential disappears and we have

a3 (1) 2
N=—— Il —
PX( ) 7T2M1%1ﬂ2 4 ( ;7) ‘ —1/(1—6)—1/2 ( na]k)‘
SUBIe 2
__ —nan)| C.56
M2, a2 ‘ ~1/(1-€)-1/2 (—nax) (C.56)

where we have written @? = c3k? + ;472( for simplicity. If we approximate the argument
as >~ —crkyn, we can take the superhorizon limit —ctky < 1, but we substitute the full @y
back after this. We use the small-argument limit of the Hankel function to calculate

3 ~ N\ 2/(1—€)+1
Pok)~ - a1 L) (%
X 713 M3,0? 1—€e 2 2

(3—€)/(1—¢)
_ H? (crk)’> o (=3+€) [V cTk? + i} (C57)
-~ M3 (aH)2ck (1 — €)aH 2—-2¢ 2(1—¢€)aH '
where in the second line we substituted 7 = —1/(1 — €)aH in a quasi-de Sitter Universe.
Let us then approximate 2-(3-€)/(1-¢) ~ 23 — 1/8, (1 —¢)~(3-¢)/(1-¢)=1 ~ 1, and
—3+e€ 3 l6m
2 ~T2 (2 ) = 22
SEID T s
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C.2 The power spectrum from massive gravity 91

The power spectrum then becomes

(3—€)/(1—¢)
o 2H ek’ \/ R + 13
Puk) = 92 M3, c3. aH aH ’ (C.59)

which is Equation (4.56). We can go a step further and take the limits ctk < y, and crk >
tx. In the second case, we approximate @y ~ crk and the power spectrum becomes

3—€ 6—4e
l-e 1-—e€

2
'Px(k) 2H (CTk

nr
= (= with nr =3+
9m2MEc aH> !

~6+2, (C.60)

which is Equation (4.57). For ctk < p,, we instead approximate @y ~ u, and we have
simply

2 (3—€)/(1—¢) 3
Py (k) 2 ( - ) <CTk) , (C.61)

" 9 M \aH aH
which is Equation (4.58).
3. De Sitter and matter domination for s = —2
We have the solution (4.59) for s = —2 in a de Sitter or a matter-dominated background,
or(17) = L (1 - 1) e %, (C.62)
20y ylop

with @ = ck* + p3, and want to calculate the general power spectrum (4.60). To do so,
we substitute the solution into Equation (C.47). The exponential disappears and we use
|1 — Ai|> =1+ A? so that

3
Py (k) = w <1+771 2). (C.63)

7T2M12)1a2 Zd)k 26:7

Using 1 = p/aH in general (but noting that this is still only valid for p = —1 and p = 2),
this can be written to

Py k) = 2HE _(crk)” <1+12 (aH)* ) ! (C.64)

eMger @H? " PR 43 ) e e

which is Equation (4.60). Taking the superhorizon limit ctk < aH, we see that the second
term in brackets dominates over the first. We can then also take the limit ctk > pu,, in
which case we approximate @y ~ crk and so

2H?

Pok)~ 2
x(k) p2m2 M2, c3.

(C.65)
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92 Lengthy calculations

which is Equation (4.61). For ctk < p,, we instead end up with

3
Py (k) ~ _ar (CTk> , (C.66)

2 3
p? 7T2MP1CT My

which is Equation (4.62).

4. Radiation domination for s = —2

We have the solution (4.63) for s = —2 in a radiation-dominated background,

0e() = eI, (C.67)

2(,Uk
with @ = c%k? + ‘ui, and want to derive the general power spectrum (4.64) from this,
which is again done by substituting the solution into Equation (C.47). This gets rid of the

exponential and gives the power spectrum
2H?  (crk)3 1

n2M3,c3. (aH)? /Cszz + y)2(’

which is immediately the general power spectrum (4.64). Taking then the limit ctk >
allows us to approximate @y ~ crk so that

2H2  [crk\?
Pok)~ — =), C.69
x(0) M2 3 (aH> (C.69)

Py (k) = (C.68)

which is Equation (4.65). For ctk < p,, we instead approximate @y ~ u, and obtain the
power spectrum

2H2 (CTk)3
P, (k) ~
x(K) 2 M3,c3. py (aH)?
2H?2 aH (ch>3
= -, (C.70)
T2MZ,c3 1y \aH
which is Equation (4.66).

5. General background with s = —2(1+ 1/p)
We start at the solutions (4.67) for s = —2(1 +1/p) in a general background,

v(i7) = 5~ exp [l;_r ( )
1)

N/ — H (—crky), for p<0, and (C.71a)

JiHP (crkn), for p >0, (C.71b)
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C.2 The power spectrum from massive gravity 93

where v is approximated by Equation (4.68),

SO R D
1/_$<p > (2p—1)H3 . (C.72)

From this, we want to calculate the power spectrum for general p (Equation (4.69)), and
we do so by plugging the solutions into Equation (C.47), as usual. We can combine the
calculations of the two cases p < 0 and p > 0 by writing the solution as

L in 1
i? 1/+§

u (1) = 5 &P
where the case (+, —, (1), —) is for p < 0 and (—, +, (2), +) for p > 0. The power spec-
trum can then in general be written as

VFTHM (Ferky), (C.73)

Ky

P (k) =
x(k) ¢7rM1%1512

2
’ (C.74)

‘Hﬁl’z) (Ferkn)

We can then use the superhorizon limit, given by ~ Fcrky < 1 (see Appendix A.2.4) for
p < 0and p > 0, in which case the Hankel functions are written as

(1,2) b )’
Hy 7 (x<1) ~ ;7_[1“(1/) <2>
) I—Q —2v
:#‘HlexéiD‘:: ;:)(;) : (C.75)

In this limit, the power spectrum is given by

KBy T2(v) (_crkn\
PX(k)—q:n_Ml%laz 72 <:F 2 ) . (C76)

Substituting then the general 7 = p/aH (see Appendix A.2.3), gives

Path) = (1) T plerk? (perk)

M3, (aH)?c3 aH \ 2aH
22V 2 ) 1o CTk 3-2v
where the 71 disappears because
2u3p?
1-2v=1+42p+1+ —2
v +2p + +(2p—1)H§
Hxp’
=2 1+p+(2pi€1)Hz] for p <O, (C.78)
0
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94 Lengthy calculations

and
2u3p?
(2p —1)Hj
B urp’
=2 —p— oY)
(219 1)H0

1-2v=1-2p—-1-

for p>0. (C.79)

In both cases, we can factor a 2 so (F1)? = 1 then makes this entire term disappear. The
above power spectrum (Equation (C.77)) is exactly the general power spectrum (4.69).
Next, we need to look at the three different cases p = —1,1,2 (we do not look at the

quasi-de Sitter case as explained in Section 4.3.3). Taking p = —1, we calculate
3 yi 3 2]4?(
_ — - = Y d J— 2 P — —_ Y .
1/—2 33_2 an v = 3+35_ 3, (C.80)

where we use the approximations only for terms that do not include the comoving wave-
number ctk or Hubble parameter aH, as these are the terms that determine the spectral
tilt. Using therefore I?(v) ~ I'?(3/2) = 71/4,2% ~ 23 =8,and p}"% ~ (—1)72 = 1, the
power spectrum in this case becomes

2H2  [crk\™ 2u3
Px(k) ~ WI%IC:% ([ZI—I> where nr = 371_13, (C81)
which is Equation (4.70a). For p = 1, we use
1 2 1 213
VZE—E(%’:E and —ZV:_1+?(2)2_1/ (C‘82)

and use again the full expressions only for terms including crk and aH. We approximate
22V ~ 2! =2 and T'%(v) ~ I'*(1/2) = 7, so the power spectrum becomes

2
2u5

nr
) where nr =2+ —% (C.83)

2H2 CTk
P)C(k) = ( H(% s

m2MEc3 \ aH
which is Equation (4.70b). Finally, for p = 2 we calculate

3 43 3 83
1 A = B4 K 84
v > 3H§ 5 and v 3+ 3H8 3, (C.84)
where we approximate in the same way as before 22V ~ 23 = 8, I?(v) ~ T?(3/2) = /4,
and p'~% ~ 272 = 1/4. The power spectrum in this case becomes

i <CT’<
2m2M3 3 \ aH

nr 8 2
) where nr = SHx (C.85)

PX(k) = 3H(2),

which is Equation (4.70c).
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C.2 The power spectrum from massive gravity 95

6. Solution forp =1land s = —1

We have the general solution (4.42),

) c2k? + yz Hon ) 2k + yz Hoy
vc(17) = c1 (k) A <—(T_V)2(H;‘)2/3 + e (k) Bi _Z—]/I%I‘IQX)Z/E; , (C.86)

and want to calculate the constants c¢; and ¢, so that we end up with the full general
solution (4.43). To do so, we take the subhorizon limit cTky > 1, but since we do not
have this combination inside the Airy functions, we simply take this argument to be
> 1. From Chapter 9.7 of [36] it becomes clear that the large argument limits of the Airy
functions are given by

. e_é . eg
Al(x > 1) ~ W al’ld Bl(x > 1) ~ W, (C87)
where { = 2x*/2/3 and in our case x = —(c3k* + 2 Ho) / (—p3 Ho)?*/3. Let us first focus

on the Airy function of the first kind (Ai(x)) and calculate the constant ¢; (k) from that.
The subhorizon limit gives

212 25\ 2 L 2HN2/3 0\ V4
U,i”(;y):cl(k) exp|: 2 (—CT T Hx Oﬂ) ( —( Hx 0) ) (C.88a)

2/ 3\ (—pBHp)?3 k2 + p2Hory
1 —ictkn
_ ) C.88b
vV 2CTke ( )

where in the second line we compare the expression with the subhorizon solution (4.12).
Let us now focus on the exponent in the above expression, which we want to eventually
reduce to something like —ictky, as in the second line. We can write out the power
3/2=1+1/2,and use (—1)"/? = i so that

3/2
—%x3/2 2 (_cszz +y§(H077>

3 3 (—‘M%Ho)Z/?’

_2i (R pdHop | 6Tk + R Hor
BRER RS A ) WA

2i (C%k2 + yiHmy) ch\/l + y%Hon/cszz
S 2 . (C.89)
3 pyHo

We now assume that ,ui Hon < c2k? so that we can Taylor expand the square root to order
(1),

| u2Hoy 3 Hory
1 ~1 . C.90
+ c2k? + 2c2k2 ( )
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96 Lengthy calculations

Then we continue the calculation,
2 32 2i 272 2 F‘%HOU
gx ~ BV%HO CTk <CTk + ]/IXHOT]) 1 + ZC%kz

2
_ 2 VXHOU
= (CTk + ]/[XHQW> (CTk+ 2erk )

1
- _ 2h [c?}ks + E‘Li}Z{HOCTkU + puy Hocrky + (’)(172)]

| 2

3y2H < pyHoerk + CTk3>
3k3

= —ictky — 3V%H0 .

(C.91)

We can now finally see that the exponent contains a factor —icrky, just like the subhorizon
solution (C.88b). We therefore also immediately see that because Bi(x > 1) « e¢ while
Ai(x > 1) « e7¢, this minus sign causes the appearance of the —icrky, so for the Airy
function of the second kind we will find the exponent icrky, which is not seen in the
subhorizon solution (C.88b). Therefore, we can conclude already that c;(k) = 0. For
c1(k), we substitute the exponent (C.91) into Equation (C.88a) to find

e=ietk ¢, (k) , 2ic3 k3 (—pu2Ho)?/3 e
~ exp | —icrkny — 5
2ctk 24w 3uz Ho o 7k2 + p2 Hony

2121 2 H 1/4 2ic3 13
— ci1(k) = 2 <_CTVX077> exp e (C.92)

crk (—p2Hp)?/3 3u2Hy

Let us then focus on the second term with the power 1/4, and write out some distinct
terms. Also including the square root at the beginning, we can write

/4 /4
P G A Y e o Vi O CTA
CTk ( y)cho)zw CTk (—}l)ZCHQ)l/é Tkz

42\ 1
:<—@m) gy vz (1O

4772 1/ ) 1/12

where in the second line we broke up the denominator using the powers 1/6 = 1/4 —
1/12, and we included the v/27r = (47t%)'/4 in the first term as well. Also, we have Taylor
expanded again the final term in the first line, using u XH017 < c2k? again, but since we
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C.2 The power spectrum from massive gravity 97

do not want a #-dependence in the constant c;(k), we omit all terms to first order and
higher in 7. Substituting this now into Equation (C.92), we find

' a2\ 21\ 12 2ic3 k3 Cos
ci1(k) = % (—VX o) exp 3]/1%1_10 , (C.94)

and so the full solution finally becomes

1/4
4772 1/12 2ic3K3 | [ cAk®+ u2Hoy
X X X

which is Equation (4.43).

7. Radiation domination with s = —1

We start at the general solution (4.71),

1/4
472 5\ /12 2ic3 k3 c2k? + u2 Hon
oe(n) ~ | —— —u2H exp || Ai | ——————X 2|, (C.96)
k(1) (V%H0> ( Hx 0) p [3H§(Ho (—H2Ho)?/?
and want to calculate from this the general power spectrum (4.72a). To do so, we start
by substituting the solution into Equation (C.47), as usual. The absolute values cause the

exponential to disappear, and we also have | — 1|?/12 = 1, so the power spectrum then
becomes

2
7T2M12,1112 (V)ZCHO)l/S (_V)Z(HO)Z/3
2
_ 8H? (crk)®* 1 :  ctk® + p3 Hon (€.97)
Mg et (aH)? (43 Ho)'/3 (—p3Ho)?® ||’ '

where we have combined the yiHo-terms again, resulting in the power 1/3. If we now
want to apply the superhorizon limit to this, we cannot continue as we have no expres-
sion for the small-argument limit of the Airy function. Instead, we can write it as a Hankel
function via (see Chapter 9.6 of [36])

1 » 2 -
Ai(x) = 2\/§€ZI7T/BH1(1/):)) <3x3/zem/2> (C.98a)
2 ‘ 2
Hl(})S <3x3/2€l7'[/2>

In the same way as in the previous calculation, we can take the superhorizon limit by
assuming x < 1, for which we use the expression (see Appendix B.2.1)

—2v
‘Hﬁ”(x < 1))2 ~ ro(;/) (m) . (C.99)

= |Ai(x)]* = Ixl

== (C.98b)

2
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98 Lengthy calculations

With v = 1/3 and x = —(c}k* + 2 Hon) / (—p3 Ho)?*/?, the power spectrum is then

8H2 (crk)* 1 1
7 (aH)? (1 Ho) 73 12

) ll (C%k2+74;2(H017>3/2] ~2/3
3\ (uxHo)*?
G o <1> <1>—2/3
37OMpct (aH)? (jzHo)'2™ \3/ \3
2H?  (cTk)? 1 13 1
= MY E;ﬁiz (3.”3(1_10) r? <3) , (C.100)

Next, we can write the Friedmann equation during the radiation-dominated era with
O, =1as
v

ctk? 4 u3 Hon

I2(1/3)
(—p3Ho)?/3

Py (k) ~ 2

H\> 1
() B (C.101)
Hy

which means that we can write the power spectrum as
1/3
2H?2  [crk\? 1 1
= 2 (o (1Y ()
X m3MZ,c3. \ aH 342 Ha? 3

5 3 5 1/3
S . (CTk> A} <1) , (C.102)
Mg, e \aH 3us 3
which is Equation (4.72a). As a final step, we can numerically approximate some terms,

leaving as the prefactor the irreducible inflationary constant power spectrum P}’g‘f(k) =
2H? /> M3,. We therefore calculate

r2 (1) 37 s (C.103)
3) T T '

so that we end up with

2H? aH? 13 crk\3
P, (k) ~ 1.58 LA I C.104
X( ) NZM%IC:% ( y)z( ) <LZH> ( )

which is Equation (4.72b).
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