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Introduction

Theoretical cosmology has grown to be a mature discipline, owing to the collabo-
rative effort of observationalists and theorists over the last century. We could place
its birth after the formulation of General Relativity (GR) and the discovery of the
first cosmological solutions of the Einstein equations

G =87G T,y . (1)

These solutions allowed the first mathematical description of the Universe as a
whole. Quite generically, the cosmological solutions represented non-stationary
universes, either expanding or contracting. Some years after, equally impressive
advances in observational cosmology led to the first Hubble diagrams. These obser-
vations supported the basic picture of a dynamical (expanding) Universe.

The community quickly realized that the expanding cosmological models, when
extrapolated back in time, predicted that the early Universe must have been ex-
tremely hot and dense. This gave rise to the “Hot Universe” (or Big Bang) paradigm.
This idea proved extraordinarily successful at explaining the relative abundance of
light elements, through the so-called Big Bang nucleosynthesis (BBN) process, and
also predicted a remanent background of microwave radiation.

In the 60s, the cosmic microwave background (CMB) radiation was measured,
putting the “Hot Universe” paradigm on a solid footing. On the theory side, the basic
framework needed to describe the state of the Universe, from the first few seconds to
the present time, was also developed during this decade. Taking GR and standard
atomic physics as its backbone, it allowed to understand how the ionized plasma
became neutral as the Universe expanded. By the mid 80s, cosmological pertur-
bation theory was a mature and solid framework able to make definite predictions
about the evolution of the primordial density fluctuations in the plasma, from the
moment they were generated to (almost) the present time. There were competing
cosmological models at the time aiming to explain the formation of structures but
the observations were not precise enough to discriminate between them.

During the last 25 years the situation has changed and cosmology has become
an observationally driven discipline. The wealth of data has allowed to rule out
many cosmological models and has also revealed puzzling features of our Universe.
Provided that we keep our most cherished assumptions, like the homogeneity and
isotropy at large scales or the validity of the Einstein equations at all scales, it
seems unavoidable to add a dark sector in order to explain current observations. The
dark sector can be regarded as an exotic fluid that constitutes most of the energy
content of the Universe, i.e. the right-hand side of (1), and whose interaction with
the visible sector, i.e. the Standard Model (SM) of particle physics, is so feeble that
we can only detect it through its gravitational effects.

In this context, the so-called ACDM model has been firmly established as the
standard cosmological model. It has withstood many tests and provides a consistent



explanation of a large number of independent observations over a wide range of
scales. One of its central features is its minimal dark sector. Within ACDM, the
dark sector is a two-component fluid composed of a cosmological constant (A) and
cold dark matter (CDM). Notwithstanding its success, it is important to stress that
the dark sector in ACDM, as it stands, is purely phenomenological. It provides
a good fit to the observations with a small number of parameters and additional
assumptions, but it lacks a solid theoretical foundation.

The dark sector plays a paramount role in modern cosmology and yet it is poorly
understood. If we want to unveil the nature of the dark sector, it is essential to
propose and test alternatives to the simplest A+CDM model, exploring their phe-
nomenology and searching for new observable signatures. There are essentially
three ways to move beyond a A+CDM dark sector:

I) Add new species. The A+CDM dark sector is already a two-component fluid so
it seems natural to enlarge it, adding components that may change its overall
behaviour. Dark radiation is a good example of this procedure. Even a small
amount of a radiation-like fluid can modify the early time evolution of the dark
sector while recovering the standard A+CDM behaviour at late times. Even
if they do not modify the cosmological evolution, these new species may also
lead to other observational signatures that are worth exploring.

II) Change the simplest paradigm. Both the cosmological constant and the cold
dark matter can be substituted by more complex models. For instance, it has
become very popular to drop the assumption that A is constant and consider
instead dynamical dark energy models. In the dark matter context, many al-
ternatives have been proposed: warm DM, self-interacting DM, milicharged
DM...

ITII) Modify a fundamental assumption. This is generally, by far, the hardest way
to go. Sometimes one can modify only a mild assumption that is easy to han-
dle, e.g. including interactions within the dark sector, but typically a careful
theoretical analysis is needed to build a consistent model.

This thesis explores the three routes, providing a representative example in
each category. For each alternative model, we first build the theoretical framework,
extracting then its phenomenology and finally adressing its observability. Given the
wide variety of topics, it has been difficult to provide an adequate background for
all of them. Nonetheless, a huge effort has been invested in providing a thorough
general introduction, that comprises Part I of this thesis. The selection of topics
and the presentation have been made with Part II in mind. Its main objective is to
present a clear splitting between what belongs to standard cosmology and what is
new in the models that we will present later. Even though the reader familiar with
modern cosmology can skip most of Part I, it may be worth skimming through it.
The structure of this part goes as follows.

¢ If we want to discriminate between alternative dark sector models we must
find new signatures and compare with observations. Chapter 1 provides the
necessary observational background, focusing on the observations used in this
work.
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* When trying to modify the dark sector one should first learn how to describe
it. Chapter 2 tackles this question, presenting three different ways to describe
a cosmological component.

* Since we are interested in modifying ACDM we must first learn how it works
and what are its standard assumptions. In Chapter 3 we develop, in detail,
the ACDM cosmology.

Part II of this work explores the implications of three alternatives to the standard
A+CDM dark sector.

¢ In Chapter 4 we add a new particle to the A+CDM dark sector: hidden gravi-
tons. The hidden gravitons are generic massive spin-2 particles, that could
be the effective description of a more fundamental theory. The model that
we consider only contains two free parameters: the mass and the coupling to
matter. Both parameters can be constrained using fifth-force tests and astro-
physical data. In particular, we compute the energy lost in stars through the
emission of hidden gravitons.

* Chapter 5 contains a full cosmological analysis of a new dark matter model:
repulsive fuzzy dark matter. Building upon previous work on the fuzzy dark
matter paradigm, where dark matter is an ultralight particle, we add a re-
pulsive self-interaction and analyze its phenomenology. This model contains
two more free parameters with respect to CDM: the mass and self-coupling
of the dark matter particles. We constrain both parameters using CMB and
large-scale structure (LSS) observations.

* Chapter 6 relaxes one of the fundamental assumptions of ACDM: we investi-
gate the impact of a primordial bulk motion between the dark and the visible
sector. As we will show, a sizeable bulk flow can be introduced without spoiling
the isotropy of the background. While the background behaviour is preserved,
a very rich phenomenology arises at the perturbation level. The model con-
tains a single free parameter: the amplitude of the primordial bulk motion.
While there is no leading order effect on the usual LSS and CMB observables,
in this chapter we identify new LSS observable features. In Chapter 7 we
move on to the CMB analysis, identifying new features beyond the tempera-
ture power spectrum. Finally, Chapter 8 studies the production of magnetic
fields in the presence of cosmological bulk flows. While the amplitude of the
observed magnetic fields in the Universe is difficult to explain within ACDM,
we find that, in this scenario, the fields produced are large enough to be the
origin of the galactic magnetic fields.

The main text is supplemented by a number of appendices. Appendix A gathers
the conventions and acronyms used in the thesis. Appendix B contains some impor-
tant numerical factors and some of the most important cosmological parameters. In
Appendix C we have collected several properties of special functions that are used
in the text and some mathematical derivations. Useful formulae for cosmological
perturbations of the metric tensors, and related results, can be found in Appendix

XV



D. Appendix E derives the Thomson collision term in the presence of cosmological
bulk flows. Appendix F studies the Maxwell equations in an expanding universe
with perturbations and bulk flows.
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Observational basis

This chapter summarizes some key observations in cosmology and astrophysics,
ranging from cosmological to laboratory scales. Arguably, the most powerful source
of cosmological information is the distribution of anisotropies in the CMB, that we
cover in Section 1.1. The distribution of matter at large scales, that we discuss
in Section 1.2, is an independent, increasingly important, probe of the late-time
Universe. Section 1.3 is devoted to studies of galactic structure, that play a central
role in discriminating dark matter models. Section 1.4 covers the basics of stellar
evolution. We will learn how the detailed knowledge that we possess about the
evolution of different stars may allow us to rule out the existence of new particles.
We conclude in Section 1.5 with a summary of the ongoing effort to detect deviations
from the Newtonian law of gravity, from Solar-System to laboratory scales.

1.1 CMB temperature anisotropies

1.1.1 Past, present and future of CMB surveys

A history of the CMB anisotropies could start with the launch of the COBE satel-
lite in 1989. It was equipped with three different instruments: 1) DIRBE, aimed
at measuring the cosmic infrared background, 2) FIRAS, to observe the spectrum
of the cosmic microwave background, 3) DMR, designed to find temperature fluc-
tuations in the CMB. After only one year of operation, COBE found the first (cos-
mological) anisotropies [Smo+92]. The basic picture of the CMB after COBE is
summarized in Figure 1.1. The main findings, as reported in [Fix+96; Ben+96],
were:

I) The background is extremely isotropic with a mean temperature! T = 2.728 +
0.004 K.

IT) There is a dipolar anisotropy with an amplitude AT = 3.353 +0.024 mK point-
ing toward galactic coordinates (/,b) = (264726 +0°33,48°22 + 0713). It is com-

IThis is the FIRAS value [Fix+96], that we comment below. Actually, despite of being a differ-
ential measurement instrument, DMR also gave an estimate Ty = 2.725+0.020 K. In addition to
the motion of the Solar System with respect to the CMB rest frame, that gives rise to the kinematic
dipole

T(0) = To(1+ B cos8 +O(B2)),

there are additional Doppler boosting effects due to the orbital motions. These motions within the
Solar System are known with such precision that T can be inferred from the time-varying regular
signal, after fitting to a blackbody distribution using the six frequency channels of DMR. The method
is described in detail in [Kog+93].
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patible with a kinematical origin: it is a Doppler-shifting effect caused by the
motion of the Solar System with respect to the CMB rest frame.

III) The quadrupole and higher order anisotropies are at the level of AT ~ 1075 K.
Their origin is cosmological.

AT = 3.353 mK

Figure 1.1: COBE observations of the monopole, dipole and higher order cos-
mological anisotropies. Credit: Legacy Archive for Microwave Background Data
(lambda.gsfc.nasa.gov).

Before moving on to modern CMB surveys, it is worth mentioning the relevance of
the FIRAS instrument. FIRAS measured with exquisite precision the CMB spec-
trum, i.e. the intensity at many different frequencies. Its main results for the
monopole and dipole are represented in Figure 1.2. We can see that the blackbody
description of the CMB is staggeringly accurate. It can be inferred that the early
Universe was extremely close to thermal equilibrium. As has been phrased in differ-
ent ways in the literature, “the CMB spectrum is the best-measured black body in
nature” [Akr+18a]. The relevance of FIRAS for modern cosmology goes beyond the
historical remark: it remains the best determination of the CMB spectrum. This
measurement still provides the best bounds on the so-called spectral distortions,
that could be produced by exotic energy injections in the early Universe (e.g. due
to the decay of dark matter particles). For more details on spectral distortions, see
[HS93b; HS93a; CS12].

The study of CMB anisotropies took a leap forward after the launch of the
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Figure 1.2: Monopole (left) and dipole (right) spectra of the CMB as measured by
COBE. Note that the error bars (68% limit) on the monopole spectrum are smaller
than the thickness of the curve. Credit: [Fix+96].

WMAP satellite in 2001. COBE had an angular resolution? of about 7°, while
WMAP reached an angular resolution of 0°2. After the arrival of WMAP the amount
and quality of data increased so much that it became common, in the cosmological
community, to talk about the advent of “the era of precision cosmology”. WMAP
laid down the basic ingredients of the Universe as we know it today [Kom+11].
Shortly after, the Planck satellite was launched in 2009. It confirmed the basic
picture of WMAP, reaching even higher resolution in temperature and polariza-
tion measurements. In the next section we will review what we have learnt about
the Universe after Planck. Looking towards the future, the scientific target of the
next-generation surveys is the CMB polarization. The main experiments that have
been already approved are the LiteBIRD satellite [Haz+19] and the ground-based
Simons Observatory [Ade+19] and CMB-S4 [Aba+16].

1.1.2 Planck’s sky

The Planck satellite measured the CMB in nine frequency bands (from 30 to 857
GHz) with unprecedented angular resolution. The Figure 1.3 shows the temper-
ature map at 100 GHz before the masking and foreground subtraction (but after
subtracting the dipole). The contamination of the galactic plane is clearly visible
in the central regions, but in the poles the cosmological anisotropies dominate the
map. The different sources of noise need to be modelled and subtracted from these
maps. Since different foregrounds have different spectral behaviour, it is crucial
to measure the CMB at different frequencies for a correct modelling of these un-
certainties. After taking into account these effects and its associated systematic
errors, the temperature measurement of Planck are extremely precise. Within the
angular scales it is aimed at, Planck has exhausted all the information in the CMB
temperature, i.e. its measurements have reached the ‘cosmic variance limit’, that
we will comment below.

The effect of the (kinematic) dipole needs to be corrected in these maps. Planck
has also provided an extremely precise measurement of the solar dipole

ATgip =3362.08£0.99 uK, (1.1)

2A useful reference to keep in mind is that a full moon subtends ~ 0°5.



6 CHAPTER 1. OBSERVATIONAL BASIS

Figure 1.3: Planck temperature map at 100 GHz. The dipole has been subtracted.
Credit: [Akr+18al.

where Ty = 2.7255 K [Fix09] is needed to convert to temperature units. This corre-
sponds to a relative CMB-Solar System motion

BSs = (1.23357 £0.00036) x 1073 (1.2a)
(1,b) = (2647021 10.011,48.25310.005) , (1.2b)

or v = (369.82 + 0.11) kms~!. This measurement is based on the observation of
the regular Doppler-shifting effects produced by the orbital motions of the satellite,
that are exceedingly well known. Observing this orbital modulation effect (at the
pKlevel) the amplitude of the dipole AT';,/T can be measured.

Once the dipole has been subtracted, it is common to decompose the temperature
over the sphere into a set of multipoles

T(n) TO

) 4
O(#) Z Z amY (), (1.3)

where Y,"(7) are spherical harmonics. From the theoretical point of view, no cosmo-
logical description can aim at explaining the values of every a/,,. It is assumed that
the observed anisotropy pattern is the result of stochastic processes, from which we
observe one realization. We can build statistical observables and predict, under
some assumptions, averages, (...), over many possible realizations. The main ob-
servable is the two-point function

A,n') = (0(R)0H) , (1.4)

that essentially measures the variance of the temperature difference? in directions
A and A/, ie. <(T(ﬂ)—T(ﬁ,’ ))2>/T§. Moreover, if the Universe has no privileged
direction, we have statistical isotropy

Cc#,p)=C(n-n'), (1.5)

and all the information in the temperature map can be encoded into the power
spectrum C/

<a;maglm/> = 6”’6mm’C€ . (1.6)

3This is a common definition but notice that it differs from the C, reported in the Planck’s papers
by a factor Tg.
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Figure 1.4: Compilation of different observations of the CMB temperature, polariza-
tion and lensing spectra. The dotted line is the best ACDM fit. Credit: [Akr+18al.

Instead of the average over realizations, the observationally accesible quantity is

the average over m
1
CoPs= —— 2 1.7
0°= gy Llaenl (1.7)

m

The theoretical computation of the temperature spectrum will be the subject of the
next chapter. We will discuss the fundamental limit that arises when performing
statistics with a single realization, known as cosmic variance. This effect is more
pronounced at large scales, i.e. low ¢, and it is the dominant source of uncertainty
in the Planck temperature measurements shown in Figure 1.4.

1.1.3 ACDM model

Planck has cemented the role of ACDM as the leading cosmological model. This
model is remarkably simple and has proved successful at explaining many differ-
ent observations. Among other hypotheses, see [Akr+18a], ACDM assumes that
the Universe is extremely homogeneous and isotropic, with tiny deviations at early
times that can be handled in a perturbative way.

We will now briefly summarize the evolution of the ACDM model after Big Bang
nucleosynthesis (BBN), i.e. after the formation of light elements at z =~ 101°. The
detailed mathematical description can be found in Chapter 3.
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I) The Universe is composed of baryons, photons, neutrinos, cold dark matter
(CDM) and a cosmological constant (A). The initial conditions for all the flu-
ids can be related to a primordial curvature perturbation Rg, i.e. only the
so-called adiabatic mode is present. The primordial curvature perturbation
Rr is a stochastic Gaussian variable with zero mean, so its statistics can be
completely characterized through its standard deviation or power spectrum
(two-point function).

II) Baryons and photons are the only interacting species. In the early Universe,
they form a tightly coupled fluid that undergoes acoustic oscillations, i.e. den-
sity waves, in the gravitational wells created by* CDM. As the Universe ex-
pands and lower its temperature, most of the protons and electrons combine
into hydrogen atoms (recombination at z = 1300). Shortly after, photons de-
couple from the baryon fluid (decoupling at z = 1090) and free-stream. The
formation of the first structures reionize the Universe at z ~ 10 and some
CMB photons rescatter before reaching us at z = 0. The main component of
the photon anisotropy observed today is an imprint of the acoustic oscillations
that took place at decoupling.

ITI) CDM only interacts gravitationally and its density perturbations grow through-
out the history of the Universe. Once the baryons decouple from photons, they
fall in the potential wells created by CDM and the density contrast of both
components grows (gravitational instability). At some point, the density per-
turbations on the smallest scales are so large that linear perturbation theory
breaks down. Finally, the non-linear structures observed today, e.g. galaxies
or filaments, form.

IV) A becomes dominant at very late times and drives the current accelerated
expansion of the Universe.

All this phenomenology is captured in the so-called base ACDM, or just ACDM, with
six free parameters: {Qbh2, Q.h?, log(10'°4,), n,, 1000, Kreio}. These parameters
can be classified into different categories.

Energy budget. Q42 and Q.42 are the (reduced) densities® of baryons and
CDM, respectively. The amount of photons is set by the CMB temperature, Ty =
2.7255 K [Fix09], which for a blackbody translates into a density thZ =2.47x1075.
The energy density of neutrinos can be related at early times with that of the pho-
tons [Les+13]. For massive neutrinos, the energy density today is®

__Xmy
93.14 eV '

4CDM is the dominant contribution, but of course all the species source the gravitational poten-
tials.

5Sometimes are denoted as wp and w.. Remember that % is the reduced Hubble parameter,
defined as Hy = 1004 kms~!Mpc 1.

61f we neglect the neutrino masses, the energy density today is Q,A2 =~ 1.7 x 1075, The difference
arises because for massive neutrinos the equation of state changes with time while, if they are
massless, the photon-neutrino ratio remains constant and equal to its primordial value, as given in
Appendix B.

Q,h? (1.8)
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The base ACDM model features two massless neutrinos and one massive, with
Y m, =0.06 eV. This model also assumes that the Universe is flat, so

Qot = QA+ Qe +Qp +Qy +Qy =1 (1.9)

This expression fixes the value of Q4.

Initial conditions. A; and n, are the amplitude and spectral index of the pri-
mordial power spectrum for scalar perturbations. ACDM assumes that the initial
conditions are adiabatic, Gaussian and given by the power-law spectrum

k ng—1
Pr(k)=A; (k—) , (1.10)

where the pivot scale is %, = 0.05 Mpc™!. We will come back to this point in Section
3.7.

Distance calibration. 0, is the angular scale of the sound horizon at the last-
scattering surface’. This parameter represents the angle subtended by a transverse
physical scale at a given redshift, in this case the sound horizon at z = 1090. For
a precise definition see [Ade+14a]. It is the best measured cosmological parameter,
since it is related to the position of the acoustic peaks. The base ACDM model can
also be parameterized using the reduced Hubble parameter A instead of 6. as a
distance indicator.

Thermal history. CMB physics is very sensitive to the evolution of the ioniza-
tion fraction, i.e. the number of free electrons. The thermal history at early times,
the details of recombination in particular, can be computed with extraordinary pre-
cision since it only relies on ordinary atomic physics. However, at late times, the
formation of the first stars and quasars led to the emission of ultraviolet photons
that produced a sharp reionization of the Universe. CMB photons, freely streaming
since decoupling, have a non-negligible probability of rescattering in the late Uni-
verse. To take into account this effect, a new parameter needs to be introduced: the
optical depth® to reionization kyeio = K(Zreio)-

Extensions. ACDM extensions have been widely considered in the literature.
Here, we will only cover one-parameter extensions to the base, i.e. six-parameter,
model that are still traditionally associated with ACDM. One of the most impor-
tant is the curvature parameter Qg = 1 — Qtt. While the six-parameter model can
be tightly constrained using CMB data alone, it is very well-known that, if we re-
lax the flatness assumption, CMB data shows a slight preference for a closed uni-
verse [Agh+18]. This is because the angular scale 8, is highly degenerated with

"Planck’s papers actually use the closely related parameter Oyc. See [Ade+14a] for details.

8Notice that, in Planck’s papers, the same quantity is denoted as 7. Reionization is taken to be
sharp, usually modelled as a hyperbolic tangent with midpoint at a redshift z.q;, and width Az =0.5
[Ade+14a]. This assumption has also been put to test by Planck [Agh+18].



10 CHAPTER 1. OBSERVATIONAL BASIS

the spatial curvature. Including external data® is crucial to break this degener-
acy and obtain a strong constraint on the curvature. Another parameter that is
commonly fitted is the sum of neutrino masses )} m,. While from oscillation exper-
iments we have a lower bound on this quantity, from the CMB (and in combination
with other probes) we can get an extremely competitive upper bound!?. Finally, on
top of scalar perturbations, most models of inflation predict the presence of tensor
perturbations. These primordial tensor modes are important for the evolution of
the polarization and are usally included with a power-law spectrum with an am-
plitude A; (or through the parameter r = A;/A;) and a spectral index n;. Current
observations can only place an upper bound on r, but it is the main target of future
CMB surveys.

Nuisance parameters. It is important to mention that the full Planck analysis
includes several nuisance parameters. These parameters model foregrounds and in-
strumental uncertainties. Even though there are reasonable priors on these param-
eters, they are non-trivially correlated with the cosmological ones. When comparing
a model with CMB observations, the nuisance parameters must also be fitted and
marginalized over to obtain the cosmological information.

The best constraints on ACDM, and some selected one-parameter extensions,
using only CMB data can be found in Table 1.1. The best constraints, using multiple
probes, can be found in Appendix B.

1.2 Large-scale structure

The distribution of matter at large scales provides cosmological information that
complements the CMB anisotropies. The CMB can be thought as a snapshot of the
state of the Universe at early times. After decoupling, CMB photons travelled al-
most!! freely until reaching the Solar System today. Hence, the CMB is very weakly
sensitive to the late-time evolution of the Universe, a gap that can be filled with
the aid of large-scale structure (LSS) surveys. The clustering of matter is mainly
affected by the late-time expansion history and it is also a sensitive probe of the
gravitational behaviour of dark matter at late times. Relying on LSS observations
we have access to objects with different redshift, belonging to different evolutionary
epochs. Then, it is in principle possible to recover all the ‘3D information’, encoded
in LSS snapshots and its evolution in time. However, there are two main disadvan-
tages with respect to CMB data. In the first place, since we are dealing with fully
formed astrophysical objects, the measurements are unavoidable plagued with as-

91n particular the baryon acoustic oscillation (BAO) measurements that we will cover in the next
section.

108ee [Les+13] and Chapter 25 of [Tan+18] for the bounds arising from different combinations of
observations.

HThe two main effects that modify the free-streaming are reionization, that introduces a non-
negligible probability of rescattering and modifies the low-¢ temperature spectrum through the ISW
effect, and the weak lensing produced by the metric potentials along the line of sight, whose overall
effect is a smoothing of the acoustic peaks.
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Parameter | TT+lowE TT,TE,EE+lowE+lensing
Qph? 0.02212 +0.00022 0.02237 +0.00015
Q.h? 0.1206 +0.0021 0.1200 +0.0012
1004, 1.04097 + 0.00046 1.04110+0.00031
Kreio 0.0522 + 0.0080 0.0544 +0.0073
log(10%°A;) | 3.040+0.016 3.044+0.014

ng 0.9626 +0.0057 0.9649 +0.0042

Qx —0.0567 04 -0.01179-013

Y m,[eV] | <0.537 <0.241

r0.002 <0.102 <0.101

Table 1.1: Constraints on the base-ACDM model (68% limits) using only CMB data,
as reported in [Agh+18]. The second column considers only the temperature (TT)
and polarization at low-¢ (lowE), the latter being very important to constrain reion-
ization. The third column includes the full E-mode polarization spectrum (EE),
the cross-correlation with temperature (TE) and the information on the lensing po-
tentials inferred from the CMB lensing (lensing). On the lower part some one-
parameter extensions are included with 95% limits. The tensor-to-scalar ratio r is
evaluated at a pivot scale 0.002 Mpc™!.

trophysical uncertainties, caused by complex physical processes that must be cor-
rectly modelled. In the second place, if we want to access the smallest scales not
only do we have to deal with baryonic effects but also with non-linearities. While
these scales could, at decoupling time, be analyzed using cosmological perturbation
theory, in the present we must deal with the additional complexity of non-linear
evolution. In spite of these caveats, there is a wealth of information lurking in LSS,
while the information in the temperature anisotropies of the CMB has been mostly
exhausted.

1.2.1 LSS surveys

The distribution of (mainly dark) matter can be probed observing the so-called trac-
ers: sources of light (galaxies, quasars or clouds of gas) that populate the underlying
dark matter structures. The main observable characteristics of a tracer are its po-
sition in the sky, brightness, spectrum and shape. Most surveys operate in the optic
or near infrared, and fall into two broad categories.

Photometric. Photometric (or imaging) surveys take extremely detailed pictures
of the sky, in a few bands of frequency. This kind of experiments offer a poor red-
shift resolution, thus losing some of the 3D information, but trade it for measuring
a large number of galaxies. A very important goal of photometric observations is
to characterize the ellipticity of galaxies, that is affected by the weak lensing ef-
fects (cosmic shear) produced by the intervening matter along the line of sight.
Performing statistics over the ellipticity field one can learn about the (integrated)
metric potentials that produce the lensing, and thus about the matter distribution.
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Another target of these experiments is the identification of clusters, since the abun-
dance of clusters of a given mass'? depends on the cosmological model. Besides
measuring the clustering of matter, imaging surveys that monitorize a large region
of the sky can be used as supernova hunters. Once a supernova has been identified,
dedicated experiments can follow up its evolution. Among photometric surveys, we
should highlight the currently operating DES [Abb+18] and two surveys that will
start running during the next decade and will take LSS surveys to the next level:
LSST [Abe+09] and Euclid [Ame+18].

Spectroscopic. The aim of a spectroscopic survey is to identify as many trac-
ers as possible and characterize their individual spectra. This type of surveys can
make up for a small number of tracers, compared to photometric surveys, with an
accurate redshift determination. This allows for a tomographic analysis, where the
large-scale structure can be ‘sliced’ and analyzed at different redshifts. Redshift
information also entails velocity information. The peculiar!® velocity field of matter
contains cosmological information on its own but, in general, the peculiar veloc-
ity of the tracers can be used to infer the matter density field, e.g. matter falls
into overdense regions. Finally, one of the targets of these experiments is the mea-
surement of the baryonic features in the matter distribution, the so-called baryon
acoustic oscillations (BAO) that we will comment below. These features provide us
with a length scale, a standard ruler, whose evolution in time can be used to infer
the expansion history of the Universe. This observation complements the meth-
ods based on standard candles (supernovae Ia) and the recently available standard
sirens (gravitational wave events). Many spectroscopic surveys have produced high-
quality data over the years, with some recent examples being BOSS [Ala+17], Wig-
gleZ [Par+12] and 6dF [Beu+11]. The next generation of spectroscopic surveys has
just started with DESI [Agh+16] and it will continue with Euclid.

It is important to mention that not all surveys fall into these two categories.
The J-PAS survey [Ben+14], that has just started operating, can be thought of as a
mixed model. It is photometric in nature, but with a number of filters large enough
to allow for a very precise determination of redshift, which has been traditionally
the main advantage of spectroscopic surveys. On the other hand, there are also
alternatives to the traditional optic and near-infrared surveys. The SKA project
[Maa+15] is a next-generation radio survey that will use the 21 cm emission of
neutral hydrogen as a tracer.

120nce a cluster has been identified, it is possible to infer its mass either through the lensing
effects that it produces or through a knowledge of its temperature. The temperature in its turn
can be measured from its X-ray emission or from the SZ distortions produced in the CMB. See e.g.
[Dod03] for details.

13Peculiar’ in this context means that the cosmological redshift produced by the expansion of the

Universe has been subtracted. Interpreted as a velocity, the cosmological contribution is sometimes
dubbed ‘Hubble flow’.
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Figure 1.5: Compilation of different measurements of the matter power spectrum
at z = 0. The BAO signal appears as wiggles around % ~ 0.12Mpc™!, but here it is
hidden below the error bars. Credit: [Akr+18a].

1.2.2 Angular correlations

In a similar way to the definition of the temperature perturbation (1.3), one can

define the matter overdensity as the fractional deviation from the homogeneous

background density p,,

Pm(t, %) = pm(2)
Pm(t)

It can be estimated from the observed number density of tracers [BD11]. Working

in Fourier space, and omitting the time dependence, the matter power spectrum can
be defined as

Om(t,x) = , (1.11)

(6m(R)SE, (R = (21)35(k — k)P, (R) . (1.12)

The paramount objective of most LSS surveys is to measure P,,(k). The most read-
ily observable quantity is the closely related correlation function in real space

krp (k). (1.13)

d3k
)3 ©

£(r) = (5(x)5(x +1)) = f 5

As we mentioned before, these quantities also evolve in time (or redshift). Owing to
their clean redshift determination, spectroscopic surveys can follow the evolution
of the matter power spectrum back in time. Several measurements of the matter
power spectrum (today) are collected in Figure 1.5. There is one feature in this
curve that is worth noting: the baryon acoustic oscillations. These baryonic fea-
tures appear as wiggles in P,,(k) and correspond to the same acoustic oscillations
imprinted in the CMB, but this time imprinted in the baryonic component, that
represents a non-negligible fraction of the total matter content. This baryonic ef-
fect also appears, quite spectacularly, as a bump in the correlation function. The
physical interpretation goes as follows. The initial density perturbations in the
photon-baryon plasma propagated with a finite sound speed, that dropped to zero
when baryons decoupled from photons. This means that, starting from an initial
inhomogeneity, the density wave-fronts travelled a finite distance, also known as
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sound horizon. This produced an enhanced probability of finding large overdensi-
ties separated by this characteristic distance. The sound horizon can be computed
from first principles in a given cosmological model. It provides an absolut length
scale (standard ruler) that can be used to probe the expansion of the Universe. See
for instance [Akr+18a] for a collection of these measurements.

1.3 Galactic structure

Nowadays, the existence of a dark matter component, detected only gravitation-
ally, belongs to the mainstream of cosmology. In the preceding sections we showed
how the assumption that most of the matter exists in the form of a non-baryonic,
cold dark matter component can explain all cosmological observations, ranging from
clustering to CMB. Even though it has worked exceedingly well in cosmology, his-
torically the dark matter hypothesis was proposed to explain the observed galactic
structure. For the reader interested in the historical development of the paradigm,
we recommend [Wei08] or the excellent review [BH18].

The rotation curves of galaxies are one of the observations that asks for a dark
matter explanation. Using simple Newtonian dynamics it is possible to relate the
circular velocity of an orbiting object with the mass enclosed in a spherical shell. If
galaxies were only composed of baryonic matter, i.e. stars and gas that we observe,
it would be impossible to explain the observed rotation curves. These curves tell
us that there must be much more matter in a galaxy than what we can see (with
electromagnetic signals). According to present knowledge, the galaxy disk lies at
the center of a larger, extended structure: the dark matter halo.

The study of astrophysical structures is more involved than the cosmological
observations in at least two aspects. First, it is more difficult to obtain clean ob-
servables. We usually need to deal with limited information on the astrophysical
parameters and the observations are plagued with baryonic, i.e. gas, effects that
need to be properly modelled. In the second place, while usually on cosmology we
can rely on perturbation theory, the collapsed structures are in the fully non-linear
regime. Numerical simulations are unavoidable in this field.

In the 90s, the first N-body simulations for CDM became available. These
results allowed for the first quantitative studies on the expected halo properties.
Based on several simulations, Navarro, Frenk and White (NFW) proposed the uni-
versal halo profile that bears their names [NFW97]

Po
,

r 27
— 1+—)

PNFw(") = (1.14)

where the parameters pg and R vary from one halo to another. Even though there
are other popular profiles, NFW is the leading phenomenological model to fit the
results of N-body simulations with CDM.

Workers in the field quickly realized that there was a mismatch in the rotation
curves inferred from simulated halos and the observed ones. The simulated halos
invariably present dense and cuspy central regions (p ox r?¥ with y = 0.8 — 1.4) while
core-like structures are preferred by observations (y =0-0.5) [BB17]. This came to
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be known as the core-cusp problem [FP94; Moo94; BB17]. It is one of the longest-
standing discrepancies faced by the ACDM paradigm. This is not the only challenge
for ACDM on galactic scales, see [BB17] for a comprehensive review of the small-
scale problems.

There is an important caveat in the previous discussion: we are comparing
CDM-only simulations with real galaxies that also contain baryons. Simulations
with baryons are extremely expensive compared with CDM-only. It has been tradi-
tionally very difficult to achieve large volumes and high resolution, though recent
progress has been made, e.g. the NIHAO [Wan+15; Tol+16] and FIRE [Hop+18]
simulations. It seems feasible to obtain cores once we introduce baryonic effects,
see [BB17], but the results depend on the model and parameters used to take into
account the baryonic feedback, e.g. the effect of supernovae.

The next alternative that comes to mind is that maybe we have chosen the
wrong dark matter model for the simulations. We know that we need something
that resemble CDM on cosmological scales. This still leaves plenty of room for
modifications that change the small-scale behaviour. There is a plethora of models
that behave as CDM on a cosmological setting and yet yield unambiguosly different
predictions for small-scale observables [OS03]. Three broad classes of dark-matter
models, that may solve in particular the core-cusp problem, have been proposed:

e Warm dark matter. Any thermal dark matter component is endowed with a
characteristic free-streaming length, below which thermal motions prevent
clustering and formation of structures. The free-streaming length depends on
the mass and for CDM, i.e. very massive particles, it is effectively assumed
to be zero. Warm dark matter consists of particles with masses in the range
of the keV, so the effect of a finite mass is irrelevant for cosmology but affects
structure formation at astrophysical scales. The original proposal is [BOT01]
and some recent constraints can be found in [Irs+17].

¢ Self-interacting dark matter. Self-interaction between dark matter particles
can produce an additional source of pressure and diminish clustering at small
scales, whenever the densities are high and the additional pressure becomes
important. See [CMH92; SS00] for some early works and [TY18] for a recent
review.

¢ Fuzzy dark matter. If the dark matter is extremely light (and non-thermal),
it may display a wavelike behaviour at small scales. This candidate will be
analyzed in detail in Chapter 5.

These alternative models have the same cosmological behaviour but differ on smaller
scales. If dark matter only interacts gravitationally, galactic-structure observations
may be our best hope for discriminating between different models.

1.4 Stellar evolution

Stars have become one of the best laboratories to study light and weakly interact-
ing particles. For instance, by using the observational evidence accumulated over
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decades and the theoretical insight on the inner workings of different stellar ob-
jects, it has been possible to constrain many neutrino properties [Raf96]. The most
spectacular among these results is probably the observation of neutrino oscillations,
that started as a mismatch between the predicted solar flux and the one measured
on Earth and ended up being an evidence of the neutrino masses. In addition to con-
straining properties of known particles, many astrophysical objects are sensitive to
the presence of any new particle interacting with the plasma.

One of the main advantages of stars as laboratories is their size. Even a feebly
interacting (light'*) particle can be copiously produced and either modify the stellar
evolution or lead to a flux that could be detected on Earth. Another advantage
is that extreme conditions of temperature, density and magnetic fields, extremely
challenging to reproduce in a laboratory, are naturally present in different types of
stars.

In this work we will focus on low-mass particles, that can be thermally pro-
duced and perturb the star’s life in a significant way. We leave aside for instance
heavy-particle capture by stars, that could also modify its evolution (e.g. WIMP cap-
ture [JKG96]), and light-particle emission that, while leaving the Sun unperturbed,
leads to a measurable flux on Earth (e.g. axion helioscopes [Red08]). According to
its coupling strength, any new particle that is light enough to be thermally produced
can have two effects on a star:

e Energy loss. If the particle interacts weakly enough, so that once produced
it can freely escape, it acts as an energy sink and modifies different evolu-
tionary time scales. It typically leads to a higher burning rate or to a faster
cooling. In either case, the star shines for a shorter time. In some cases it can
also increase some scales. For instance, as we will see, a delay of the helium
iginition increases the time a low-mass star spends as a red giant.

* Energy transfer. If the particle gets trapped, it contributes to the energy
transfer. Particles with large mean free paths (but smaller than the star’s
size) can transfer energy more efficiently than photons'®, modifying the stel-
lar structure.

We will only be concerned with the energy-loss argument in this work. It has
been succesfully applied for instance to hidden photons [DFK12; APP13], ster-
ile neutrinos [Raf90a; ABK19] and especially to axions [KMW84; Raf86; PK86;
Raf90b]. Before explaining the observational basis of the energy-loss argument
for different objects, we will briefly review some basic concepts of stellar evolution.

Stars are self-gravitating systems. There are three sources of pressure that can
support the star against gravitational collapse: thermal, radiation and degener-
acy pressure. Radiation pressure (P  T*) is only relevant for supermassive stars.
Compact stars, like white dwarfs or neutron stars, are supported by the degeneracy
pressure (P o const.). Once the density is high enough, the electron (or neutron)
gas becomes degenerated, providing a temperature-independent pressure'®. Any
energy loss cools down the object, decreasing its temperature and its luminosity.

141 jght enough to be thermally produced.
5Note that the mean free path of a photon in the Sun is about 2 cm.
160nce it reaches the zero-temperature limit, kT < Er, where E is the Fermi energy of the gas.
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Standard, i.e. nuclear-burning, stars are supported by the thermal pressure

(P x T) of the gas. The simplest version of the virial theorem, for a monoatomic

gas in hydrostatic equilibrium [Sch65], states that the thermal (E 1) and the gravi-

tational (E ) energy of a star are related

1

ET:—§EG . (1.15)

This simple relation can help us to understand the stellar evolution. If these are
the only energy sources, the total energy is

1
Eita=ET +EG:§EG:_ET- (1.16)

This means that a star that is radiating (losing energy) must contract (Eg « R™1)
and increase its temperature (E7 o« T'). In general, energy loss in thermally sup-
ported stars leads to an increase of their temperature. This treatment is valid for a
contracting gas cloud but, once the temperature is high enough, the nuclear fuel is
ignited, acting as a new source of internal energy. The equilibrium configuration is
reached when the energy losses are perfectly balanced by the energy produced. If
the energy produced is less than the energy emitted, as we have seen, the star con-
tracts. The contraction increases the temperature and hence the energy produced
in nuclear reactions also increases. The same logic applies in the opposite situation.
This regulation mechanism accounts for the stability of stars.

Once the nuclear fuel is used up, the star contracts again until either it reaches
the degeneracy point of the gas or it is hot enough to burn heavier elements. For a
full account of a star’s life see [Raf96; Sch65; CG68].

At each point of the star, energy conservation requires

d_rr :4nr2p€ , € = €nuc + €gray — €y — €y , (1.17)
where L, is the luminosity and € is the emissivity. The impact of a new particle
is accounted for in €, the energy loss rate per unit of mass. This quantity can be
computed from first principles once we know how the hypothetical particle interacts
with the plasma. From the observational point of view, we will describe now how
this new term modifies relevant evolutionary time scales in three very different
objects: Sun, red giants and the supernova SN1987A.

1.4.1 Sun

The effect of a novel channel of energy loss in degenerate stars (white dwarfs or
neutron stars) is straightforward: it increases the cooling rate. However, in a main
sequence star, the nuclear production (e,yc) is readjusted to compensate additional
energy losses. While the Sun is very well understood and seems the most promising
candidate to apply the energy-loss argument, it is not obvious what observational
effects can be expected. Frieman, Dimopoulos and Turner [FDT87] were able to

This does not mean that the star is “cold”, according to the common use of the word, e.g. the central
temperature of a neutron star is ~ 10° K.
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tackle this problem in a semianalytic fashion assuming that the new equilibrium
configuration (with €,) is obtained as a homologous contraction!”.

The main conclusion is that an increased energy-loss rate produces modifica-
tions in the luminosity and the radius of the star, thus changing its lifetime. If the
Sun were emitting more light particles, it would burn its nuclear fuel faster and
shine brighter. However, it is important to notice that these quantities are not di-
rectly observed. Solar models are actually fitted to achieve the observed luminosity,
e.g. changing the amount of helium. We can obtain bounds on the efficiency of par-
ticle production either by imposing that the solar age is not significantly modified
or that the initial helium fraction has at least the primordial value. Both criteria
agree to yield a bound [Raf96]

L,<Ly, — €x<e€q, (1.18)

where €, =1 erg g~ ! s7! is the standard emissivity in the Sun and e, is the emissiv-
ity due to the new type of particle. The theoretical luminosities must be evaluated
under the conditions of the solar core

p=156¢g cm 3 , Ne = 6.3 x 10%5 cm 3 ,
T=13KkeV, X =0.35, (1.19)

where p is the density in the solar core, n, the number density of electrons, T the
temperature and X the mass fraction of hydrogen. The numerical values in this
section come either from [Raf96] or [Raf90al.

1.4.2 Red giants

After depleting the hydrogen in the center, low-mass stars (M < 2M ) develop a
degenerate, inert, helium core and ascend along the red giant branch (RGB). The
evolutionary track of these stars is represented in Figure 1.6. For a complete, ped-
agogical account of this fascinating process see [Raf96]. In these red giants, the
region surrounding the helium core is still burning hydrogen and then depositing
more helium into the core. The core keeps acreting material and contracts, increas-
ing its temperature. At some point it reaches a temperature high enough to ignite
helium, the so-called helium flash, and the star moves to the horizontal branch
(HB).

Additional energy losses would lead to a cooling of the degenerate core. In this
case, the ignition of helium is delayed, and could be prevented in an extreme case.

TFor a detailed discussion see the chapter 22 of [CG68]. In simple terms, two stars are said to
be homologous if they are related only by a scale transformation of its parameters. The simplest
example is the following: If the configuration at the point r of one star can be computed from the
configuration of a different star at the point ro as

R
r=—ro,
Ry °
where R and R are the radii of the two stars, these two stars are said to be homologous. In general,
more parameters may need to be scaled.
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Figure 1.6: (Left) Evolutionary track of a low-mass star (M < 2M) in the
temperature-luminosity diagram. The star starts its evolution in the main sequence
(MS), where it spends most of its life. Then, as it exhausts the hydrogen in the core,
it ascends along the subgiant branch (SGB) and the red giant branch (RGB). After
the helium flash, it moves to the horizontal branch (HB) and finally it ascends again
along the asymptotic giant branch (AGB). (Right) Hertzsprung-Russell diagram of
the globular cluster M3. Credit: (Left) [Raf96], (Right) [Raf99].

Different observables can be found studying the Hertzsprung-Russell diagrams'® of
globular clusters, like Figure 1.6, and performing statistics with the stellar popula-
tion, e.g. the brightness of the RGB tip or the ratio of HB/RGB stars. More details
can be found in [Raf90a; Raf96]. A simple analytical bound for new energy losses is

€x <10 erg g_1 s7! , (1.20)

to be evaluated at average conditions for the core of a red giant near the helium
flash

p=2x10°gem™>, n,=6x102%cm™3,
T =8.6keV, Y,=0.5, (1.21)

where Y, is the inverse of the mean molecular weight for the electrons, such that
ne=Y,p/m, where m, is the atomic mass unit.

1.4.3 Supernova SN1987A

The energy-loss argument for the supernova (SN) case is a bit different. When
a neutron star is born, during the core collapse in a type II supernova, a huge
amount of energy is emitted in the form of neutrinos. In fact, the neutrino emission
(~ 10%3 erg) dominates over the radiation and kinetic energy (~ 105! erg). Most of
the neutrino signal is emitted as a pulse during the first second, see Figure 1.7.
Afterwards, see the tail in Figure 1.7, neutrinos are the main cooling mechanism of
the nascent neutron star.

8Fach dot in the Hertzsprung-Russel diagram represents a star, classified according to its lumi-
nosity and temperature.
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Figure 1.7: Neutrino emission from a type II supernova. The region 4 represents
the cooling of the nascent neutron star. Credit: [Raf96].

The basic theoretical picture was confirmed in 1987 when the neutrino signal
of the SN1987A event was measured in different observatories. Not only was the
initial pulse measured, but also the tail of the emission, with neutrinos received
several seconds after the pulse. If any additional cooling mechanism was at work,
at least it could not be much more efficient than neutrinos. Raffelt [Raf90a; Raf96],
based on numerical simulations of supernova evolution, proposes the following cri-
terium

e <10¥ erggts7?t, (1.22)

where it is assumed that the particles escape freely and the energy-loss rate is to
be evaluated under conditions

p=8x10"gem™3, T ~(40-60)MeV. (1.23)

1.5 Fifth-force tests

The inverse-square law (ISL) for gravity has been, since its inception in the XVII
century, extremely successful at describing gravitational phenomena over a wide
range of scales. The Newtonian force between two bodies can be derived from the

interaction potential

Vi) =_gmme (1.24)

r

A remarkable property of this interaction is that it gives rise to closed orbits (el-
lipses, in particular). Of course, the planets in the Solar System do not undergo
perfectly elliptical motions around the Sun. The interactions between different
planets, given again by (1.24), perturb the orbits introducing, in general, precession
effects: the orbits fail to close. This is a generic feature of any small perturbation of
(1.24). The observation of anomalous effects on the orbit of Uranus, along with the
firm belief that (1.24) was correct, led to the prediction of the existence of the planet
Neptune. The persisting anomalous precession of Mercury, on the other hand, was
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Figure 1.8: Constraints on deviations from the inverse-square law, from labora-
tory (Left) and Solar System (Right) tests. The curves have been adapted from the
following references: planetary, LLR, LAGEOS-Lunar, LAGEOS-Earth, geophysics
[AHNO03], Irvine [Hos+85], Washington, Colorado [L.on+03], Stanford [Chi+03], Bor-
dag [BMMO1], Mostepanenko 1 and 2 [MINO1].

the first observational hint of deviations from (1.24), which could be eventually ex-
plained within General Relativity.

From the particle-physics perspective, the interaction (1.24) could arise from
the exchange of a massless, even spin (0 or 2) boson. The carrier of the force in
Einstein gravity is the graviton, a massless spin-2 particle. A similar potential can
be obtained for a massive boson mediator

Vir)=Se (1.25)
r

where « is a generic coupling and m is the mass of the carrier. The potential (1.25)
is known as Yukawa potential. More exotic possibilities, like the force arising from
the exchange of two neutrinos, are reviewed in [FT99]. Clearly, if the carrier is
heavy enough its effects on the force are negligible but light mediators can lead to
observable deviations from the ISL.

Over the last decades there has been an ongoing effort to measure possible devi-
ations from the inverse-square law, without success so far. As a result of this effort,
there exists a wealth of experimental data, ranging from microscopic to Solar Sys-
tem scales, that can be used to put stringent bounds on the parameter space of any
light mediator. The interaction potential for ISL tests is traditionally parameter-
ized as

Gm1m2

V(r)= —f(l + ae—'“) . (1.26)

The relevant bounds for laboratory and Solar System constraints are shown in Fig-
ure 1.8. We will now briefly summarize the content of the experiments quoted and
refer the reader to the original references and topical reviews [AHNO03; Ade+09] for
further details.

I) Planetary (10° - 10'3 m). One of the effects produced by a modification of the
ISL over Solar System scales is an anomalous precession of planetary orbits.
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This fact was used in [Tal+88] to set bounds on possible modifications of New-
tonian gravity, analyzing the orbits of Mercury and Mars.

I1) Earth-LAGEOS-Moon (10° - 10!° m). The first curve (LLR) corresponds to a
measure of the anomalous precession of the Moon, which is the same effect as
in the previous point. The other two correspond to measurements of the spatial
variation of G, based on the orbits of the Moon and the LAGEOS satellite (in
an orbit of about 1.2 x 107 m). More details can be found in [De 86].

III) Geophysical (1-10* m). There are several experiments halfway between Solar-
System and laboratory scales, which aim to measure spatial variations of G
within the Earth. These include measurements in towers, seas, mines and are
reviewed in [Sta+87].

IV) Cavendish (10 um - 1 cm). In this range lie the laboratory probes of the force
of gravity with torsion balances. For a review, see [AHNO03].

V) Casimir (1 nm - 10 ym). Although experimentally challenging, it is possible to
measure the Casimir force between two bodies, e.g. using atomic-force micro-
scopes. As reviewed in [MINO1], these measurements can be used to constrain
the existence of a new force.

Recent observations of the orbit of the S0-2 star in the Galactic Center have
allowed to test the Newtonian law at even larger scales [Hee+17], but the con-
straints are not competitive yet with the ones already displayed. On the opposite
end, neutron scattering experiments are starting to probe ISL deviations at shorter
distances than Casimir experiments [BFP18; Saf+18; Had+18].



Components of the Universe

The mathematical description of a cosmological model requires defining a mat-
ter content, i.e. an energy-momentum tensor, and then solving the Einstein equa-
tions (1) for this matter content. Usually, this energy-momentum tensor arises as
the combination of different species. In this chapter we cover three different ways
to describe the components of the Universe: as fluids (Section 2.1), as fields (Section
2.2) or using kinetic theory (Section 2.3).

2.1 Fluid description

The word fluid is widely used in cosmology to denote any component that sources
the right-hand side of the Einstein equations. Even though we may also indulge in
this practice, in this section we will try to clarify what we regard as a proper fluid
description. A fluid is commonly understood as a coarse-grained picture of a collec-
tion of particles. The state of the fluid is characterized by a set of macroscopic vari-
ables, e.g. density and velocity, that vary smoothly over space-time. Using simple
physical arguments, e.g. see [Wei72], it is possible to define an energy-momentum
tensor that codifies the energy and momentum fluxes of the fluid. More details on
the construction and its physical motivation can be found in the classic references
[LL59] and [Wei72].

In practice, a fluid description takes the energy-momentum tensor as the start-
ing point!. The density and the velocity are the main dynamical variables in this
approach. The next section will introduce the fluid variables for a generic energy-
momentum tensor. Section 2.1.2 particularize the results to perfect fluids, that are
the simplest description for a cosmological component.

2.1.1 Energy-momentum tensor

The total energy-momentum tensor on the right-hand side of the Einstein equations
(1) can be endowed with a hydrodynamic interpretation. Following the 1+3 covari-
ant treatment of [EE99], we choose a normalized timelike vector u# (utu, = -1)
and define the associated projector? on the subspace transverse to u*

PE, =6, +utu, . (2.1)
Any symmetric tensor field can be decomposed relative to u*

Tyv = puyley +2q iy + P Puy + 1, (2.2)

1Tt may be supplemented with other four-vectors, like the entropy or number fluxes.
21t satisfies P*, u¥ =0 and P¥, P?, =PF, .
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where g, is transverse (¢"u, = 0) and Il is transverse (II,,u* = 0) and traceless
(ar* u = 0). These variables can be defined in terms of the energy-momentum tensor
and physically interpreted

p=ulu’T,, , (Energy density) (2.3a)
P-= % WP, (Pressure) (2.3b)
q"=-T,,P"u’, (Momentum density) (2.3¢)
M, =|P°, P, - %PWPPU Too » (Anisotropic stress) (2.3d)

The vector u* can be for instance the four-velocity of an observer at rest (u? = 0). In
this case we get ¢¢ Ti0 and it is possible to define the velocity of the (imperfect)
fluid as the velocity of the frame in which ¢' = 0, i.e. as the velocity of energy
transport.

The total energy-momentum tensor satisfies the conservation equation?

v, T, =0. (2.4)
In general, for a multicomponent system, the invidual fluids do not satisfy (2.4)
™, =To' +Te", - VT =-V.Te", . (2.5)

The transfer of energy and momentum between two subsystems is characterized by
a four-vector

VuT"y =Sy, (2.6a)
VT, =-S, . (2.6b)

It is very common to have additional conserved quantities, like the number of par-
ticles or the electric charge. These quantities can be represented by a four-vector
current satisfying a conservation law*

VN =0. @7

In the presence of conserved charges it is possible to define the velocity of the fluid
as the velocity of the frame in which N? = 0. Except in some limiting cases, this
velocity does not coincide with the velocity of energy transport.

2.1.2 Perfect fluids

Perfect fluids are defined by the further physical requirement

q# =0, Hpv =0. (2.8)

3Using the Gauss law, this equation implies the conservation of a four-vector (the four-momentum
in this case).

4Again, this kind of equation implies the conservation of a scalar, e.g. baryonic number or electric
charge.
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The energy-momentum tensor for a perfect fluid is
Ty =(+Pluyu,+Pgyy . (2.9)

Since g* = 0, the u" that defines this splitting can be regarded as the velocity of
the fluid. The description of the fluid must be supplemented with a prescription to
compute P. This prescription is parameterized in terms of the equation of state

P
o

w (2.10)

In cosmology, it is common to choose phenomenological equations of state that pro-
vide an effective description for the problem at hand. The evolution of a collisionless
perfect fluid is described by (2.4), that can be splitted into

u'Vyp+(p+P)VFu,=0, (2.11a)
(p+Pyutv,u’ +@" +utu")V,P=0. (2.11b)

In the appropiate limits, these expressions reproduce the continuity and Euler
equations of Newtonian fluid mechanics.

The perfect fluid approach is a good starting point for a more detailed descrip-
tion. The next level of complexity is to consider nearly-perfect fluids, introducing
small perturbations g and 6I1,,. The density, pressure and the metric are per-
turbed accordingly. The perturbed energy-momentum tensor is

6Ty =p+6P)uyuy+6Pguy+POGuy +26quuy) + 0611, . (2.12)

It must be used now to source the perturbed version of the Einstein tensor. It is
customary to trade the momentum perturbation for a velocity perturbation

6q" =(p+P)éut . (2.13)

When dealing with perturbed perfect fluids, the analog of the equation of state is
the sound speed

OoP
2
=—. 2.14
Closely related is the adiabatic sound speed
P
2 _
iy = ; . (2.15)

2.2 Field description

A classical field can be regarded as a smooth function over the space-time. It can be
characterized through its behaviour under different types of transformations, e.g.
parity or Lorentz transformations. The metric tensor g, in the Einstein equations
is an example of a classical field.
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2.2.1 Energy-momentum tensor

The field description takes the action functional as the starting point. It is defined
in terms of the Lagrangian. In flat space-time it can be schematically written as

Sty = f d £ (), 0wy ) (2.16)

where v is a generic field and 7, is the Minkowski metric. There is a well-known
minimal coupling procedure to promote an action from flat to curved space-time,
see [Wal10]. The action in curved space-time is®

Syl = f dte =g Ly, Vy ;g @) 2.17)

where g is the determinant of the metric g, and V is the covariant derivative. The
equations of motion of the field are obtained through the functional derivative

6Su

. 2.1
3 0 (2.18)

If the field is interacting, the functional derivative must be taken with the total
action. The interaction of this matter field with gravity is described by the action

Sly,g"1=Salg" 1+ Suly,g"'1. (2.19)

The gravitational part is described by the Einstein-Hilbert action

1
W= —— | d*x /=g 2.2
Sclg™] 16nt dxv-gR, (220
with functional derivative
0Sqa V-8& ( 1 )
=——|R,——g,.,R]|. 2.21
g 161G\ M 28m @21)

Varying the total action we obtain the Einstein equations (1)

58S 1 167G 6S
R _fgég;‘f =81GTy .  (2.22)

2
In this way we can define the energy-momentum tensor of the field

2 6Su
N

Using the results of the previous Section 2.2, it is possible to establish a fluid anal-
ogy and define the density, momentum, pressure and anisotropic stress of a field.

T =- (2.23)

5This assigment may be ambiguous though. One can always add terms proportional to R that
vanish in flat space-time, see [Wal10].
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2.2.2 Scalar field

The Lagrangian for a free scalar field in flat space-time is
o $o,P— 122 (2.24)
¢ = 277 u$p0vd 5 o . .
We can promote it to curved space-time
,C _ 1 uv 1 2 42
0 =58 VupVvp—gm7™. (2.25)
Remember that for scalar fields V¢ = d,,¢. The action is
— 1 4 " 2 42
S¢——§ d*x =g (VFoVup+m=¢®) . (2.26)
Performing a general variation®
1 4 1 o 2,2 v
5s¢:—§fd x\/—-g VupVvp =S8 (VIpVedp+m=p)|6gH
+2(=VIV i+ m>¢) 5¢} . (2.27)

If the scalar field is not directly coupled to any other particle, the equations of

motion are
0S4

2
50 — -VEVp+m=p=0. (2.28)
Sometimes it is useful to rewrite the equations of motion as
1
———0,(y/—g0"p)+m3p=0. (2.29)
ﬁ IJ( )

The energy-momentum tensor, defined in (2.23), is

1
Ty = VupVop = > 8uv (VOpVop+m2¢p?) (2.30)

2.2.3 Vector field

The Lagrangian for the scalar field is so simple that we wrote it right away. When
the fields possess more structure we must motivate our choice. In general, we will
look for the most general” Lagrangian quadratic in the field and its first derivatives
and that is free from instabilities. Our main concern will be the presence of ghost
instabilities that may arise when considering general kinetic terms, see [Shil5;
Woo15]. We illustrate this procedure in this section applying it to a vector field,
following the exposition of [Rhal4].

6We have integrated by parts too, assuming that the boundary terms vanish. We also need the

result 5 1
V=8
sgn Y EEm

"Most general respecting Lorentz invariance, or any other symmetry that we want to enforce.
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Let us start with the most general kinetic term for a vector field A#
Lr=a10,A"0"A, +a20,A"0,A" +a30,A"0,A" . (2.31)

The last two terms are equivalent upon integration by parts, so without loss of
generality one can write

L =a10,A 0" A, +a20,AM5,A" . (2.32)

kin

Note that from now on the equality between Lagrangians is meant to be equal-
ity modulo integration by parts. The field can be splitted into a transverse and a
longitudinal part

Ay=AT+0,y, 0,ATH=0. (2.33)

Plugging this splitting in the Lagrangian

L =a10,ATVHAT +a10,0" y0" 0,y +a20"0,x0" 0y x
=a10,AT 0" AT + (a1 +az)0yOy , (2.34)
where the d’Alembertian is O = n*V9,0,. Unless a1 = —ag, higher-order time deriva-
tives appear in the action, leading to an Ostrogradsky instability [Sbil5; Wool5].
There are different ways to see, e.g. [Rhal4], that one of the two degrees of freedom®

hidden in y is always a ghost, i.e. it carries a wrong sign in the kinetic term.
The normalization a1 = —1/2 leads to the Maxwell Lagrangian

1 1
L =5 (040" A ~0,A"0,AY) = — Fiu P, (2.35)

kin

with the conventional definition F', =0,A, —0,A,. There is only one possibility for
the mass term. Adding it, we arrive at the Proca Lagrangian

1 1
i == Fw "~ Sm AN, (2.36)

that describes the behaviour of a massive spin-1 particle. We can promote this
Lagrangian to curved space-time

1 1
La=-FuF" - EmzA“Au : (2.37)

The equations of motion are
V,FF—m2At =0 . (2.38)

The first term can be rewritten as

V,FH = \/%_gav (V=EF"™) . (2.39)

81t seems uncanny that a scalar possesses two degrees of freedom. The reason is very simple
and stems from ordinary classical mechanics. The presence of accelerations in the action functional
leads to a modification of the Euler-Lagrange equations. The equations of motion turn out to be
fourth order, so we need four initial conditions to specify a solution, i.e. two degrees of freedom.
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Two important properties of the strength tensor are

Fuw =2V Ay =20,A,, (2.40)
ViuFvo1 = 0l ve1 =0 (2.41)

Finally, the energy-momentum tensor is
1
Ty = FuoF\” = 28uF*"Fyq + m2A A, . (2.42)

The strength tensor F, is the first antisymmetric tensor field we come across. A 1+
3 decomposition similar to (2.2) can be defined for antisymmetric tensors. Choosing
a timelike vector u*, we can split the strength tensor into an electric and magnetic
parts [BMTO07; EE99]

Fuv=2u B+ nuweB? (2.43)

where 1uvs = /=8 €uvoptt” and €4, is the Levi-Civita symbol. As usual, the elec-
tric and magnetic vectors are transverse (E,u" = B,u" = 0) and can be written in
terms of the strength tensor

E,=F,u’, (2.44a)

1
B,u = §nuvaFVU . (2.44b)

In the massless case, i.e. Maxwell electromagnetism, the energy-momentum tensor
can be rewritten in terms of these fields [BMT07]

_ 1 1
700 = L (B2 B2+ 2 (B2 B Py 4 2+ T, (245

where the Poynting vector and the stress tensor are

Su=nuwsE'B?, (2.46)
M, = % (E®*+B*)Pu ~E,E,-B,B, . (2.47)

Notice in particular that, in the fluid analogy, the equation of state of the fluid is
w = %J = % , (2.48)

and that we have g“VTL'LFO) =0.

2.2.4 Tensor field

The programme that led us to the Proca Lagrangian for vector fields can be applied
to tensor fields. We will restrict ourselves to symmetric tensor fields?. The most
general kinetic term'? has four pieces

1
LM = §6ah/~t" (610ah 0 + b20(uhv)a + b3 uv0ah +2 b477a(,uav)h) ) (2.49)

9The case for antisymmetric tensor fields is analyzed in [Van73]. The ghost-free Lagrangian that
one would obtain is the square of the strength tensor for a two-form field.
10U to total derivatives, that we neglect.
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where A =n""h,. The field can be splitted into a transverse tensor (O“hzv =0) and
a vector contribution
Py =R, +20xy) - (2.50)

With this substitution, the kinetic term gives

'Cﬂat(h,uv) — E:{lf:(hT

kin uv

)+2(b3 +b)hTO0, 1" + (b1 + b))y Ty,
+(b1+3bg+2b3+4by)y00,0,)" . (2.51)

The absence of higher derivative terms imposes
by=-bg=-by=0b1. (2.52)

Setting the normalization b; = —1, we finally obtain
1
L = —Ea“hf” (0ah uv —20uhvya = Nuv0ah + 20 4udnh) . (2.53)

This Lagrangian describes the evolution of a massless spin-2 particle. It is the same
Lagrangian that would be obtained linearizing the Einstein-Hilbert Lagrangian
(2.20) over Minskowski space-time. As a result of our choice for the parameters
bi, the Langrangian is invariant under gauge transformations A,y — Ay +0(uSy).
This is the linearized version of the diffeomorphism invariance in GR. Integrating
by parts, the Lagrangian can be recast into

1
Lot = §hW5“ﬁwhaﬁ . (2.54)

kin
We have introduced the operator

£ = (690" ) ~1"Pny ) D-26' 0,)0P +1P0,0, +1,n0%0F (2.55)

with the following properties.

e Symmetries.
5aﬁ|uv = gﬁal,uv = gaﬁlvu = gpvlaﬁ . (2.56)

* Action on a symmetric tensor.

EPuvhap=Ohyy =203y + 0,0k~ (Oh = 3,05h°F) . (2.57)

e Contractions.

Nap s =2(0,0y —n,w0) (2.58a)
Napn €, = -60. (2.58b)

Our next task is to find a suitable mass term. There are two possible contributions

1
Lo = —§m2 (k™ —ch?) . (2.59)
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Splitting the degrees of freedom as in (2.50) we get

1
L = —§m2 (hZVhT“V —~ chT2) —m? (0" x 0 xv + (L= 2¢)0x"0vx") - (2.60)

mass

From the discussion in the previous section we learnt that the avoidance of insta-
bilites in the vector field Lagrangian requires ¢ = 1. Joining the kinetic and the
mass term we arrive at the Fierz-Pauli Lagrangian

1
m? (hyh* —h?) , (2.61)

1
W =50 R (Oahyuy —20(hvia —NnOah + 21 auOnh) 5

that decribes a massive spin-2 particle. It can be succintly rewritten as
1
ot 5h/ﬂ(o"“’mhwﬁ , (2.62)
where
0%, = (5“w5ﬁv) —n*Py W) (O-m?) - 25‘“(Nav)aﬁ) +1%0,0, +1,,0%F . (2.63)

It shares the properties of £, with the trivial substitution 0 — 00— m?2. The study of
a massive spin-2 particle in curved space-time is more complex than for lower spins,
especially when we couple it to matter [Hin12; Rhal4; SS16; Heil9]. In this work
we will not be concerned with these subtle issues and we will restrict ourselves to
flat space-time. The equations of motion that can be derived from (2.62) are

v _
O aﬁh“ﬁ =0, (2.64)

which after a few manipulations can be cast in the form

(O-m?*)hu,=0, (2.65a)
Hhuy =0, (2.65b)
h=0. (2.65¢)

This is the usual Klein-Gordon equation for a symmetric (10 degrees of freedom),

transverse (—4), traceless (—1) tensor field, describing a total of 5 propagating de-
grees of freedom. This naive count is supported by a full Hamiltonian analysis
[Hin12].

2.3 Kinetic description

Kinetic theory generalizes the fluid description to situations where the particles
that constitute the fluid have very large mean free paths. It also allows to make
a connection between the microphysics of the collisions in the fluid and its macro-
scopic behaviour. The starting point in Newtonian kinetic theory is the distribu-
tion function, that expresses the probability that a cell in phase space is occupied
by a particle. Using this distribution function one can define the usual energy-
momentum density of the fluid. In a general relativistic context, we must first
define carefully both the phase space and the volume element. We adress this ques-
tions in Sections 2.3.1 and 2.3.2. In Section 2.3.3 we move on to the definition of the



32 CHAPTER 2. COMPONENTS OF THE UNIVERSE

distribution function in GR. Section 2.3.4 discusses the underlying assumptions in
the Boltzmann equation, that describes the evolution of the distribution function,
and in Section 2.3.5 we make the connection with the usual Boltzmann equation
in special relativity. Finally, in Section 2.3.6 we write the energy-momentum ten-
sor in terms of the distribution function. The presentation in this section follows
mainly [Ehl73] and [Ste71]. For a cosmology-oriented introduction to kinetic theory
in curved space-time see [Ber88] and [Dur08].

2.3.1 Phase space

Let us start with a curved space-time (M, g,,). The free motion of a test particle
can be described, in terms of an affine parameter o, by the Lagrangian

daxH 1 dx“ dx
The conjugate momenta are
oL dxY
o e e
and the Hamiltonian is defined as
1
HxH,P,) = §g’”(x)PuPV . (2.68)

All the possible states of a particle comprise the one-particle phase-space. Math-
ematically, the momentum P, belongs to the cotangent space T';(M) and all the
pairs (x*,P,) form the cotangent bundle T*(M)!!. The one-particle phase-space P
(abbreviated as phase-space) is a subset of the cotangent bundle

P ={@P)e T"(M)| P,P* <0, Py<0}. (2.69)

i.e. states of particles that follow time-like or light-like future-directed trajectories.
As usual in analytical mechanics [JS+98], we can define the vector field associated
with the phase flow

dx* o N dP, o
do ox+ do 0P,
_O0H 0 OH 0
"GP, 0xt  0xk 0P,

L

(2.70)

We will refer to L as the Liouville operator. The Lie derivative £, can then be used
to compute the rate of change of any tensor field in P along the integral curves of
L, i.e. the physical trajectories of particles. In particular, for the Hamiltonian we
have

Li1H=LH)=0. (2.71)

HNote that the metric structure allows us to establish a correspondence between P,eT;(M)and
elements of the tangent space P* = gH'P, = dx“ € Tx(M). In this sense, the deﬁmtlons of the space
of physical states as a subset of the cotangent or tangent bundles are equivalent. Some authors
like Ehlers [Ehl173] start with the cotangent bundle while others like Lindquist [Lin66] and Stewart
[Ste71] choose the tangent bundle.
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The Hamiltonian is conserved along the trajectories and it is simply related to the
mass of the particles. We can define the 7-dimensional phase spaces for states
associated with a given mass

P ={@,P)e T*(M) | PP =-m? <0, P<0} . (2.72)

In a similar way, we can define the restriction of L to these subspaces

0H 0 o6H 0
=———— 2.73
" 0P, 0x*  Oxi OP; (2.73)

where Py is obtained from the mass-shell condition.

2.3.2 Volume element

Our final objective is to find a sensible definition of the distribution function in the
general relativistic domain. We need to adapt the Newtonian definition: ‘number of
particles per unit of phase-space volume’. This section is devoted to the definition
of volume elements.

* In the space-time M we have the volumen element!?

1
n= ,/—gd4x = Eeluvgpdxuvap , (2.74)

and there is defined a covariant hypersuface element

1
o= gewgpdxw” . (2.75)
Using a four-velocity vector u# (ufu, = -1, 1% > 0) to define a time slicing, we
can introduce the spatial volume element
1

dV = geympu“dxmp , (2.76)

or alternatively
oup=-uydV . (2.77)

* In the phase-space P we can define the canonical volume element from ana-
lytical mechanics®®
Q=-d*d*P. (2.78)

12 We define €vgp = /=& Euvop Where €uyq)p is the Levi-Civita symbol (eg123 = 1). We also have

dx"VoP = dx* Adx” Adx® Adx? .

I8Note that
d*x = dx%dxldx?da® ,

while
d*P = dPydP,dPydPs ,
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* In a similar way it is possible to define a volume element on the tangent or

cotangent spaces

1 1
This volume element can be restricted to particles of a given mass. This re-
striction can be introduced as

m = NH(P)3(m? + PP ) , (2.80)

where H(P) = 1 if P® > 0 and 0 otherwise. The normalization constant N\
will be fixed later, using physical arguments. The integration over P, being
understood, it is usually rewritten as

Ty = Ld3P . (2.81)
2./—gP’
These volume elements are related as
Q=-nAm. (2.82)

Starting with a spatial surface on M and a volume element 7, we can define a
surface element on P
T =0uNT. (2.83)

It can be proven, see [Ehl73], that the 7-form
w=P'L,=Plo,Am, (2.84)
as well as the volume element are preserved under the phase flow

Lro=0, (2.85)
£.Q=0. (2.86)

This is known as the Liouville theorem. Moreover, the integral [ w can be regarded
as the flux of the vector field L across the spatial surface ¥ and thus have the
physical interpretation of the number of trajectories intersecting X (inward and
outward trajectories contribute with opposite signs). The same results can be found
using the phase space Pp,.

2.3.3 Distribution function

The previous two sections have been devoted to setting up the mathematical frame-
work. We have constructed the phase space as the space of physical states. Given a
Hamiltonian, the physical evolution of test particles is represented by trajectories
in the phase space. Finally we have defined a volume element (2) and a hypersur-
face element (w) that are conserved along these trajectories, i.e. along the phase
flow. In particular, w represents the number of trajectories that intersect a given
surface element.

The classical picture of a gas represents it as a collection of a large number of
(small) particles. The representation of a gas in phase space is depicted in Figure
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&

Figure 2.1: Phase-space picture of a gas. Thick lines represent trajectories occupied
by a particle. Dots and crosses are creations and annihilations of states, respec-
tively, either due to collisions or to actual creation and annihilation of particles
(that we will also denote as collisions). Dotted lines represent open and closed hy-
persurfaces in phase space. Credit: Fig. 22b from [Eh173].

2.1. The trajectories in phase space can be empty or occupied by a particle of the gas.
Clearly, this occupancy may have a beginning and an end, if the particle experience
a localized collision that changes abruptly its momentum or if there is creation and
annihilation of particles!?.

Such fine-grained description is not needed in practice. Kinetic theory deals
with a large number of particles and it seeks to obtain information about macro-
scopic (average) properties of the gas. The key element in this case is the distribu-
tion function!® f(x,P). The distribution function represents the average occupation
number of a given phase-space volume. Then, the average number of particles could
be tentatively defined as

dN=fw, (2.87)

i.e. the number of trajectories times its average occupation. The rate of change of
dN along the phase flow is
LrdN =L(f)w , (2.88)

since w is invariant. We see that the Liouville operator acting on f gives us the
change in the number of particles along the phase flow. Putting it in a different way:
it gives us the number of collisions, that kick particles in and out the volume. In the
absence of such collisions, the number of particles is conserved and the evolution of
f is described by the Liouville equation (or collisionless Boltzmann equation)

L(f)=0. (2.89)

Before discussing collisions and the Boltzmann equation we should make the re-
sults a bit more concrete. The treatment of kinetic theory in General Relativity

4 Collisions will be the subject of the next section.
15As we will see later, this is properly the one-particle distribution function, defined over the one-
particle phase space.
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provides a solid, covariant foundation. However, we must reduce the level of ab-
straction to find expressions that fit our purposes. Besides, we need to reelaborate
(2.87) to include a couple of non-classical aspects.

First of all, we will drop the continuous-mass phase space P as we will be only
interested in gases with particles of a given (maybe zero) mass. The preceeding
results carry through to this case, see [Ehl73], and in the next sections we will
drop the ‘m’ subscript. Different particles'® live in different phase spaces and their
corresponding distribution functions will be distinguished with a subscript. In the
second place, we will be interested only in the kind of “special surfaces” mentioned
in [Ste71]. We build these hypersurfaces Z in P,, out of a spatial hypersurface in
M and a volume in momentum space. More details can be found in [Ste71; Eh173].

W =Ploy A1ty =(=Pluy)dV Ay, (inX). (2.90)

For an observer locally at rest with the volume (u* = 0) we obtain the classic result

N
WOm = ?ded3P : (2.91)
The constant N can be fixed comparing this case with the non-relativistic result.
From ordinary kinetic theory, or statistial physics, we know that the average num-
ber of particles per unit of phase-space volume is

d3xd3P

ANy =8«fm

where (27)3 is the volume of the elementary phase-space cell, i.e. (27h)® with i =1,
and g. is the number of internal degrees of freedom. The f,, so described reduces
to the Fermi-Dirac or Bose-Einstein distributions in equilibrium situations. Com-
paring with our result

dN,, = %/ fnd3xd®pP (2.93)
we get N =2g,/(271)® and the momentum volume element (2.80) is

g. d3P
= 2.94

2.3.4 Collisions and the Boltzmann equation

The full Boltzmann equation describes the evolution of the distribution function in
realistic multicomponent systems with collisions. The main physical assumptions
are the following.

I) The interactions can be classified into long-range and short-range.

16This ‘differentiation’ includes particles with different charge or masses. Other properties, like
spin, may be included as an internal degree of freedom or not, depending whether it is relevant for
the scattering process at hand.
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* The particles interact through long-range gravitational and electromag-
netic forces. It is assumed that each particle moves in a mean field cre-
ated by all its neighbours. These fields, like g, or A, are in turn sourced
by the macroscopic (average) properties of the gas. The effects of long-
range interactions, including any external field, is incorporated in the Li-
ouville operator, that describes the trajectories of test particles in phase
space.

¢ The particles also interact in localized, close-by, encounters that are de-
noted as collisions, even though they may include creation and annihi-
lation of particles. Formally, anything that produces creations and de-
structions in phase space, like in Figure 2.1, and that induces deviations
from the Liouville equation (2.89), will be defined as a collision. Another
underlying assumption is that the long-range fields are weak enough so
that their effects can be neglected during the collision. As we will see, this
fact, along with the hypothesis of point-like collisions, will make possible
to compute the collision term in a special relativistic setting.

II) The medium is diluted. This is tantamount to saying that the mean free path
is large compared with the range of the short-range interactions. This assump-
tion also supports our phase-space description in terms of the one-particle dis-
tribution function. In Newtonian kinetic theory, one may start instead with
the N-particle distribution function fn)(x1,P1,...,xn,Pn) that expresses the
probability of having N particles in the positions (x1,P1) to (xny,Pn). This
function f(u) satisfies the Liouville equation. It is possible then to marginalize
over the momenta to obtain f(1)(x,P), f2)(x1,P1,x2,P2) etc. The evolution of
fa) depends on f(2) and, in general, f(z) depends on f(z+1). Thus one arrives at
the so-called BBGKY (Bogoliubov-Born-Green-Kirkwood-Yvon) hierarchy, see
e.g. [Cha+90].

In our treatment we assume that all the relevant information is encoded in
fa), so in particular we are neglecting the correlations

fio)(x1,P1,x2,P2) = f(1)(x1,P1)f(1)(x2,P2) . (2.95)

Even though the correlations will be negligible for us, they play an important
role in plasma physics [Cha78]. For an elementary derivation of the correla-
tion function in a Newtonian setting see [TB17].

In what follows, we will present the Boltzmann equation for a multicomponent
gas with binary collisions. The generalization to other scenarios is straightforward.
Consider a gas composed of particles (a, b, ¢,d) interacting through processes of the
form

at+tb—c+d. (2.96)

A collision is a process taking place at a point x that destroys particles (a,b) with
momenta (p,, pp) and creates particles (c,d) with momenta (p., p4) (or viceversa).
Clearly, the Liouville equation is not satisfied and there must be a term on the
right-hand side of (2.89) taking into account the number of collisions

L(fs) = Coll — Coll; , s=a,b,c,d (2.97)
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where the sign +, — denotes that the collisions may increase or decrease the number
of particles in the volume. Of course, this expression is only schematic and we must
give a proper formulation of the collision term. Instead of delving into the subtleties
of this construction in curved space-time, we take a more pragmatic approach.

In the next section we will present the Boltzmann equation in flat space-time,
where the structure of the collision term is well established. The two assumptions
above will then allow us to immediately promote this collision term to curved space-
time.

2.3.5 Boltzmann equation in flat space-time

The Liouville operator (2.70) is usually substituted in Newtonian kinetic theory by
the closely related material derivative

ﬂ_%erxi af+dp,- of
d¢ ot dt oxt  dt op;

(2.98)

We will call it indistinctively material derivative or Liouville operator. The collision
term is defined as the right-hand side of the Boltzmann equation
Df

rri CIf]. (2.99)

The same definition of the Boltzmann equation (2.99) also applies in special rela-
tivity, where ¢t is the time coordinate of an inertial observer. The particular form of
the collision term for a binary process a + b — ¢ + d is (for the species a) [LL00]

S

Clfal = oK,

poprchd(Zﬂ)“fﬁ(pa+pb—pc—pd)|/\/l|2

+ bosons

FolaU FoXLt fo) - fufo1 2 02 )] (2.100)

X .
-~ -~ — fermions
cd —ab ab—cd

The meaning of the different pieces is:

* There are two terms, for the direct cd — ab and the inverse process ab — cd.
The first one is proportional to the probability of having c- and d-particles
with momenta p. and pg4, i.e. f.f4, and expresses the gain of a-particles in
a phase-space volume centered at p,. The second term expresses the lost of
a-particles in phase space.

e The matrix element |M|? is the probability of the transition a(p,) + b(pp) —
c(pe)+d(pg). It is the same for the direct and the inverse process, under very
general assumptions [Wei95]. It can be computed from first principles and it
is the link to the microphysics of the problem.

* The collision is only allowed if it conserves energy and momentum, hence the
Dirac ¢.

* In order to consider all the possible processes that modify the number of par-
ticles in the phase-space volume of the a-particles, we must integrate over the
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momentum of all the remaining particles (and possibly sum over every inter-
nal degree of freedom). The integration measures are the Lorentz-invariant
phase-space volumes

d3ps

=_—Ps =a,b,c,d . 2.101
@mP2E,’ ST V7O (2101

Dps

* The factor S is a symmetry factor, e.g. S = 1/2 for identical particles in the
initial or final state.

¢ The factor 1/E, ensures that the Boltzmann equation is the same for all boost-
related inertial observers.

* The factors (1+f) are quantum statistical factors that modify the final phase-
space volume available. They are responsible for the Bose enhancement (stim-
ulated emission) and Pauli blocking (exclusion principle) effects.

How do we promote this result to curved space-time? In the first place, remem-
ber that, on the tangent space at a given space-time point, we can always define an
orthonormal basis e, (tetrad) given by

0

eq = e“a@ . eMae’ g =Tab - (2.102)

This basis defines a locally Minkowskian observer in curved space-time. In the
second place, notice that the collision term only accounts for local information. We
can compute it in the locally Minkowskian frame and use the flat space-time form
(2.100) as long as we interpret the momenta as those measured in this frame

pa=e'P,. (2.103)

Finally, the Boltzmann equation (2.99) applies to the physical time of a locally iner-
tial observer defined by
dt=e,tdx* (2.104)

where we have used the inverse tetrad. We will see an example of this procedure in
Section 3.3.

2.3.6 Energy-momentum tensor

The energy-momentum tensor in the kinetic approach is defined as [Eh173; MB95;
Dod03]

g. [ d°P P.P,
@2n3) ~g PO
If we compute the components for a locally inertial frame (2.103), we have in the
first place

Ty = f P,P,fr= (2.105)

d3p d?
=5 =5 (2.106)
with E = p°, and then
R P B (2.107)
b=&* | omBg” b '
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This expression provides the basis for the physical interpretation of the fluid vari-
ables

d3
P =8« ﬁEf = —TO0 , (Energy density) (2.108a)
d3p 0 .
Q;= 20 ——=pif=T" (Momentum density) (2.108b)
P& +11 . = d3p p‘pj f= T! (Pressure and stress tensor) (2.108c)
J j=Ex @213 E I A )

This formalism can be applied to define the current of particles

. [dPP
N“E/P/,fn: g f——“f. (2.109)
@2n)?) g P°
Again, for a locally inertial observer we obtain
N® = &p p" f (2.110)
- g* (27[)3 E ’ .
and the familiar definitions from flat space hold
d3
n= f 27 f, (Number density) (2.111a)
d3
_ g, f 5 1‘)’3’; (Particle flux) (2.111b)

Another interesting result concerns the possibility of translating the conservation
laws from the fluid approach, (2.4) and (2.7), to the kinetic language. It can be
proven, see [Eh173], that

N¥, :fL(f)n, (2.112)
™, = f PHL(f)m . (2.113)

Recalling the form of the Liouville operator (2.70), if we choose a particular time pa-
rameterization dx® = do = d7, it can be rewritten in terms of the material derivative

(2.98)
Of dx’ of _dP; of Df

L —+ 2.114
()= dT dxt  dr OP; dr ( )
Using this time parameterizatlon, the previous results can be recast as
: &P D
N*, = or (2.115)
o @2n)3) /—gP0dr
. [dP PHD
w8 ! (2.116)

v el EPar



ACDM Cosmology

This chapter reviews, in detail, the building blocks of the ACDM cosmology.
The background evolution, based on perfect fluids, is analyzed in Section 3.1. The
kinetic description, at the background and perturbation levels, is the subject of Sec-
tion 3.2. In Section 3.3 we introduce the Boltzmann equation, deriving the equa-
tions that govern the evolution of all the species. Section 3.4 introduces the usual
scalar-vector-tensor decomposition and develops the Boltzmann hierarchy. The Ein-
stein equations and the gauge-transformation rules are presented in Section 3.5.
The usual approximation schemes to follow the evolution of the perturbations (tight
coupling and radiation streaming) are covered in Section 3.6. The initial-condition
analysis is carried out in Section 3.7, where we identify the usual adiabatic and
isocurvature modes. The line-of-sight approach, crucial to describe ultrarelativis-
tic species, is developed in Section 3.8. Finally, in Section 3.9 we define the main
observables of the theory: the temperature and matter power spectra.

3.1 Background dynamics
The background metric in ACDM is a flat Robertson-Walker (RW) metric
ds? = a®(7)(~d7? + da?) , (3.1)

where 7 is the conformal time and a is the scale factor!. The Hubble parameter, H,

and the conformal Hubble parameter, H, are defined as
) 1
=2 H="H, (3.2)
a a

where * =d/dr. This metric can be sourced with a perfect fluid (2.9)
T", = (o +P)u*u, + P, . (3.3)
This cosmic fluid is made out of three components with constant equations of state.
e Radiation: w = 1/3. The radiation includes photons and neutrinos?.

e Matter: w = 0. Takes into account baryons® and cold dark matter.

¢ Cosmological constant (A): w = —1. It is usually included as a fluid, instead of
as a term in the Einstein equations.

IRemember that the scale factor is related to the redshift as a = (1+2)71.

2For simplicity, we restrict ourselves to massless neutrinos.

3Following usual practice in cosmology, we denote protons, electrons and bound atoms collectively
as baryons.
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The Einstein equations (1) allow us to compute the evolution of the scale factor

87Ga2 81Ga?
H? = n3 . p(r) = ﬂ3 - (0r(@) + P (D) + pA(D) (3.4)
H+ %H2 = —471Ga®P(1) = -41Ga? (%Pr(f) - PA(T)) . (3.5)

These are the celebrated Friedmann equations that describe the expansion history
of the Universe. This kind of background, or universe, is named after Friedmann,
Lemaitre, Robertson and Walker (FLRW). Since the different components do not
interact, at this level, each of them satisfies the conservation equation

B _
T(s) v = 0, s=r,m,\ (3.6)

separately. For an observer comoving with the fluid, the conservation equation can
be written as
p=-3HA+w)p . 3.7

It can be solved for a constant equation of state*
p = poa 3+ (3.8)

where pg is the density today. The first Friedmann equation (3.4) can be rewritten
as
H?=a’HE (Qra ™+ Qa3+ Q,), (3.9)

where Hj is the Hubble parameter today and the reduced densities (); are the
densities evaluated today and normalized by the critical density

2
Ps 0 3H
Q. = , = — 3.10
’ Perit Perit 8nG ( :
Another consequence of (3.9) is that
Qr=1-Q,-Q,, . (3.11)

Once the expansion history H(a) is known, it is possible to compute the conformal

time
f da (3.12)
T= —_—. .
aH
If there is only one component in the universe, with a constant equation of state w,
we find

2
:H —(1+3w)/2 — (1+3w)/2 313
fi=Hoa © T W swyHy ’ (3.13)
~ 2 9 ~ (1+3LU)H() 2/(1+3w)
H = m'[ , a= (TT) . (314)

The only relevant quantities in the early Universe (a <« 1) are matter and radiation.
From (3.9)
H? ~a?HE (Qra ™ + Qa™?) . (3.15)

41t is customary to normalize the scale factor such that today a(rg) = ag = 1.
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For this two-component fluid, it is possible to obtain analytic expressions for H(r)
and a(7) that will prove handy later

1421/, 1 HoOQp
H=—m pole 0m (3.16)
T(1+ T/t 4,9,

a=HovQ1(1+71/1,) . (3.17)

3.2 Kinetic approach

The perfect fluid description of the previous section is appropiate to describe the
homogeneous and isotropic FLRW background. However, a realistic description of
our Universe must accommodate the presence of small inhomogeneities, that will
be introduced as small perturbations over the RW background metric.

The perfect fluid approach can be adapted to this scenario by including small
perturbations in the density, pressure and velocity of the fluid. The photon-baryon
plasma in the early Universe and non-relativistic species, like baryons and CDM,
can be approximated as perfect fluids and described within this formalism. Unfortu-
nately, important events in cosmology do not admit a fluid description, particularly
the details of the photon-baryon decoupling and the free streaming of neutrinos.
The introduction of a kinetic approach is unavoidable to describe accurately these
processes.

Kinetic theory in curved space-time has been amply discussed in Section 2.3.
We briefly summarize here the main ingredients. The presentation and notation
follow, inasmuch as possible, that of [MB95]. The phase space of a given component
is described by:

¢ Three positions x’.

* Three conjugate momenta P;. These conjugate momenta are defined as the
spatial components of the four-momentum

dac
PP=m=—, P,Pg"=-m?, (3.18)
da
where dA = vV —ds? is the proper time and the spatial index i has been lowered
with the full metric g ..
The number of particles per unit of phase-space volume is
.\ d*xd®P
— 12 .
dN—g*f(T,x ,PJ) R (3.19)

where g, is the number of internal degrees of freedom, e.g. the number of helicity
states, and f is the phase-space distribution. The energy-momentum tensor can be
defined as (2.105)

d®P P,P,
T = (271)3.[ V=g PO ! ( ) (320

The next two sections introduce the kinetic description of a fluid in a cosmological
setting, rederiving first the background results and then extending the discussion
to a perturbed FLRW universe.
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3.2.1 Background

Starting with the RW metric (3.1) and denoting the components of the four-momentum
as
e=-Poy, q;=P;, (3.21)

such that ¢’ = g;. From the mass-shell condition (3.18) we get
2 =m2a®+ q2 . (3.22)

We will call € and ¢ the comoving energy and momentum of the particles. It is
common to define the physical energy and momentum

E=cla, pi=qila. (3.23)

If we write fy for the background distribution function, we can define the fluid
variables

d3q d3q q2
_ -4 _ -4
p=a g*./-(27l')3€f0, P=a 8 (27[)3 §f07
~ _ d3q ~ _ d3q
QlEa 4g*f(2n)3qlf0, n=a 3g*f(2n)3f0a
o - ¢ (¢'¢) ¢ i - d’q ¢’
MY =a™g. W( p —§5J)fo, Vi=ag, W?fo, (3.24)

that represent the usual energy, momentum, shear tensor, pressure, number and
velocity densities of the fluid. The components of the energy-momentum tensor
(3.20) in terms of these variables are

TOO = —p R (3253)
% =Q;, (3.25b)
Ti]. = P&t i+ I ; (8.25¢)

In order to source a homogeneous and isotropic RW metric with a single compo-
nent we need to impose that the distribution function is homogeneous and isotropic

fo=fo(r,q) . (3.26)

It is straightforward to prove that this choice leads us to the perfect fluids discussed
in Section 3.1, with @; = 0 and IT% = 0. This connection also provides a microscopic
basis for the equations of state proposed for radiation and matter, at the beginning
of Section 3.1. It is customary to refer collectively to massless, or nearly massless,
particles as radiation. For these light particles

2 2
€:q+(9(m: ) (3.27)
q
and the density and pressure are
_ d3q m2a?
p:a 4g*\/\wqf0+0(?) , (328)
_ d3q ¢ m2a? 1
P=aqa 4g* W§f0+0 D) ):gp, (329)
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so w = 1/3 for massless particles. On the other hand, for heavy particles the non-
relativistic (NR) limit is appropiate

2
d ) . (3.30)

In this limit

d3q q2

_ -3 _

p=a g*fwmf(ﬁ(’)(mz(ﬂ) ~mn, (3.31)
g2

P=0+0 m2a2) , (3.32)

so w = 0. This limit is implicitly assumed when some component is denoted as ‘mat-
ter’. If there is risk of confusion, the appelative ‘cold’ may be added. For instance,
in ACDM, the name ‘cold dark matter’ points to a heavy dark matter candidate

with w = 0. Alternative models of ‘warm dark matter’ are constructed with lighter

candidates whose equation of state, while being small, differs from zero®.

3.2.2 Perturbations
Our starting point is a perturbed flat RW metric
ds? = a*()( - (1- A)dr? + 2B,drdx’ + (6;;+ Hy)da'do | (3.33)
Reparameterizing the momentum as
Py=—-aE +6Py, (3.34)
P; Ea(5{+%H{)pJ-, (3.35)
from the mass-shell condition (3.18) we obtain
E?=m?+p?, (3.36)
6Py = %A aE +ap;B’ . (3.37)

The change from P; to p; can be regarded just as a redefinition but it has a very
simple interpretation in terms of the tetrad (2.102). Our choice of momentum, P, =
e " Pa, corresponds to a choice of tetrad with components

1
eOO:a(l——A), eiO:O,
2
. 1. . .
eij =a 53+§H;) , e, =aB". (3.38)

5The discussion above obviates the fact that when we talk about light or heavy particles we are
comparing their mass with another scale, built in the distribution function. If the dark matter
candidate was in thermal equilibrium, as for example WIMPs, this energy scale is simply the tem-
perature of the plasma. However, in Chapter 5, we will discuss what is usually called an ultralight
dark matter candidate. These candidates still behave as CDM, but they have a different origin and
were never in thermal equilibrium with the plasma.



46 CHAPTER 3. ACDM COSMOLOGY

With these definitions, p; are the physical momenta measured by a locally inertial
observer at a fixed spatial position. It is convenient to work with a closely related
set of variables, € and ¢° defined as in (3.23), and it will also be useful to split the
momentum into direction and magnitude

qi = qni , ni5ijnj =1. (3.39)

As we will see, written in terms of q; instead of p;, the Boltzmann equation does
not contain a zero order term. The phase-space distribution is also perturbed

fa,x,q)=fo(r,q)+0f (1,x,q) . (3.40)

We define the corresponding perturbed fluid variables

d3q d3q q2
65_4*f—5, SP=atg, | —= — ,
p=ag. | oo5eof @ 8+ | @m3 3¢
3 3
0@ =a"tg. [ =L qor . on=ag. [ Lor,
T T
- g (d'¢’ ¢® ;i L d®q ¢
ij — 4 4 s 1 — 3 .
ST =q g*f(2n)3( 30 )6f, sVi=aqg g*f(2n)3 Cof . (3.4D)

The components of the perturbed energy-momentum tensor in terms of these vari-
ables are

8T =-6p, (3.422)
6T, =6Q; , (3.42b)
8T'; = 6P5'; + 01T, . (3.42¢)
Defining the sound speed as®
6P

2 _
=, 3.43
=% (3.43)

for massless particles we find ¢2 = 1/3. On the other hand, in the non-relativistic
limit

2 q*
2 :0+(’)(m2a2) , (3.44)
. q2
q2
6p:m5n+(9( 5 2) , (3.46)
m-a
. . q2
5Q‘:m6V‘+(’)( L 2). (3.47)
m-a

All the relevant information for NR particles is encoded in their density and velocity
perturbations, so they can be appropiately described as perfect fluids. The kinetic
approach has allowed us to justify this assertion and it is essential to follow the

evolution of ultrarelativistic species’.

6Remember that in Section 2.1.2 we also defined the adiabatic sound speed ci a= P/p. They are
generally different.
7 Sometimes it is possible to approximate ultrarelativistic species as imperfect fluids [Hu98].
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3.3 Boltzmann equation

The information about the time evolution of the distribution function is encoded in
the Boltzmann equation. In the locally Minkowskian frame it takes the form (2.99)
Df
— =CIf1, 3.48
P [f] (3.48)
wheredt =e ,JO dx* is the time measured by the locally Minkowskian observer, which,
for the tetrad choice (3.38), reads dt = a(1 — A/2)dr. We shall find convenient to ex-
press the distribution function as a function of the space-time coordinates that ap-
pear in (3.33) and the momenta ¢° defined in (3.23). Rewritten in conformal time,
the Boltzmann equation is
Df 1
—=al|l1-=A|CI[f]. 3.49
L a ( = ) 1 (3.49)
The left-hand side, the so-called material derivative or Liouville operator, describes
the free streaming of particles in phase space. It is defined as (2.98)

= —_— - + - .
dr o0t dr oxt dr dq?

Df _of 4" 0f  dq’ of (3.50)

This operator contains the information about the space-time geometry, through its
effects on the geodesics of the particles. The functional on the right-hand side of
(3.48) is the so-called collision term, that we discussed in Sections 2.3.4 and 2.3.5.
It takes into account how the number of particles per unit of phase-space volume
change due to collisions, i.e. local interactions. The collision term takes the same
form as in flat space-time when written in terms of the momenta measured by a
locally inertial observer, p,, defined in (3.34) and (3.35).

The next section is devoted to the left-hand side of the Boltzmann equation,
i.e. the Liouville operator, particularizing to massless and non-relativistic particles.
This analysis exhausts all the information needed to follow the evolution of non-
interacting particles, like CDM and neutrinos. However, to describe the photon-
baryon plasma, we must move on to the full Boltzmann equation. We will derive
the collision term for the interaction between photons and electrons and we will
finally gather the Boltzmann equations for all the relevant components.

3.3.1 Liouville operator

In order to compute the time derivatives appearing in (3.50), we need the geodesics
in the metric (3.33). A detailed computation of the geodesics can be found in Ap-
pendix D. Using the definition of the four-momentum (3.18) and the parameteriza-
tion (3.34), (3.35) and (3.23), the final results are®

de! _¢'( 1 i Lok

T = (1m3A) Bt (351
dg; 1 : Iq*

L= Zeaia+q’Cy+ LDy, (3.52)

8Notice that, with this choice, the geodesic equation (3.52) is already first order in perturbations.
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where the following combinations of metric variables have been defined

1.
CianiBj_EHija (3.53)
1
D, = é(aiij —0rH;j) . (3.54)

Splitting the distribution function into a background part plus a perturbation, as in
(3.40), the Liouville operator (3.50) up to first order in perturbation theory is

Df dfo . o5f . dx’ 06 f . dq’ dfo
dr ot ot dr ox! dr dg’

(3.55)

We will restrict our attention to massless and non-relativistic particles.

Massless particles

Since there are no collisions at the background level?, to leading order the Boltz-
mann equation is
o _
ot
For massless particles, this entails that the unperturbed distribution fy only de-
pends'® on ¢

(3.56)

fo(r,q) = fol(q) . (8.57)

It is convenient to work with the reduced phase-space density, integrating out the
dependence on the momentum magnitude, defined as

F(r,x,R) ¢3dgsf(t,x,q), (3.58)

1
N
where the constant /N is related to the comoving energy density

2

/\/Efq?’dq fo(q) = 2; a4p = const. (3.59)

*

Plugging the geodesic equations (3.51) and (3.52) into the right-hand side of (3.50)
and integrating out the momentum magnitude, we obtain

D . . . ..
fq3dqd—sz F+n'0;F -2n'0;A-4n'n’Cy;| . (3.60)

9We assume that thermodynamic equilibrium is maintained at the background level and that
departures from it appear as small perturbations. Hence, the collision term at the background level
(in equilibrium) is zero.
10We are tacitly assuming that we have a blackbody spectrum

fO(Q)Z m .

where Ty is the temperature today. In particular, we assume that there is no chemical potential.
Check [KT94; Pad93; Pad00] for more details.
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The first moments of the angular distribution can be found performing the appropi-
ate integrals over 7

dQ 5. Df [ 4 P4 ]

— A A _ .. 61
f4nfq dq 1 N 6+30150 35 Cijl , (3.61)
dQ ;[ 3. Df 4 ,.3..1.1.}

— dg—=-— ov'+-0;71Y +-0'6—=0'A 3.62
f4ﬂnfq 94 3N U+4J7'[ +4 5 , ( )
where we have defined
dQ 0]
55[ F=2£ (3.63)
4 p
3 dQ 0Q
ov=—-| —nF = .
Y=1) 1 RF p+P’ (8.64)
. do( . . 1 .. e/
,Tugf ( znz__(su);::‘s , (3.65)
47 3 P

Massive particles

The results for massive particles are much more involved. However, since we will
focus on non-relativistic particles, it will be enough to restrict the analysis to the
lowest moments of the Boltzmann equation: the number density, energy and veloc-
ity perturbations.

* Number density.

_ d3q Df o 0 .0 . 3
3g* (2”)352(1 36_T(a3n)+a 3E(a35n)+aiavl_n51‘lci‘j . (366)

* Energy.
d’¢ Df
_4 el A
@ & (271)36 a F
+5(p +3H(p +P)) —(p+P)sC;; | (3.67)

+3H(p+P)+p (5 +3H5(c2 - w)) +0;6Q"

* Momentum.

d3q LDf -4 0 4 i ij ij 1 .
oni? ar =° —(a*6Q") +0; (675 +8117) - S(p+ PYI'A . (3.69)

a_4g*
These results are general, for particles of any mass, and in the appropiate limits
reproduce (3.61) and (3.62). Equations (3.66) and (3.67) at the background level, and
without collisions, express the conservation of the comoving number of particles and
the continuity equation (3.7). Assuming that the zero-order Boltzmann equation,
without collisions, is satisfied, the results to first NR order are:

* Number density.

-3 dSCI Df

o WE:TL 5n+6i60i—6ij0ij . (3.69)
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e Energy.
d®¢ Df . S
4 i l
% _— = 0+0;0 —5JCi' . 3.70
& (271)36 ar P [ v / (8.70)

e Momentum.

_ dq .Df , 1.
4 i .1 12 1
s | —=qg'—=p|6 ovt—=0'A]| . 3.71
@78 | Gapd @ TP|0V HHOV 5 ] 8.71)
We have defined )
0 . oV
5,20 iz (3.72)
n n

3.3.2 Collision term

This section is devoted to the calculation of the collision term for Compton scatter-
ing between electrons and photons. The notation in this section is slightly different.
As we mentioned before, the collision term must be written in terms of the momenta
p; measured by a locally inertial observer at a fixed spatial position. These are re-
lated to the momenta ¢g; we have been using as defined in (3.23), i.e. ¢; = p;/a. Some
standard physical assumptions underlying the derivation of the collision term are
the following.

¢ When written in terms of the momenta p;, the collision term is the same as
in flat space, since it takes into account local information where the curva-
ture effects are not important. In the same way, the matrix element M is
computed using quantum field theory (QFT) in flat space-time.

¢ The temperature of the plasma is low enough so that the electrons are non-
relativistic. We keep only the first order correction in the NR expansion. This
means that we keep the electron velocity but neglect its pressure and sound
speed. We consider the NR limit of Compton scattering, i.e. Thomson scatter-
ing.

¢ Electrons and protons are much more tightly coupled between them than to
photons. The velocities of free electrons, protons and the full baryonic velocity
are the same throughout the evolution.

* The angular dependence of Thomson scattering is neglected. This angular
dependence has proven important for 1% accuracy and especially for polar-
ization, but we will not take it into account in this work. We use the angle-
averaged matrix element instead.

¢ The number of internal degrees of freedom is not included in the definition
of f, i.e. the equilibrium distributions correspond to the usual Bose-Einstein
and Fermi-Dirac distributions.

* The medium is diluted enough so that we can neglect the quantum statistical
factors (1+f) responsible for the Bose enhancement and Pauli blocking effects.
We do not take into account any plasma effect from finite temperature QFT.
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Thomson scattering

Our starting point is the definition (2.100) for the collision term with binary colli-
sions. With the qualifications above, the process e(p.) +y(p) — e(p,) +y(p') can be
modelled by

1 /
Clf(p)]= EfDPer’DpL(Zﬂ)“ﬁ(p” +pk-p"-p.)

| F@Of@' D - F @) T IME, 3.73)

spins

where Dp = (27(:)3—3‘."215 is the Lorentz-invariant phase-space volume, f and f, are the
distribution functions for photons and electrons and their dependence on space-
time coordinates has been omitted, since it does not play any role. Note that it has
been necessary to add a factor 1/2 to average over the initial helicity of y(p). For
Thomson scattering, the matrix element is!!

Y IMI? =48no7m? (1+cos?0) , (3.74)

spins

where 0 is the angle between the incident and scattered photons in the electron
rest frame and o7 is the Thomson cross section. We use instead the angle-averaged
version, with the substitution

Y IMPE - <Z IM| > f d(cos®) Y IM|?=64ncrm?  (3.75)

spins spins spins

Performing the integral over the three-momentum p’, in (3.73)

16 2 2 1
Cif =" [ Dp,Dp'=—=3(p~ '+ Ep) - Ew.)
E(p',.)
<|F@Of0' D - F@f@)] . (3.76)
We introduce the definitions
Ap=p-p’, AE=E(p,)-E(p',)=E(p,)-E(p,+Ap),
p.=p.+Ap, AE'=E(p,—Ap)-E(p,). (3.77)

All we need to do is to compute two integrals

Clf(p)]= @(L -1, (3.78)
where
I, Epoer’ﬁ(p—p’+AE)E( - )fe(p Jf(p)
- f Dp.Dp'8(p—p' +AE’ )—( 0y <P @) (3.79)
I_= [ Dp.Dp'o(p - '+ AE) E( B P ). (3.80)

l1See [PS95].
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Assuming that the energy transfer AE is small and expanding to first order we have

(22 o

I, - f DpeDp'fo()f (D)

E(p,.) E(p.)
N AE/@ +O((AE"Y?) } , (3.81)
P
1 AE
= D eD ’e e , 1 6 - I
f p.Dp'fo(p)f (D >E(pe){( +E(pe)) ®op)
B2 oamy)}. @)
op
Combining them
Dp.Dp’ {( AE,_AE) '
I,-1 = | 22— 1= 2Ep, )P~
+ E(p,) fe(pe) 2E(p,) b=p)
AE'+AE 36(p —p') '
A op }(f(p)_f(p))
Dp.Dp’ {( AE/+AE) '
., . Je e T T o () 6 B
2. fe(p,) 5E(p,) (p—-p)
, AE'-AE 35(p—p )}(f(p/)Jrf(p)) . (3.83)
2 op

Additionally, in the usual NR limit for electrons we have
2

E(p,)=m.+ (3.84)
2

AE - AE=2P” 0w | (3.85)
me

AE'+ AE = 2P BP | gy . (3.86)

e

The only terms from (3.83) that give a contribution to first NR order are

Dp.D . AE'+AE 306(p—p')
I,-1_=~ Ro(p—p)+
. L =
Substituting in the collision term we have
dnop ( d3p, a3p’
(2m)3 p'2n)3

}(f(p’)— fp)) . (3.87)

Clf(p)]=

. _pe'Ap 65(p—P')}
fe(Pe){5(p D) . op

< (-1 m). (3.88)

If we define the electron number density and velocity with the full distribution

d’p d’p. p
full _ e full _ e Me
neu = 2[ (2 )3 fe(pe N neueu = 2 (277:)3 m—efe(pe) , (3.89)

after some simplifications, we finally obtain
o
cifren=o= [ p/dp'dg{nf;ulla(p )
4np

5(p—-p’
il (p - )M}(f(p’)—f(p)). (3.90)

+ne.u
e ap'
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Notice that f corresponds to the full photon distribution, i.e. we have not yet ex-
panded in cosmological perturbations. Expanding now to first order in cosmological
perturbations, we get

i =" [ pap'act {o - {6/ ) - 57 p)
4np
5(p—p'
+60,-(p -2 2L (o) - fo(p))}. (3.91)
op

As we anticipated, there is no zero-order (background) contribution. After some
simple manipulations, it can be recast as

dQ’
yp 6f(p,ﬂ')—5f(p,ﬁ)+ﬁ-6vefo(p)} . (3.92)

Clf(p)l= neaT{

Reintroducing the comoving momenta q; and integrating out its modulus, we obtain
the relevant equation for the evolution of the reduced distribution function (3.58)

1
N f 7*dq Clf (p)] = neaT{ f

The first two moments of this equation, to match with (3.61) and (3.62), are

dqy’
o Fr) = Fy)+ - 5ve} . (3.93)

1 dQ

Nfgqudqc[f@)]zo , (3.94)
1 rdQ . 4 . .
NfEququC[f(p)]:—gneaT(év;—(Své) . (3.95)

Conserved quantities

We have just computed the collision term for photons. However, the whole plasma
is described by the coupled system

Df
ar =CIf,fel, (3.96)
Df.

T =C,If,f.]. (3.97)

We ought to compute the collision term for electrons C. as well. Not surprisingly,
both terms are not independent. In fact, we can make use of some conservation laws
derived from the full Boltzmann equation to save us most of the work. Following
[Dod03], we write both collision terms with the compact notation

11 1 1 1. ,
:_____2 6 /J+ ) T M
Cer 22Epe2p2Ep/22p'( 1) 0(p"+pe =P =Pe)

FEflp') - F)felp)| X IMP, (3.98)

spins

X

B d3p d3p/ d3p; _
Clfepl= [ B BB o= e

Clf PN ={cey)prpp, - (3.100)

(3.99)
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Integrating over all the momenta, it is easy to see that we have

(Cey)popplp' =0 5 (3.101)
<(p +pe)ce}/>pepp’ep’ = 0 ’ (3.103)

corresponding to the conservation of the number of particles, energy and momen-
tum. Using these results, the following equalities hold

dgpe _ d3p
| SZsEwaCfpon=- [ SEpCif@, (3.104)
d’p. B d3p
2n)3 P.Celfe(p)]l= —f Wp(f[f(p)] . (3.105)

This means that we can compute the first two moments of the Boltzmann equation
for electrons, the only ones that we need since they are non-relativistic, from the
first two moments of the photons, already computed in (3.94) and (3.95).

3.3.3 Boltzmann equation for different components

Photons

The reduced Boltzmann equation for photons is obtained combining the Liouville
operator (3.60) and the collision term (3.93). The evolution of the reduced phase-
space density is governed by

Fy+nid; Fy—2n'0;A~4n'n/C;j = an,or|8, - Fy +4i-6vp| . (3.106)

Since protons and electrons form a single tightly-coupled baryonic fluid, we have
substituted dv, with dvy, the velocity of baryons. The evolution of the fluid vari-
ables can be found performing the appropiate angular integrals. The equations
for the density, combining (3.61) and (3.94), and the velocity, combining (3.62) and
(3.95), are

. 4 .4 ..
6Y+§6i6v‘y—§6‘10,~j:0 , (3.107)

1. 3. . 1. . .
66y +50'6, + 2 0;my ~ Z0'A = —aneor|8v} - 6v} | (3.108)

Baryons

As stated above, since electrons and protons are much more tightly coupled between
them than to the photons, they behave as a single baryonic fluid. The evolution of
the baryon density can be found using the left-hand side (3.70) and energy conserva-
tion (3.104). For the velocity, we must use the left-hand side (3.71) and momentum
conservation (3.105). The relevant equations are

8p +0;6v; —86YC;;=0, (3.109)
5ol + Hovi — Loia = 2Pr Svi — v
Uy + Ub_§ —%aneazp[ vy — vb] . (3.110)
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Neutrinos

Neutrinos are decoupled from the plasma during the period we will be interested
in'2. Moreover, since we are neglecting their masses, the equation describing their
free-streaming is the same as photons (3.106) without collision term

Fy+nld;F,—2nd;A —4n'n’C;; = 0. (3.111)

The phase-space description of light, massive neutrinos is very complicated [MB95;
Les+13]. The effects of neutrino masses cannot be neglected when performing pre-
cise (1%) comparisons with observational data. In fact, the measurement of the
neutrino masses through their effects on the large-scale structure formation is one
of the main scientific goals of different LSS surveys, discussed in Chapter 1. Such
a detailed description is beyond the scope of this work and we will stick to massless
neutrinos.

Cold dark matter

Cold dark matter behaves as collisionless non-relativistic matter, i.e. it just follows
the same equations as baryons without interactions,

8 +0;60.-8C;; =0, (3.112)
. 1.
80, +Hov, - 9'A=0. (3.113)

Total fluid

The total energy-momentum tensor, adding all the components, satisfies a conser-
vation equation
T,,=0, (3.114)

which is a direct consequence of the Einstein equations. The information encoded in
this equation is redundant, i.e. once we evolve all the components it is identically
satisfied. However it is advisable to keep in mind that it can be used, in some
circumstances, to substitute the evolution equations of one of the components. This
conservation law yields the usual continuity and Euler equations, see Section D.4,

. N1 iy
8 +3H(c2—w)5 +(1+w)a; (v - B + SLrwH =0, (3115

1
— 5. (c?
1+wal(cs5)+ 1+w

; 1
5; + H(1 - 3w)dv; + ——bv; + o' —0;A=0, (3.116)
1+w i" g

where the different variables are defined in the same way as for the individual
components, but using the total energy-momentum tensor, e.g.

1
=~ Lot (3.117)
S

1 1
¢25=-6P==) 6P;. (3.118)
p [

2Egssentially after BBN, z < 1010,
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3.4 Harmonic analysis

The system of cosmological perturbations that we have developed so far is linear
and, since the background is homogeneous, the only inhomogeneities come from
the perturbations. These facts make it natural to turn from real space to Fourier
space

gr,x) — g(,k). (8.119)

The conventions for the Fourier transform are collected in Appendix A. Unless there
is risk of confusion, we will use the same symbol for the Fourier-transformed vari-
ables. The spatial derivatives follow a similar rule

0;g(1,x) — ikig(t,k). (3.120)

The homogeneity of the background allows for a great simplification. The system
of cosmological perturbations is transformed from a set of partial differential equa-
tions to a system of ordinary ones.

The next sections are mainly devoted to another simplification that arises be-
cause of the isotropy of the background. This simplification is known as decompo-
sition theorem [KS84; Dod03; Hu04]. It is possible to classify the perturbations
according to their behaviour under spatial rotations. In particular, as scalar, vector
or tensor perturbations. The decomposition theorem states that if there is no priv-
ileged direction, each of these perturbations evolve separately. In Section 3.4.1 we
will describe the usual scalar-vector-tensor (SVT) decomposition for the fluid vari-
ables and the metric. Sections 3.4.2 and 3.4.3 will cover only the evolution of the
scalar mode.

3.4.1 Scalar-vector-tensor decomposition

Any spatial vector, in particular the velocity, can be decomposed into a gradient and
a divergenceless part

Sv;=0,v5+y;, 0y =0, (3.121)

where vS is the scalar part of the velocity and y is the vector part, i.e. the vorticity.
In Fourier space, it can be written as

.}’é‘
S5v; = —1?’0 i, 0=-k%S. (3.122)

A spatial traceless tensor, e.g. the shear tensor, can be decomposed in a similar way

Lo sl s V., T
Tij = aiaj—§5ija O |7 +26(i7'[j)+7tij, (3.123)
where again the vector part zV is divergenceless and n;.l;. is the tensor part, satisfy-
ing

ain’fj =0, 5"J'niTj =0. (3.124)
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Alternatively, we can write it in Fourier space!®

A

~ 1 (4 A
ﬂij:—Q(kikj_gaij)a+lk (kin}]-i_kjny)-i_n'irj’ 7

k2
37[5 , (3.125)

The metric perturbations A, B; and H;; can be decomposed in a similar way. Adapt-
ing the notation of [MFB92] for a generic gauge, the perturbed metric (3.33) can be
rewritten as

ds? = az(r){—(l +2W¥)dr? +2(0,B - S;)dx'dr
+ (5i,- — 206, +20;0;E +(3;F; +0;F;) + hij)dxidxj} . (3.126)
where ¥, @, E and B are scalar perturbations, S and F are vector perturbations, i.e.
divergenceless vectors, and A;; is a tensor perturbation, i.e. a divergenceless and

traceless tensor. The variables previously defined for a general metric perturbation
now take the form

A=-2¥, (3.127a)
B;=0;B-8;, (3.127b)
H;j=-205;;+20;0;E+0;F;j+0;F;+h;; . (3.127¢)

The scalar perturbations are the origin of the large-scale structure in the Uni-
verse and constitute the leading contribution to the temperature anisotropies in the
CMB. Before analyzing scalar perturbations in detail we will briefly comment upon
the relevance of vector and tensor perturbations in ACDM.

There are at least two well grounded reasons to ignore the vector modes in
ACDM. The first one is that its primordial origin is harder to justify. Inflation
is currently the preferred mechanism to explain the origin of primordial pertur-
bations. Quite generically, scalar and tensor perturbations are produced during
inflation but most (popular) models do not produce primordial vector perturbations.
The second reason to neglect vector perturbations is that, even if initially present,
they get diluted with the expansion of the Universe. An easy way to see this is to
focus on the equation (3.116) describing the velocity of the total fluid. If we neglect
the (small) anisotropic stress and project the velocity into the plane perpendicular
to £ we get the evolution of the vorticity

w
i+ HA-3w)yi+——yxi=0 (3.128)
1+w
During the matter-dominated era, w = 0, we get y; a~!. This argument can be

generalized to the vorticities of the individual components, but the same conclusion
holds: vector modes are supressed. The key point is that the equations for the vector

BQOur definition for o differs slightly from [MB95] as

3
o= 1(1 + w)UMa-Benschinger .

It agrees for ultrarelativistic species, like photons and neutrinos.
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modes do not contain any metric perturbation so the Einstein equations do not feed
back into the fluid equations.

The tensor modes on the other hand are singularly important in modern cosmol-
ogy. Primordial tensor modes are believed to be produced during inflation with a dif-
ferent spectrum from scalar perturbations. For a given scalar spectrum, currently
observable, different inflationary models predict different tensor spectra. One of the
objectives of contemporary cosmology is the measurement of this spectrum, since it
would allow to discriminate between inflationary models. The amplitude of these
primordial modes is currently constrained to be very small [Akr+18b] and its im-
pact is negligible in all the observables that we will consider. Their effects are only
important in the polarization of the CMB, that we neglected from the onset in our
analysis.

3.4.2 Boltzmann hierarchy

At this point we introduce two new quantities

w
2

b

R , Tc_l =an.or, (3.129)

S
~<

[y

that represent the baryon to photon density ratio and the time scale of Thomson
scattering. Considering only scalar perturbations, the evolution of the photon-
baryon plasma is described by the following coupled system

Fy+iGi- B)Fy +4i(i - k)Y +4(7 - k)*(B - E) - 4

1 4i
== 6y—]-"y—k—2(ﬁ-k)0b] , (3.130)
8p+0p—30+k*(B-E)=0, (3.131)
. 1
— 2 - —
Oy + Oy~ = 5 (0,65, (3.132)

where we have plugged the scalar-vector-tensor decomposition in (3.106), (3.109)
and (3.110). Neutrinos and CDM obey the same system of equations but without
collisions, i.e. o7 = 0. The main obstacle to solve these equations arises from the
fact that the reduced photon distribution depends explicitly on the photon direction
ii. One way to overcome this difficulty is to integrate out this dependency, as we did
in Section 3.3.3, obtaining equations for the density and velocity

. 4 . 4k? )
6Y+§97—4®+?(B—E):0, (3.133)

s _Loo 2 1
by = g0y —op) - KW = -~ 0,05 . (3.134)

There is still one unknown variable oy, i.e. the anisotropic stress of photons, that
needs to be fixed to close the system!*. At this point, we can either give it a physi-
cally plausible value or compute it dynamically using the Boltzmann equation. We
already took the first route with baryons, where we set o to zero based on their NR

14The metric potentials will be taken care of in the next section.
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nature. When the interaction rate is high, the anisotropies are washed out and we
can approximately set o, ~ 0. However, in many important applications, it is nec-
essary to follow all the information encoded in the distribution function. In these
cases, we must follow the second route and compute o, dynamically. A further
angular integral of the Boltzmann equation, with the structure given by (3.65), is
needed. Were we to do this, we would end up with another unknown variable. This
is a generic feature of this procedure. This method of solution, based on following
the evolution of the moments of the angular distribution, can be systematized as
follows.

First, note that all the explicit angular dependencies in (3.130) arise in the com-
bination u = 7 - k, since these are the only directions in the problem. Then, the
distribution /, only depends on 7 through a parameter u that varies between —1
and 1. Under these circumstances, we can expand this angular dependency into a
series of Legendre polynomials!®

Fy(t,k,A) = f(—i)’ 20+ 1)Fo(z,R)P,(i - ), (3.135)
/=0

where the prefactors of the expansion are introduced following the convention of
[MB95]. Now we can multiply the Boltzmann equation by P, and integrate over
U, using the orthogonality of the Legendre polynomials to obtain differential equa-
tions for the coefficients JF,. This way we end up with an infinite set of coupled
differential equations, the so-called Boltzmann hierarchy,

. 4 . 4 .

6Y+§HY—4CI>+§k2(B—E):O, (3.136a)

o1 1

by - KBy~ 40~ k2¥ =—= 0,6, |, (3.136b)
1 7.
4 8k 4., . 1

5= — 0, + — Fy— —k2XB-E)=-— 1

Oy 1567+ 10.7:3 15k ( ) - oy, (3.136¢)

ok 1

Fo- (0 Fea -+ DFon)=-—F0, (=3, (3.136d)
20+1 Te

The first three terms are the fluid variables that were defined in (3.63), (3.64) and
(3.65) and correspond to the lowest moments

40
3k’

The same kind of Boltzmann hierarchy is satisfied by neutrinos.

Fo=6, Fi= Fo=20. (3.137)

3.4.3 Truncation

In practice, the infinite Boltzmann hierarchy must be truncated at some ¢,,x. An
accurate computation may require £max = O(10%). The main effect of the hierarchy
structure is to dissipate power at low ¢, transferring it to the higher moments. The
crudest truncation scheme one may think of

Foom+1=0, (3.138)

153ee Appendix C for details.
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does not produce this dissipative effect. This leads to spurious growth at high ¢
that is reflected back and affects the results at low ¢. A better truncation scheme,
that introduces dissipation and minimizes the reflection of power from high to low
¢, was proposed in [MB95]

—ngmax — F a1 - (3.139)
It is based on the observation that for high ¢
Fo~jek), (3.140)

where j, is a spherical Bessel function. This can justified by observing that the
differential equation that describes the free streaming for large 7, i.e. the left-hand
side of (3.136d), is the same satisfied by j,, see (C.4b). Then, the result (3.139)
stems from the properties of the spherical Bessel functions (C.4a).

3.5 Einstein equations and gauge transformations

3.5.1 Einstein equations

The last piece of information needed to close the system can be found in the Einstein
equations (1), that describe the evolution of the metric perturbations. The interme-
diate expressions for the perturbed Einstein tensor are collected in Appendix D.
The final results for scalar perturbations are

oo 22D + 6H(D + HY) - 282 H(B - E) = -81Ga?5p , (3.141)
* (0,7)
d+HWY = 4”kGZ‘7‘2(p +P)), (3.142)
* (i,))
E2(® - W) - k20, +2H)(B-E) = 161Ga?po , (3.143)
(07 + 2H)D + HY) + Y(H — H?) = 4nGa> (6P - g pa) . (3.144)

Since the conservation of the total energy-momentum tensor is already built in the
equations for the individual components, only two of these four equations are inde-
pendent. The source terms can be written in terms of the individual components
as

6p=06py+bpp+6py+dp., (3.145)
1
OP = g(épy +6py), (3.146)
4 4
(0+P)o = gpyey + 0p0p + gpvev +pc0; , (3.147)

PO = Py0y+Py0y . (3.148)
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3.5.2 Gauge transformations

The homogeneity and isotropy of the background define a class of privileged ob-
servers: those that observe a RW metric (3.1). Once we consider a perturbed FLRW
universe, we split the metric into a RW background and a general perturbation
(3.33). However, this splitting is not unique. If we take a new coordinate system

it =xt+ et ex1, (3.149)

the background in these coordinates is the same (RW), but now the splitting into
background and perturbations is different

ds? = () (~(1 - A)d7? + 2B,d7di’ + (5, + H;j)di de/ ) . (3.150)

These infinitesimal coordinate transformations are known in cosmology as gauge
transformations. This raises another problem: how do we distinguish between a
genuine metric perturbation and a mere coordinate transformation? One possibility
is to construct combinations of variables that are gauge-invariant and then free
from this ambiguity, see [Bar80; KS84; MFB92; BDE92]. Another possibility is to
fix the gauge and perform all the computations in a given coordinate system. In
either case, we first need to know how to relate the perturbations in two different
gauges.
After an infinitesimal gauge transformation

Axt =€t | et = (T(T,x), L(T,x)) , (3.151)

a generic tensor T, changes as!6

AT, = €P0, Ty + Tpy0ueP + Typdye” . (3.152)

Notice that, since € is infinitesimal, only the background part of T',, contributes to
the right-hand side of (3.152). Applying this rule to the metric tensor g, we get

AA =-2T+HT), (3.153a)
AB;=L;-9;T, (3.153b)
AHij:2HT5ij+aiLj+ajLi . (3.153c¢)

The components of the full energy-momentum tensor with lower indices are

a®To=p+6p-Ap, (3.154a)
a®To; = -86Q; —B;P , (3.154b)
a®T;;=P&;j+8P6;;+061;;+ H; ;P . (3.154c)

The equation (3.152) then yields

Asp=Tp, (3.155a)
A6Q; =—(p+P)o;T, (3.155b)

ASP=TP, (3.155¢)
ASTI;; =0 (3.155d)

16Note that this is just the Lie derivative CETW. More details can be found in [DN13].
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It can be checked that the vector and tensor perturbations to the fluid variables are
gauge-invariant. The transformation rule for a four vector is

ANH = ¢P3,N* - NPo e . (3.156)

Taking for instance the particle flux (2.109)

NO:n+6n+%nA , (3.157a)
N'=6§Vi-nB', (3.157D)
we get
Adn=Th+nHT, (3.158a)
A8V = —nd'T . (3.158D)

3.5.3 Newtonian and synchronous gauge

The gauge-transformation properties of the metric perturbation (3.153) can be rewrit-
ten in terms of the scalar-vector-tensor decomposition (3.126) as

A\PZT+7‘[T, ASL':—(&]'—]%ikAj)Lj,

AB = —%IQ-L—T, AF; = (8;;—kikj)L7

AD = —HT, Ahi;j =0,
AE:—il%-L. (3.159)

Tensor perturbations are gauge-invariant. Even though vector perturbations are
not gauge invariant, the combination that appears in the Einstein equations, (S; —
F;), is gauge-invariant. The gauge dependency of scalar perturbations is a problem
that must be dealt with. One way to proceed is to fix the gauge, i.e. to give a pre-
scription for 7" and L. The most widely used gauges in cosmology are the Newtonian
(or longitudinal) and the synchronous gauge.

* Newtonian gauge. It is defined by
B=E=0. (3.160)

The two remaining variables ® and ¥ play the role of the Newtonian poten-
tial.

* Synchronous gauge. It is defined by
Y=B=0. (3.161)
It is customary to take as independent metric variables A and 7, defined as

D=1, (3.162a)

1
E=—5(h+6n). (3.162b)
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It is very easy to obtain the Einstein equations in the Newtonian gauge. Since
we will use the synchronous gauge later on, it is useful to rewrite the Einstein
equations in this gauge

. 9k2

hoZET sy (3.163a)
H

. 8H?

=5y 1+w)l, (3.163b)

R+ 6ij+2H (h +670) — 2k%*n = -12H%0 (3.163c)

h+Hh=-3(1+3c2)H?, (3.1634d)

where c26 is defined in (3.118) and we have used the Friedmann equation (3.4). The
Newtonian gauge is convenient to obtain analytical expressions and easier to inter-
pret but the synchronous gauge is better suited for numerical integration. It is con-
venient to be able to change between both gauges. From the gauge-transformation
properties of the metric variables, we have

Y=T+HT, (3.1642)
O:—%E-L—T, (3.164b)
®-n=-HT, (3.164c¢)
1 i

—(h+6n)=—-——Fk- L. 164

Spzh+6m=—2 (3.164d)
That can be solved to yield

T—i(me') (8.165a)

T 2k2 s ood
Y=T+HT, (3.165Db)
O=n-HT . (8.165¢)

This T can be used to reconstruct the Newtonian potentials and to transform the
fluid variables from the synchronous to the Newtonian gauge, according to

5(Newt) — 5(Syn) = T% , (3.166a)
0(Newt) — 0(Syn) = k2T, (3.166b)
SP(Newt)—6P(Syn)=TP , (3.166¢)
oc(Newt)—o(Syn)=0. (3.166d)

3.6 Approximation schemes

There are regimes in the history of the cosmological perturbations where it is possi-
ble to introduce an approximate description. The purpose of these approximations
is two-fold. On the one hand, under the right physical conditions a simplified, while
accurate, description allows us to grasp better the underlying physics of the prob-
lem. On the other hand, approximation schemes are unavoidable once we try to
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find numerical solutions. Cosmological Boltzmann codes [LCL00; Dor05; BLT11]
must rely on a number of approximations to achieve accurate and fast computa-
tions. Here we will discuss the tight-coupling approximation (TCA), which is im-
portant at early times, and the radiation-streaming approximation (RSA), which is
important at late times.

3.6.1 Tight coupling

At early times, the time scale of Thomson scattering, 7. = (an.or)"!, is much
shorter than the time scales of evolution of the background, 7!, or the pertur-
bations, £~1. In this regime, the photon-baryon system becomes computationally
hard to solve, since it involves widely different scales. However, we can find approx-
imate expressions to follow the evolution by expanding perturbatively in the small
parameter 7.. This is known as the tight-coupling approximation. We will derive
only the lowest order in this expansion. Higher order terms, and the procedure to
obtain them systematically, can be found in [BLT11].

The main objective is to compute the velocity difference between baryons and
photons when 7, << 1. We need to find an expression correct up to first order and
then plug it in (3.136b) to obtain an equation valid to zero order in 7.. We introduce

the definitions
R

1+R

The first step is to get an expression for o,. Its evolution equation (3.136c¢) can be
rewritten as

NO=0,-0,, A= (3.167)

4 9% .
0y =T ey—§f3+k2(B—E) — 7.0y
4 9% . 4 o(. 9k 9
:ETC Qy—g./—'-g-i'kz(B—E) —ETC (GY—§f3)+O(T0)
4 9k o ) 4 ok ,
:1—5TC By—g./—"g-i'k (B—E) +1—5Tc A9+§f3)+0(1’6) . (3168)

All we need to know for our purposes is that o, = O(z.), but using the same argu-
ment it is possible to prove that J, for ¢ > 2 are suppressed by even higher powers
of .. Next, if we subtract the equations for the velocity of baryons (3.132) and

photons (3.136b), we end up with a differential equation for A6

. 1 1
AN —HOp — ~k%(5, —40,) = ———Nb . 3.169
H b 4 ( Y Uy) .ATC ( )
Following the previous derivation, it can be recast as
1 .
A0 = At | HOp + Zk2(6y —40,) |- Ar.Ab
_ 1o Ar)2 (HE 2. O(72
= Ar, 7—[91,+Zk (6y—40y)| — (A1) (HO, —k*0y) + O(7%)
1 1
= At | HOp + Zkz(ay ~40,)| - A?7, (I—EHAH + kzay) +0(72) . (3.170)
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Our final result to first order in 7. is
1
AO = Az, (Hey + Zk%) +0(7?) . (3.171)

We can plug this result back into the photon-baryon system. To zero order in the
tight-coupling expansion, the photon-baryon plasma can be described by

. 4 . 4 .
6y+§9y—4®+§k2(B—E):O, (3.172)
8p+0,—3D+k*B-E)=0, (3.173)

: k2 9
Oy + AHOy + - (A-1oy —E*¥ =0, (3.174)

where oy and all higher moments of the photon distribution are set to zero.

3.6.2 Radiation streaming

At late times, photons and neutrinos are decoupled and start oscillating fast. In this
case, it is time consuming to follow accurately every oscillation but it is not needed
in most applications. Since the ultrarelativistic species at late times make a neg-
ligible contribution to the metric potentials, we only need to capture the broadest
features of their evolution.

In general, the evolution equations for collisionless ultrarelativistic species, like
neutrinos, can be combined into a second-order differential equation

.. k2 4 4 .. ..
6V+§(6V—4av)+§k2‘P+§k2(B—E)—4<I>:O. (8.175)

As can be seen, when the perturbations are sub-Hubble (2 > H) the density is
highly oscillating. During matter domination, it is possible to ignore the contri-
bution of ultrarelativistic species to the total density but their contribution to the
total velocity is still important. The radiation-streaming approximation consists on
following only the non-oscillatory particular solution of the system [Dor05; BLT11].
In most realistic scenarios |0,| < |5,|, so we can set o, = 0. Then, the particular
solution of (3.175) is

6V:—4\P—4(B—E)+@(D . (3176)

Plugging this result in the first-order differential equation for the density, we get
0,=-k*(B-E)+30- ?ISV
~—k*(B-E)+3(@+¥)+3B-E)- k—12q>
~—k*(B-E)+3(d+ V). (3.177)

These expressions reproduce the ones found in [Dor05] and [BLT11] in the Newto-
nian and synchronous gauge, respectively. In these references, RSA is justified in
detail, making reference to specific results for each gauge.
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3.7 Initial conditions

The last ingredients needed to evolve the system of cosmological perturbations are
the initial conditions. These must be chosen carefully. As we will see, the initial
value of each variable cannot be set arbitrarily. Upon imposing the Einstein and
fluid equations, only some initial conditions are free. These free initial values are
the so-called modes of the system. The modes of this system have been extensively

studied and identified over the years. There are five growing modes: the so-called
adibatic mode plus four isocurvature solutions.
The programme for the derivation of the initial conditions is:

We assume that the perturbations are in the tightly coupled regime so we can
use (3.172), (3.173) and (3.174) for the photon-baryon plasma. For simplicity,
we also neglect F, 3 =0 and every other higher moment of the neutrino distri-
bution. This introduces a small difference in the initial condition for o, with
respect to other analysis like [BMT00], that is not important for our purposes.

We are in an approximately radiation-dominated era so we can use (3.16)
and (3.17) for the Hubble parameter and the scale factor and expand them in
powers of /1.

We are looking for regular solutions while the perturbations are super-Hubble,
so we expand every variable as a power series in 7. Namely, for the photon
density,

8y=Cy +CT+CIT 4 .. (3.178)

We plug these expansions into the Einstein and fluid equations, solving order
by order in 7 the system of algebraic equations for the constants C™.

For the purposes of this work, we substitute the equations for the evolution of
CDM, (3.112) and (3.113), with those of the total fluid, (3.115) and (3.116).

We work in the synchronous gauge.

3.7.1 Super-Hubble expansion

To start with, we introduce some short-hand definitions

Syw=Q,+Q,, (3.179)
Rs=Qs/Syv s=7y,v,b,c, (3.180)
Ryc=Rp+Re.. (3.181)

The Hubble parameter (3.16) can be expanded during radiation domination

1 HoRbm/Sw H2R2 Syt

H== o +O(HERE Syv7?) (3.182)
1 HOR,,C,/S; HZRZ Sy

HE = o4 M O L O(HERE, St (3.183)
.1 HyR2S,, HR} SQV

H=-"— S Holucy +O(HER; Syv7?) . (3.184)

72 16 32
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For the sake of clarity, we present here the full system of equations describing the
perturbations during TC in the synchronous gauge. The densities evolve according
to

6,+=0,+=-h=0 3.185
Y 3 Y 3 ’ ( )
6V+§9v+§h20 , (3.186)
Op +9Y+§h:0, (3.187)
6+37—[(c§—w)(5+(1+w)9+5(1+w)h:0. (3.188)

The baryon velocity follows the photon velocity, to zero order in TCA, so there are
only three equations for the velocities

. k2
0y + Z(A -1)5y+ AHO, =0, (3.189)
. k2
HV_Z(6V_4O-V):O ) (3.190)
: w k2, 4k?
0+(1-3 0+ 60— o+ = 3.191
Q=8O+ 4 0~ T 0 T 51w’ (3.191)
The neutrinos are the only significant source of anisotropic stress
4 2 .
5, ——0,——(h+61n)=0. 3.192
Oy 15 v 15( 77) ( )

The metric variables are described by the Einstein equations (3.163a—3.163d) whose
sources are the variables of the total fluid: (3.188), (3.191) and

90 Ry6y+Ryoy

0=———— 3.193

%= 31 +aRs,) (3.193)
R,oy

= 3.194

o 1+aRp, ( )

Finally, plugging the expansions (3.178) into the previous equations and the Ein-
stein equations we find the constants C™ order by order.

1 0)
2C;, " _4Cy

0) _ ((0) ®_ _
Cy =Cy) Cop=-—3 7 (3.195)
® CO(Ry—1) 0 2D 4Cy) (R, -1) 3.196)
ov R, ’ sv 3 B 3R, ’ .
o)
0O _ ) cv__ S oo (3.197)
6b ~ “6b 56~ 9 Oy’ )
(0) o Cgll)
cP =0, Cy'=—. (3.198)
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0 (0) 0)
Ci Ho/SyvRe CyyHo/SyRy(Ry=3) k> (c0+20)
4

c® 3.199
oy 4(R,-1) 6 ’ ( )
(0) (0)
@ _ _Cﬁykz (Rv -1) B C%o)kz . Cgll)HO /Svabc . ngHO\/Svab (3.200)
ov 6R, 3 4 4 ’ '
oo _ 3Ch Hoy/Sy R 3C5 Ho\/SyRy (Ry=3)  #*(C5)+2C7)) (3.201)
0 16 16(R,—1) 8 e
o COR2 HoySp(4C Ry, +3C(IRs)
@ _ _ , (3.202)
3 12
0),2 (0) <N
0 _ (0 o _ Coyl”  3CoHovSR (3.203)
oy ~ oy oy~ 4 4(R,-1) '
() _ 0)7,2 _
O _ Coy (Rv—1) cW = Coyk” Ry =D (3.204)
v Rv ’ v 47?4/ ’ ’
cP=o0, cV=0. (3.205)
o Cy) (9H3Sy Ry (BRp + Rpe (Ry — 1)) - 8k (Ry — 1)?)
oy 48(R, - 1)
(0) o))
k2(9C Ho /SR ~4C (R, - 1))
+ , (3.206)
48(R, 1)
k2 (CIPR, (AR, +5)+2CL) (R, - DAR, +9))
c®_ _ h oy (3.207)
ov 12R, (4R, +5) ’
2 (D) ©0) _
o (CV @R, +5)+8CH (R, - 1) 5208
0 12(4Ry +5) '
c® =, (3.209)
(0) _
@ _ 4Chy (Rv— D (3.210)
7V 3R,(AR, +5)’ '
o _CH/BR R - DRy + R KBCHR, -D+aCPR)
v (4R, +5)(4R, +15) " 6Ry(4R, +15) (3211
c® 4CP(R,-1)
CcO — o cW=_—h 77 3.212
T " 6  3(4R,+5) ’ ( )
) _ ~(0) O _ ~@D
cV=c, cV=ciV. (3.213)
(0)
o CoR"Ru-1 CPE(UR,+5) . C\VHo\/SyyRpe
T 6@4R,+15)  12(4R,+15) 16
. Cg Ho\/Syv(Ry (4R, +5)(4R, +15)+80R e (Ry — 1) 3214
16(4R, +5)(4R, +15) ’ '
COp2  3H\/S,, [CP Ry, +COR,

h 2 8
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There are five free constants that represent the five independent modes: adiabatic
(C%O)), baryon isocurvature (Cgi)), CDM isocurvature (a combination of C;ll) and Cf??,))’

neutrino density isocurvature (CgO)) and neutrino velocity isocurvature (Cg))). The
Y

fact that we have used (C;Ll),C(é?,C(H?) instead of the traditional (C(O),Cgov),ng)) is a
matter of convention.

3.7.2 Adiabatic mode

ACDM only takes into account the adiabatic mode. It is conventional to write it in
terms of a primordial curvature perturbation'” Ry,

o _ 4Ry +15

C
T 4R, +10

Re . (3.216)
The description of the Universe we are aiming at does not include the prediction of
the positions of every single galaxy. Our final objective is to predict average quan-
tities, e.g. the statistical distribution of galaxies. It is assumed that the initial
conditions R, are stochastic in nature and that the Universe we live in is just one
realization of many possible, corresponding to particular choices of /Rz. The ensem-
ble average18 over such possible realizations is denoted as (...). These variables
are taken to be Gaussian' so different £ modes are uncorrelated. The primordial
curvature spectrum is defined as

(ReR:)=@2m)2s(k - k')Pr (k) (3.217)

3 , 22

where Pp, is the nearly scale-invariant primordial spectrum parameterized as

ns—1
k ) | (3.219)

Pr(k)= A, (—

k *

The amplitude A and tilt ng of this spectrum are two of the six fundamental pa-

rameters of ACDM and encode all the information about the initial conditions in

this model. The latest Planck values are collected in Table 1.1, with the pivot scale
k. =0.05 Mpc L.

The system of cosmological perturbations is a system of linear differential equa-

tions. A generic cosmological perturbation g(r,k) can be written as a product of

"The curvature perturbation is usually defined as the gauge-invariant combination R = ® +
H/k?6. Another common definition is { = ® — §/3(1 + w). Both agree on super-Hubble scales.

18This discussion begs the question: how can we possibly measure an ensemble average with one
realization? A complete answer to this question is beyond the scope of the present work. We refer the
reader to [LLOO] and to the thorough discussion in [Wei08] for more details. Essentially one can rely
in the ergodic theorem to substitute ensemble averages by spatial averages, over different regions
in the sky. Another interesting point, briefly touched upon in [Wei08], is how the expectation values
of primordial vacuum fluctuations are finally related with ensemble averages of classical variables
Rr. See also [PS96].

19This is not only one of the simplest choices, but supported by the preferred mechanism of gener-
ation of primordial perturbations: as vacuum expectation values of nearly free fields.
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a primordial perturbation, encoding the initial condition, and a transfer function,
encoding the subsequent evolution,

g(r,k) =Ty, k)R, . (3.220)

Since the system is linear, it can be recast into a system for the evolution of the
transfer functions with the substitution g — T;. It is common practice to abuse
slightly of the notation, denoting T'; as g, the perturbation itself, and solving the
system as if it had initial conditions R = 1. The information about the initial con-
ditions is recovered later, in the computation of the physical spectra, by convolving
the transfer function with the primordial spectrum (3.219).

3.8 Line-of-sight integration

At this stage, we have developed a formalism that allows us to follow the evolu-
tion of the perturbations from the moment they were generated to the present day.
Formally, we have all the ingredients needed for the computation of observables.
However, in this section we will linger a bit more on the theoretical side, intro-
ducing a technique that was a milestone in the history of CMB computations: the
line-of-sight integration.

The main drawback of the formalism presented so far is that it demands the
solution of a large number of coupled differential equations. This number can be
reduced introducing approximations, motivated by the kind of information we are
after and the targeted accuracy. Regardless of the approximation techniques used,
for an accurate computation of the CMB it is critical to capture the details of the
photon-baryon decoupling. During this period, when photons and baryons are be-
coming loosely coupled, it is unavoidable to follow the high £ moments of the photon
distribution.

Theoretical descriptions that could reach the 1% accuracy were a pressing ne-
cessity in the 90s, given the projected increase in the amount and precision of CMB
data. Early CMB computations, e.g. [MB95], solved the Boltzmann hierarchy in
the way we have presented it: truncating at a very large ¢,,x to minimize the er-
rors and compute accurately the high-¢ moments. This involves solving thousands
of coupled differential equations, which made this computations slow. A revolu-
tion set in with the development of the line-of-sight approach in [SZ96]. The key
insight was the realization that the high-¢ multipoles can be computed as convolu-
tions of spherical Bessel functions with a source function, instead of solving their
differential equations. The source functions only involve the first moments of the
distribution. Then, to compute accurately these source functions, it is enough to
truncate the Boltzmann hierarchy at low ¢, e.g. £1.x = O(10). Every modern Boltz-
mann code, starting with CMBFAST in [SZ96], implements this approach. Nowadays
it is possible to compute the CMB spectrum in a laptop in (’)(10_1, 1) seconds?’.

20When we want to find the best-fit parameters for a given model it is usually necessary to compute
(9(105) CMB spectra (to construct Monte-Carlo Markov chains). Efficiency in the individual steps is
of the utmost importance for parameter estimation.
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In this section we will develop the traditional line-of-sight integration both for
neutrinos and photons. In addition to its numerical advantages, it is very well
suited to find (approximate) analytical solutions.

3.8.1 Neutrinos

Massless neutrinos are described by the Boltzmann equation (3.111), which can be
written as

Fy+ikuFy =Sy(1,k, 1), (3.221)

where = (-£) and S, is the source function. It can be expressed in two alternative
ways

S, (1,k, 1) =4d —4iku ¥ — 4£2u%(B-E)

=So(1,k)+ikuS1(t,k) — k22 So(1,k) . (3.222)
To obtain the solution of (3.221) we rewrite it as
e T (;E ehir) =g, , (3.223)
and then, upon integration,
Folt,k, 1) €4 = F(Tini, k, ) eFHTini 4 ' dr’' S, (7, k,v)ekHT (3.224)
Tini

Formally, the integration always starts at a finite time 7;,;. In practice, the integra-
tion starts when the perturbation is still super-Hubble, £7i,; < 1, so we can safely
set Tin; = 0. Following the discussion of the previous Section 3.7, only the first two
moments of the neutrino distribution may have non-zero values. Then, the first
term on the right-hand side of (3.224) is

F(0,k, ) = Fvo(O,k)Po(u) —3iFy1(0,k)P1(1)
=6,(0,k) - 1kut9v(0 k). (3.225)

The second term in (3.224) can be written in different ways, depending whether we
integrate by parts or not,

T . ! T . ! T d : !
f dr' Sy(t',k, w) e = f dr'Soe*H + f dr' Sy — e
0

dr’
d2 1k
f dr’ S2 dT'Z i

f dr’ e (8o + S +Ss)

+e*HT [S1(1,k) — Sa(T, k) +ikuSa(t, k)]
+S1(0,k) +S2(0,k) —ikuS2(0,k) . (3.226)

Finally, the integrated Boltzmann equation (3.224) is transformed into

. 4 d _. T -
Folt, k1) = 8,(0,k)e 4T + —0,(0,k)—e I + f dr’ SpeHr ™
k2 dr 0

Toe 4 ey [Tre @ ke
+£ dr Sl@e K +/(; dr nge H . (3.227)
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All the angular dependencies have been absorbed in the exponentials. Using the
expansion of the exponential in terms of Legendre polynomials

exp (ik wr' - T)) =Y (-){(20+1) jg(k(r - T’))Pg(,u) , (3.228)
/=0

it is straightforward to express (3.227) in terms of the multipoles, as defined in
(3.135),

Tyt k) = 6,(0,)j (k) + %HV(O,k) J(kT) +4 f dr' & ji(k(x - 7")
0
+4k f dr'W j, (k(z - 1) + 482 f dr'B-E)jjk(r-1)).  (3.229)
0 0

where j,(x) = dj(x)/dx. In the absence of metric perturbations, the free streaming
of neutrinos is described by spherical Bessel functions. This justifies the assertion
at the end of Section 3.4, where the truncation scheme (3.139) was based on F, ~
Je(kT).

3.8.2 Photons

The presence of a collision term in the Boltzmann equation for photons, see (3.130),
modifies the procedure outlined in the previous section. First we need to introduce
two variables

T0 T0 d !
K E[ an.ordr’ :f @ , (3.230)
T T

Te

g= _ke_K , (3231)

where 7 is the conformal time today. These quantities are usually known as the
optical depth, x, and the visibility function, g. The optical depth grows very large
in the early Universe, when the scattering of photons is very efficient. The visibility
function is normalized, fOT % g(t)dr = 1, so we can regard it as a probability function.
It is the probability that a photon last scattered at 7, see [Dod03]. The visibility
function is strongly peaked at decoupling, around zge. = 1090 for a standard cos-
mology. The Boltzmann equation for photons (3.130) can be rewritten as

Fy+ikpFy —kFy =S(1,k,p0) (3.232)

where the source function S, is slightly different this time

S (1 k) = 4<i)—1‘<6y—4iku(‘l’ - %eb) _4R%EB-E) . (3.233)

The solution is

U F (1, k, ) = TN Em) T (7405 B, 1)

T 3 ! !
+ [ dr'e® e ™S (7 k,p) . (3.234)

Tini
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Since the optical depth is very large at 7i,i, the first term on the right-hand side is
strongly suppressed and can be neglected. Applying this argument and performing
different integrations by parts, the source term is conventionally cast in the form

T : ! ! T . ! . .o
f dr' e e g, = f dr'ethr { g(6,+4¥ +4(B-E))
0 0
+4e ¥ (d+ V¥ +(B-E))

4 d .
+k—2@[g(91, +k2(B—E))]}

- 4eik”T{e_K(T) (¥ +(B-E)-ikuB-E))

8
+ﬁ(

0, +k*(B-E)) } : (3.235)
This approach for photons is usually applied to compute the CMB, so we evaluate

it today, i.e. at 7¢. Disregarding a monopole and dipole terms?!, we have

T0 . .
Froto,k) = fo dr ji(k(ro - ‘L')){g (6, +4¥ + 4B -£))
+4e” ¥ (d+WV+(B-E))

4 d -
+ =1 [g(6p +E%(B-E))] } , (@>1). (3.236)

The three terms on the right can be given a physical interpretation®?. The first one
is the Sachs-Wolfe effect. It contains the intrinsic temperature perturbation and
the gravitational redshift produced by the metric potentials in the last-scattering
surface. The second term is the integrated Sachs-Wolfe effect. It represents the
gravitational redshift caused by potentials that vary in time as the photons propa-
gate from the last-scattering surface to us. The last one is the Doppler term. It is
the standard Doppler shift produced by motions in the plasma at the last-scattering
surface.

3.9 Observables

After developing the formalism of cosmological perturbation theory, we must learn
how to connect our results with the observations. As discussed in Chapter 1, two
of the main sources of cosmological information are the statistical properties of the
clustering of matter and the distribution of CMB anisotropies. In the next two sec-
tions we will describe how to compute the matter and temperature power spectra.

21The monopole term is absorbed in the definition of the mean CMB temperature. The dipole is
also (directly) unobservable, due to the much larger kinematic dipole produced by the motion of the
Solar System with respect to the CMB rest frame.

22Note that each of the terms appears in gauge-invariant combinations (as it should, since we
know that F, is gauge-invariant for ¢ > 1). This is a convenient way to check the consistency of
lenghty calculations.
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3.9.1 Power spectra

The correlation spectra are one of the most readily observable quantities that we
can define. Given a cosmological variable g(r, k), we define its power spectrum as

(g(1,R)g* (1,k")) = (27)°5(k — k)P 44(1, k)
=g, B)* (ReRp)

=©21)36(k - k)| g(, k)l PR(k) (3.237)

where Pr (k) is the primordial spectrum defined in (3.219). Notice that g(r,k) in
the second and third lines is the transfer function of the quantity g. Correlation
functions are usually computed in real space, instead of Fourier space. The relation
between both is straightforward

d*k . :
(g(1,%),8(r,2")) = f Wng(T,k)elk'(x_x) =Py(1,lx—%'). (3.238)

In a similar way, we can define the cross-correlation spectrum of two different vari-
ables g1 and g9. Since the transfer functions are real, we can just write

(g1(1,k)g3(1, k")) = (2n)°6(k —k')Pg, g,(1,k)

=2m)35(k — kg 1(1,k)ga(t, k) PR(k) (3.239)

Up to this point we have been working with conformal time 7. While the numerical
integration is performed in terms of 7, it is very common to present the final results
in terms of the redshift z. While, the redshift of an object is readily observable, if
we want to associate a conformal time to a given redshift an expansion history, i.e.
a background model, must be chosen. That is why we will usually prefer z over 7
when presenting observables.

Arguably, the most important spectrum of this type is the matter power spec-
trum. We define the matter density perturbation as

Om = %&50 ; (3.240)
and the matter power spectrum is
(8m(z, k)55, (2, k) = (2n)°5(k — k)P (2, k)
= (21)26(k — E)|6m (2, k)l PR(k) (3.241)

3.9.2 CMB temperature anisotropy

We have already discussed in Section 1.1 the leading role that CMB observations
have played in modern cosmology. Here, we will relate our theoretical analysis of
cosmological perturbations with these observations.
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Temperature perturbation

The first objective is to relate the reduced distribution function /, with a tempera-
ture perturbation. The spectrum of the CMB is extraordinarily close to a blackbody.
Therefore, the zero order distribution function is

1
fo=—m—1- (3.242)

Deviations from this background distribution can be parameterized as temperature
perturbations

-1
L p _
f(,x,p,n)= {eXp(T[1+@)(1,x,ﬁ)]) 1} . (3.243)

The temperature perturbation can then be written in terms of the reduced distri-
bution function as .
S p?dp(f —fo)

(1+0)*-1= %o =Fy. (3.244)
To first order in perturbations, the final result is
1
0= Z]-"y . (3.245)

This way we can relate perturbations in the photon distribution function, that we
know how to compute, with temperature perturbations, that are observed in the
CMB maps.

Two point function

The temperature function in the previous section was defined in real space. It is
related to its Fourier counterpart as
a3k a3k

o1 o) omikx _ -ik-x
O(r,x,n) = 1 (2n)3.7:y(r,k,n)e @n )3.7: (t,k,i-k)e Rr . (3.246)

On the second equality we are writing separately the transfer function and the pri-
mordial perturbation. For the computation of the CMB spectrum we are interested
in the temperature anisotropy evaluated today (7 = 7¢) in the Solar System (x = 0)

1 d3k

1) ol Tokh A-EYRp . (3.247)

O(n) =06(10,0,7) =

The observable that is statistically relevant is the two-point function, i.e. the corre-
lation function of temperatures in two different directions, defined as

d3k

s rTok. A R)F} (to,k, 7' -E)PR(k) . (3.248)

A,7") = (0M)B(1R)) = 1_6f

Using the multipole expansion of the transfer function (3.135)

k2dk
Clh, ) = — | %= o PRP LG DY @0+ 1)@E + DFy (w0, B)F (T, k)

b
y f i—kPg(ﬁ-l%)Pg/(ﬁ’-l%) . (3.249)
A
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It can be proven, see (C.35), that

d2k . e

f4—Pg(n EYPy(R'-E) = 2€+1P[(ﬁ,'ﬂ,). (3.250)

Then, the two-point function can be expressed as a multipole expansion

20+1 -

C@A,A) = Z CiP,(A-R'), (8.251)
¢=0
with coefficients
~ _m [dk 9
Co,= Z ?,PR(k)lJT_‘yZ(TO,kN . (3.252)

On the other hand, CMB experiments measure the harmonic decomposition of the
temperature field in real space

Qom = f PAY*(R)O(R) . (3.253)

With these coefficients, the temperature power spectrum can also be defined as

Cr=

5 “1 Z (larml®) . (3.254)

Using (3.253) and the addition property of the spherical harmonics (C.33), one can

prove
1
Cr= f A d* A Y (Y, () (O(R)BR'))
2€+1m__[
24 2A/
= f %P[(n A)C(A, ') . (3.255)
4

Finally, we have
Cc,=C,. (3.256)

In ACDM all the CMB temperature information is encoded in the temperature
power spectrum.

The most prominent anisotropy in the CMB is the dipole term (¢ = 1). As dis-
cussed in Section 1.1, it is two orders of magnitude larger than any other anisotropy
and can be interpreted as the Doppler shift caused by our motion with respect to
the CMB rest frame. This relative motion has subtler effects too. In this section
we took as our starting point the isotropic blackbody spectrum (3.242). However, a
moving observer would measure instead a boosted blackbody spectrum. This will
have important consequences in Chapters 6 and 7.
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Hidden Gravitons

The first way to move beyond a A+CDM dark sector is to add a new component.
In this chapter we follow this approach, considering the observational impact of a
new massive spin-2 particle: a hidden graviton. To start with, in Section 4.1, after
reviewing different scenarios where massive spin-2 particles appear, we introduce
our model. In Section 4.2 we analyze the phenomenology that arises when the
hidden gravitons are coupled to ordinary matter. Sections 4.3 and 4.4 focus on how
this new particle would be emitted in stars, modifying their evolution. Using the
results of the preceding section, in Section 4.5 we use observational bounds on the
maximum energy loss in stars to constrain the mass and coupling of the hidden
gravitons.

4.1 Massive gravitons

Gravity and electromagnetism are, as far as we know today, the only macroscopic
forces in Nature. Their long-range character can be explained according to the
masslessness of gravitons and photons. This property, in its turn, is usually justi-
fied as a result of the local symmetries of both theories, diffeomorphism and U(1)
gauge invariance. Nonetheless, it is natural to ask whether they are exactly mass-
less or they just have small masses, and, as a matter of fact, there have been a lot
of efforts over the years to test this assumption. On the experimental side, several
bounds have been established for non-zero masses [GN10] while on the theoretical
side great efforts have been invested in constructing consistent models of massive
gravity and massive electrodynamics. The starting point of massive electrodynam-
ics is the Proca Lagrangian. It consists on the usual Maxwell Lagrangian plus a
simple mass term, that explicitly violates the gauge invariance of the theory. This
effective approach can be completed at high energies through the Stuckelberg or
the Higgs mechanisms. On the phenomenological side, one important application
of massive electrodynamics has been the proposal of a new hypothetical field: a
hidden photon. This hidden photon has associated a large amount of potential ex-
perimental signatures. In particular, it constitutes a viable candidate for dark mat-
ter, whose effects have been explored extensively in the literature [NS11; Ari+12;
Goo+09; BCW10; Abe+08; CMN17; Cem+12].

On the other hand, massive gravity is usually introduced by using the Fierz-
Pauli action [FP39]. It consists on the linearized action from General Relativity plus
a suitably chosen mass term. This Lagrangian has been thoroughly studied and its
properties are well known and understood. For example, although the free action is
consistent, a paradoxical behaviour appears when we turn on the interaction with
matter. It was discovered independently [Iwa70; DV70; Zak70] that this theory
is not continuous in the massless limit: the m = 0 and m — 0 theories are not



80 CHAPTER 4. HIDDEN GRAVITONS

physically equivalent. This is the so-called vDVZ discontinuity.

The problem of the mass discontinuity can be traced back to the number of de-
grees of freedom that both theories propagate. While a massless spin-2 particle has
only two degrees of freedom (two tensor modes), a massive spin-2 particle has five
(two tensor modes, two vectors and one scalar). It can be shown [Rhal4; Hin12]
that when we take the m — 0 limit, the scalar mode becomes strongly coupled, in-
validating the linear theory. In fact, when non-linear effects are taken into account,
the zero-mass discontinuity is cured through the so-called Vainshtein mechanism
[Vai72]. When the problem of the vDVZ discontinuity seemed solved, Boulware and
Deser [BD72] showed that for a broad range of extensions of the theory, these non-
linear effects also introduce a sixth degree of freedom, that turns out to be a ghost
(BD ghost).

Constructing a fully non-linear, consistent, theory of massive gravity is a big
challenge and only very recently it has been possible to evade the BD ghost. In
2010 de Rham, Gabadadze and Tolley (dRGT) constructed a ghost-free non-linear
completion of the Fierz-Pauli action, known as ghost-free or dRGT massive gravity
[RGT11]. The dRGT action contains parameters fixing the self-interactions and a
reference metric. Shortly after, Hassan and Rosen [HR11] reformulated the theory
and made this reference metric dynamical. This new formulation is a bimetric
theory of gravity, describing at the linear level the evolution of a standard massless
graviton plus a massive one, with a Fierz-Pauli mass term. This massive graviton
has been proved to be a viable CDM candidate in recent works [Bab+16a; Bab+16b;
AM16]. The linearized version of bimetric gravity coincides with the model we will
analyze in this work, i.e. massless gravity plus a single massive graviton. For a
specialized review on bimetric theory see [SS16].

Massive gravitons also appear naturally in extra-dimensional theories of grav-
ity, like the ADD model [ADD98; Ant+98]. In this model, the Standard Model fields
are confined to a 4-brane, while gravitons (described by the usual Einstein-Hilbert
action) can explore a number n of extra large dimensions. When duly compacti-
fied, the existence of these new dimensions leads to a tower of Kaluza-Klein (KK)
excitations of the graviton. The weak interaction of this KK modes can be compen-
sated by their huge multiplicity and lead to significant deviations from standard
gravity. A number of ways to test the model were suggested in the original pro-
posal [ADD99] and the experimental constraints were derived in detail in many
references [Bar+99; CP99; Han+01; HT99; HR01; HR02; HR03].

We shall not assume any particular framework for our study. In our model,
we will add a single massive spin-2 particle to the known particles (that we will
denote hidden graviton), explore its phenomenological consequences and use the
observational evidence to constrain its mass and coupling to other fields. In fact,
we will employ two methods that have become standard to test the impact of new
light, weakly interacting particles: fifth-force tests and astrophysical energy-loss
arguments. They have been applied not only to KK gravitons, but also to hidden
photons [DFK12; APP13], sterile neutrinos [Raf90a; ABK19] and especially to ax-
ions [KMW84; Raf86; PK86; Raf90b].

Our starting point to describe this new particle, in flat space-time, is the Fierz-
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Pauli Lagrangian (2.62)
1 ayp uv 1 2012 2
L= =50 0" @ah v = 20(hvia = Oahilu +20@hnve) = gm (hyy =h%) , (4.1)

It consists of the kinetic term that could be obtained linearizing GR over a Minkowski
geometry plus a suitably chosen mass term. As discussed in Section 2.2, both terms
can be fixed without previous knowledge of GR, just requiring the absence of ghost
instabilities. The equations of motion for the free field can be expressed as (2.65)

(O-m?)hu =0, (4.2a)
*huy =0, (4.2b)
hzh“y:O. (4.2¢)
Their solution can be written as
huv(x) — f dS—pZ [a e,uv( 1) ipx + T pv*( 1) —ipx (4.3)
(2n)32E, 5 pAE P, )€ Apa€  P,Ae ’ :

where A are the polarization states and the polarization tensor satisfies

pue(p,A)=0, (4.4a)
Nwe ' (p,)=0, (4.4b)
e (p, Ve, (P, A) =61, (4.4c)
1 1
Y e (p, Ve (p, 1) = E(P““Pvﬁ +PHBpvay _ gPWP“ﬁ , (4.4d)
A

with P¥¥ = 4+ pFp¥/m2. For a thorough analysis see [Hin12]. Next, to find the
propagator we need to solve

OB (p)Dgpn(p) =16 ,6° (4.5)

where the operator 0% uv has been defined in (2.63). The solution, as can be
checked by direct substitution, is

1
Dapu = PouPyp = 5PapPuy | - (4.6)

p2+m2

Now, we need to turn on the interaction. To lowest order, the free Lagrangian (4.1)
can be supplemented with a linear interaction with a source T',y

1
L= 5W(D“‘ﬁwhw + xR TH 4.7)

where x is a coupling constant, that we will sometimes rewrite as x = 1/M;, =
v/87G},. The equations of motion for the new Lagrangian are

O phF = —xTH . (4.8)

The formalism presented so far is general for a massive spin-2 particle. In order
to describe our hidden gravitons we choose the energy-momentum tensor as the
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source and take the mass m and coupling « as free parameters. We only keep terms
up to quadratic order in the Lagrangian (4.7) so we neglect the self-couplings that
would arise from the contribution of A, to the energy-momentum tensor. Seen
in this light, the hidden gravitons can be regarded as the linearized version of bi-
metric gravity, that is the fully non-linear theory comprising GR plus an additional
massive graviton.

Finally, since we will only couple the hidden gravitons to conserved energy-
momentum tensors, 0T, = 0, the scattering amplitudes will have the property’
p”Aﬂ.,. =0 on shell. In this case, we can make the identification P, — 1, in (4.4d)
and work with the sum over polarizations given by

1
Srvap _ na(unv)ﬁ _ gnﬂvnaﬁ . 4.9)

Before moving on to the observational constraints, let us briefly discuss the lim-
itations and relevance of the model. It is important to stress that the constraints
that we will derive will be valid insofar as its assumptions, flat space-time and neg-
ligible self-interactions, remain valid. If we consider more ellaborate theories, it
is important to analyze in what region of the parameter-space is (4.7) a good phe-
nomenological description and hence to what extent the constraints can be applied.

Let us take bigravity as a particular example, which is a ghost-free non-linear
theory that describes a massless and a massive spin-2 particle [SS16]. The free
action, without interactions with matter, is very involved but its linearized version
reproduces the Fierz-Pauli Lagrangian (4.1) plus its massless equivalent describing
linearized gravity. There are at least two caveats when including matter couplings.
In the first place, we have the Vainshtein mechanism. As commented before, it
is well-known that in massive gravity non-linear effects become important when
m — 0. These non-linear effects allow the model to evade most Solar-System and
terrestrial gravity tests for low masses.

In the second place, we must also be cautious when introducing the matter cou-
plings, since a naive choice could reintroduce the BD ghost. It has been shown
[RHR15; RHR14; Heil5] that a healthy procedure is to couple the matter fields
to an effective metric, that arises as a combination of the ‘massless’ and ‘massive’
metrics, g,y and fy,

0
giifV:aZngaﬁgﬂp( g—lf) B Fu (4.10)
%

where a and f are arbitrary parameters?. If we restrict ourselves to its linearized
version, with g,y =1 + 7w + O(Y2) and fiuy =Ny + Ay + O(R?), we have

g5 =Ny + (L= By + Phyy + .. (4.11)

where we have normalized a + f = 1. This choice reproduces our model (4.7), where
the free parameter f is related to the coupling G, that we will later constrain, as

G, P
T (412)

I'We use this property, together with the usual Ward identities from QED, to check our results in
subsequent sections.
2More general effective metrics have been studied in [Heil5].
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To conclude, let us mention that bigravity is not the only theory that motivates a
hidden graviton model as a phenomenological description. The ADD model, that we
already mentioned, produces a continuum of Kaluza-Klein states, each of them de-
scribed by (4.7). Another extra-dimensional theory of gravity, the Randall-Sundrum
model [RS99a; RS99b; DHR00; GT00], is even closer to our model since it produces
a tower of discrete, widely separated, KK excitations. The Randall-Sundrum model
can be effectively described, taking into account only the first resonance, by (4.7).

4.2 Interaction with matter

4.2.1 Fifth-force constraints

The first observational signature we can extract from the model above is the exis-
tence of a new force. In order to see the effect of this new force between two matter
particles, e.g. two electrons, one could first compute the one graviton exchange am-
plitude, then take the non-relativistic limit and identify the interaction potential
via the Born approximation. A textbook example can be found in [PS95]. This is
the standard procedure when particles with non-trivial parity, like pseudoscalars,
are present and mediate spin-dependent forces. See [MW84] for an analysis of the
axion case and [FT99] for a discussion of spin-dependent forces. However, in our
case, to reproduce the results at lowest order it is easier to compute the classical
interaction potential.

In the next section we will discuss how this hidden graviton couples to other
fields. For now, to compute the macroscopic force that it may produce, we will con-
sider the force mediated between two classical, non-relativistic sources with energy-
momentum tensor

T() =M55606(x~x;),  i=1,2 (4.13)

i.e. two lumps of matter sitting at x; and x9. The interaction potential is
V:—de%ﬁwmegu»:—m{[&xf&wJﬁ&memAx—wﬂgu>

a* . .
= i MiM f dy 0_[ #D 0000(p)e'” 0=y g=ip (w1 -2)

d3p

(2m)3
Now, it is worth recalling the form (4.6) of the propagator. For massless gravity one
can also derive the propagator, after properly fixing the gauge, and the result is the
same as in the massive case, save for a factor 1/2 instead of 1/3 [Hin12]. For the
moment, we write the generic form

= —ix’M1 M, f Doooo(p® =0, p)e P *17%2) (4.14)

l1-«a

— 4.15
P (4.15)

iDoooo(p° = 0,p) =
where a = 1/2,1/3 for massless/massive gravitons. After performing the integral,
we obtain what is to be expected from a massive, even spin, boson: a universally

attractive Yukawa force

—-mr
V= —K2M1M2 e4

1-a), r=lx1—x9|. (4.16)
ar



84 CHAPTER 4. HIDDEN GRAVITONS

The standard Newtonian potential is recovered in the massless case (m =0, a = 1/2,
x =1/Mp; = vV8nG)

GMM
Vigewt(r) = —% : (4.17)

while in the massive case we have (o« =1/3, x = 1/M}, = /87G})

e—mr

4
V(r)= —gGhM1M2 (4.18)

r
The appearance of the factor 4/3 may seem surprising. In fact, it could be reab-
sorbed in the definition of G, so that the m = 0 and m — 0 cases would give the
same physical results with the identification G = %G ». However, this kind of factors
reappear when calculating the deflection of light [Rhal4]. In that case, the factors
cannot be reabsorbed, yielding unambiguosly different results. As commented in
the first section, this is the vDVZ discontinuity in the massless limit.

So we will stick to this definition of the coupling constant, without reabsorbing
the factor 4/3. The total potential produced by standard gravity and this hypothet-

ical new mediator is

GM:M
Vi) =-——=2(1+

! é%e-mr) ,

3G
With this result, we are ready to constrain the possible values of G5 and m using
the available data.

As commented in Chapter 1, there is a wealth of observational and experimen-
tal data constraining deviations from the inverse square law (ISL) implied by the
Newtonian potential (4.17). Our interaction potential (4.19) has already been cast
in the traditional form for ISL tests (1.26)

(4.19)

GMlMg(

V)= 1+ ae—'“) , (4.20)

so we can easily adapt the existing constraints to our case

4Gy
=——2 4.21
a 3G ( a)
A=m~1. (4.21Db)

The relevant bounds are shown in Figure 4.1, for Solar-System and laboratory con-
straints, respectively. The tightest constraints on the interaction strength come
from experiments testing large distances and put, in its turn, strong constraints
on the existence of very low mass particles. The situation is reversed for higher
masses. In view of the huge experimental challenges, the Casimir experiments,
that probe the shortest distances, set significantly looser bounds than its Cavendish
counterparts.

The shortest range experiments in the laboratory can only put bounds on masses
of about few eVs, and there are no prospects that they can go much further. It is
in this range of masses where we need the information provided by astrophysical
objects.
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Figure 4.1: Constraints on the hidden-graviton mass and coupling G, relative
to the standard-graviton coupling. The shadowed region is excluded by fifth-force
tests. The limits are adopted from Figure 1.8.

4.2.2 Coupling to QED

The coupling of the hidden graviton is taken to have the same form as the standard
graviton, but suppressed by a different energy scale, x = 1/My, = \/81G;. It will
couple to matter through the energy-momentum tensor obtained with the usual
prescription in GR, as the functional derivative with respect to the metric of a min-
imally coupled matter action, see (2.23). The most relevant coupling in this work is
to quantum electrodynamics (QED) [BD84]

1 _ . .
Lo = _ZFNVFNV + (0D —m)y D,=0,+iQA,, (4.22)
1

Tzl;:/D = F#aFva + 9 YYDy —DuPyny| + nHVEQED ) (4.23)

where for hidden gravitons on-shell the last term is irrelevant, see (4.4a). From this
we can read three kind of vertices. The Feynman rules for these interactions were
calculated in [GRW99; HL.Z99]. The relevant vertices are

h,uV = _2iKVv(,uv)a:ﬁ(k1ak2)7 (4.24)

\f(kl)
’/f(kz)

ix
h,LW = _EW(yv)(kl,kz) s (4.25)
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A = ikQ (Y(/ﬂ?v)a - 77,uv')’a) ) (4.26)
uv

and @ = —e for an electron. We have defined the functions

1
vaaﬁ(p’CI) = _Enpv(pﬁQa - naﬁp(I) —NapPugdv
—Nua(MvpPq — Ppav) + NupPvqa 5 (4.27)
Wuv(p, @) =(p+@)uyv —nuw(p +¢q +2m,) . (4.28)

Additionally, we must take into account the usual Feynman rules for QED, e.g. see
[Sre07].

4.3 Boltzmann equation and energy loss

The Feynman rules derived above can be used in particular to analyze the inter-
action of hidden gravitons with stellar plasmas. As discussed in Section 1.4 any
new light particle interacting with stellar plasmas can lead to modifications of the
stellar structure and to deviations from the standard evolutionary track. We will
focus on the regime where the hidden gravitons can be thermally produced in stars
and act as a new source of energy loss.

It is important to note that these interactions take place in a hot plasma, where
the finite temperature and density effects may become important. In this case,
the standard vertices and propagators of quantum field theory are modified, new
degrees of freedom appear (like the plasmon, a longitudinal mode of the photon)
and some collective behaviours may be important (remember the assumptions en-
tering in the Boltzmann equation in Section 2.3.4). These effects, and their im-
portance for some particles like axions, are summarized in [Raf90a; Raf96] and
references therein. As a first approximation, we will neglect most of these plasma
effects, pointing out some cases where they can decisively suppress a process. To
sum up, we will use the Boltzmann equation as derived in Section 2.3.5, computing
thermally-averaged cross sections with zero temperature QFT.

The next sections are devoted to the reformulation of the Boltzmann equation in
a form suitable for computing the energy loss in three different types of processes.

4.3.1 2 — 2 process

The evolution of the distribution function for a particle a is described by the Boltz-

mann equation (2.99)
Dfa
d¢

=Clfd]. (4.29)
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Figure 4.2: Collision in CM and arbitrary frame.

The collision term for a binary process a +b < ¢ +d is (2.100)

Clfal= 5% Dpa(2m)*8(po + po—pe — pa)IMI?
+ bosons
|1 fd(liia)(lisz_fafb(liic)(lide] { _ formions 230

cd —ab ab—cd

If the a-particles are readily emitted, we can neglect the backreactiona+b — c+d
and the enhancement/blocking factor, i.e. (1+f,) = 1. We also assume that this pro-
duction do not perturb the local thermal equilibrium, so the distribution functions
for the remaining particles are the equilibrium Bose-Einstein/Fermi-Dirac distribu-
tions. In order to compute the energy emitted in the form of a-particles, we must
integrate over the phase-space of the particle a, weighted with its energy,

Qq —SfE Dpafppbppcppd@n) 8(pa+pp—pe—pd)fcfal+fo) Y IMP?.

spins

(4.31)
Many of the following results will prove simpler when written in terms of the Man-
delstam variables, that can be expressed in different ways

= —~(pa+ps)’ =my+ mb +2(papb)
=—(pc+pa)=mZ+ md +2(pepa) , (4.32a)
t=—(pa—pe)? =m2+m?—2papc)
=~(pa—pp)’ =m?+m?—2paps), (4.32Db)
u=—(pg—pa)?=m>+ mi —2(papa)
=~(pe—pp)’=mZ+m?—2p.pp), (4.32¢)
s+t+u:mi+m%+m%+m§, (4.32d)

where (papp) =npy ph pz is a scalar product of four-vectors. We can perform first the
integrals over a and b

Qu=S [ £:Dp. [ faDpa T

S 1
C c c E I :Z-. 4.
= 2o mcf( pedE, mdfd< DpadEa [ dzed (4.33)

where now p. and pg stand for the magnitude of the three-momentum and z.4 =
cos(f. +04). The easiest way to compute Z is to change to the center of mass (CM)
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frame, see Figure 4.2. Boosting to the CM we get?

IEfEaDpapob(lifb(Eb))(Zﬂ)45(pa+pb_pc_pd) Y M

spins

Ea d3 ::zm 3pcm
-/ P [ S (14 FoE)OBE™ + PIOEST + B~ V5) T LM

2ES™ (27)2 2E" spins
= ifl dzem(1 ifb(Eb))chE“e(f—ma -mp) Y. IM?, (4.34)
8mJ-1 \/E spins
where
— ,Cm _ _cm _ 1 \/2_2( 2+ 2) +( 2 _ 2)2 (435)
pcm—pa _pb _2\/5 S mg mbs mg mb ’ . a
1
Pem =P =Pg = 5= \/g\/ 2 =2(m2+m2)s +(m%-m2)? (4.35b)
1
E}" = 2—\/5(3 +m2-m?), (4.35¢)
1
E™ = 2—\/5(3 +m2-m3), (4.35d)
and the Mandelstam variables are
s=m2+m%+2E.Ey—2pcPdZed (4.36a)
t=m2+m2—2EE™ 4+ 2p oDl Zem 5 (4.36b)
u:m§+m%+m%+m§—s—t. (4.36¢)

After the collision we know how to relate the (a,b) quantities with the (¢,d) quan-
tities in the CM frame, but we need E, and E; so we must boost back to a general
frame

Ea :Y(Egm-'_pcmﬁcm) ’ (4373)
Ey=Y(EY —Pem Bem) (4.37b)

where the velocity of the CM in an arbitrary frame is given by

ﬁ :pc+pd
cm Ec+Ed’
B=1p I—\/l—;
ST (E.+Eq)?’
1 E.+E
Y= ——c”—d (4.38)

VI-B Vs
To sum up, we need to find cosO., and relate it with our integration variables (E.,
E g, zeq =cos(0. +04), zem = cos(0,, +Ocm)). We achieve this in two steps.

3
cm grem

S(ES +ES™ — \/5) = pa \/bg(s(pcm—pgm)e(\/g_ma_mb)
cm
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I) First we will calculate 0., in terms of E., E; and z.4.
II) Then, we will use zcy, to find cosBOcp,.

We can compute cosf,, from

=Y(ET + B Pem) = YE" + BDem €080y (4.39a)
Eq=yES B Pim) =YET - Bpem cosOy) (4.39b)

so we have L (B 1 z
cos6l = — (—£-E?n): , ( —d Ean). (4.40)

BPem BPem \ Y

Two cases of particular interest are:

e Ifm,=mgy,

E.-FE
cosOl, = — ,d : (4.41)
2PYPem
e Ifm.=0,
1( E
0. ==|—=-1]. 4.42
cosO,, ,B(YEﬁm ) ( )

4.3.2 External field process

Let us consider a 2 — 3 process where one of the particles in the initial and final
state is much heavier than the others. The heavy particle in this case ensures the
conservation of momentum without contributing significantly to the energy balance.
It can be effectively described as an external field (1 + EF — 2). The rate equation
in this case is

Qu = 1S f EoDpa f (1+ f»)Dps f f.Dp@mE.+Ey—E) Y IMP, (4.43)

spins

where ny, is the number density of heavy particles and | M| is the matrix element
for the process ¢+ EF — a +b.

4.3.3 Two-particle annihilation

The general formula for a process c+d — a is

Q, =S f E,Dp, f £.Dp. f faDpa@m)*6(pa—pe-pa) ¥ IM2.  (4.44)

spins

In this case, it is easier to integrate over p, in the CM frame

Sfchpcff Ve Y IMP
spins
__S (= > E, +Ed
- o), fepedke mdfdpddEd f dzeq S(ma—3) Y IME.

spins

(4.45)
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4.4 Plasma processes

4.4.1 Photon-photon annihilation

There is only one Feynman diagram contributing to the process

huv = —2ike®(k1)eP(Ro)Viuapl1, k2)e* * (k1 +ks) . (4.46)

This scattering amplitude verifies the Ward identity*
ESVimap = ko Viumap =0 . (4.47)

If both photons are on-shell it also verifies the equivalent identity for external gravi-
tons

(kl +k2)ﬂV(uv)aﬁ =0. (4.48)

Summing over initial and final spins, we can easily obtain the matrix element

Y IMP = 4k3SH YV o5V, WP = -8 (k1 k2)? = 24%s? (4.49)

. '
spins

Now we can plug it in our Boltzmann equation , with the appropiate Bose-Einstein
distributions and a symmetry factor S = 1/2 for identical particles in the initial
state, to compute the energy loss

2mAT3 foo wdw 2
0

— _ _ _m_zw
Qy= 2@2n)3 ew_llog(l e 4r ), (4.50)

where s = 2w.wg4(1-2z.q) is the center of mass energy and z.4 = cos(6.4) is the cosine
of the angle between the incident photons.

4.4.2 Gravi-Compton process

The Gravi-Compton process consists on four diagrams, see Figure 4.3. The matrix
element for the process is

iM = —ixeAyyae™ M (@)% (R) (4.51)

4In this case it is really an identity, steming fron the structure of Viuvyap and irrespective of
whether the particles are on-shell or not.
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Figure 4.3: Gravi-Compton process.

X

where

O _Puthku—qu/2

g —U———————5 ( +k_
e S e m2 e )Y ol
i 5E+p—q/2+2m )k +p—me)yau, (4.52a)
(k+p)2+m?2
a _ . Pu=qu/2 o
Auva =u (- q)2 N m% Ya(p—q—me)yvu
Y (p—g-mp-g/2+2m ), (4.52b)
(p—q)?+m3
2
AN = ——— 4y Vyypalg -k, B)u (4.52¢)
(g —Fk)
ALY =y unva —nuvya)u (4.52d)
1)) In (I1T) av)
A”V“ = 'A(pv)a + A(uv)a + ‘A(uv)a + A(uv)a : (4.52e)

The scattering amplitude, for particles on-shell, verifies

kY Auvae™ (@) =0, (4.53)
qu-A,uvaea(k) =0, (4.54)

where we have used the fact that the polarization tensor for photons satisfies k%¢, (k) =
0. The squared matrix element, summing over spins, is

Y IMP? = (xe)® SV Tr | Aa(p — mo) A

spins

a(pl _ me)

'y

= (xe)’F(s,1), (4.55)

where F(s,t) is a lengthy function of the Mandelstam variables s, ¢ and the masses
of the particles, that we will integrate numerically later on. The final result for the
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process y(c) + e(d) — e(b) + G(a) is

k2e? [ E.dE, [® dE 1 1
Qng: L - : Pd d /lezcdfildzcm(l_fF(Eb))

8(2m)5 efeT -1 Jp, eBa=T 41
nE
x P 0 /s —m—mo)F(s,t) . (4.56)
Vs

The different variables can be related to the integration variables as explained in
Section 4.3.1.

4.4.3 Electron-positron annihilation

The population of positrons is negligible in the Sun and in red giants. Processes
involving positrons will only be important in supernovae, where the electrons are
highly relativistic (m, < Tg) so we can safely set m, =~ 0. However, we will first
check the consistency of the scattering amplitudes for a finite m, and then set m, =
0 at the cross-section level. Two electron-positron processes are relevant. The first
process e e~ — G is equivalent to the photon-photon annihilation

\f(k1)

hyy = ‘gﬁ(kz)Wmv)(kl,—kz)u(kl)e*‘”(kl +kg).  (4.57)

f(k2)

We can check that if the electrons are on-shell
(k1 + ko) 0(k2)W)(k1,—ko)u(k1) =0 . (4.58)

The matrix element is easily computed

2
S 1M = Sy = ka)ulbs — ko) SY Y Te [y, (B = m )y (R + me)
spins

K2(2 4 4, 32 4) K2

2 (4.59)

s“t-mys——m,|=—s

3 ¢ 3 ¢ 2 7

In the last line we have used the fact that this process will only be relevant in
physical situations where m,/T = 0. The energy-loss rate is

K2m4T3f°° EdE
0

2
—m__ /T
5o eE+u/T+1log(1+e dET) b ), (460)

Qeel =
where u is the chemical potential for electrons. The second kind of electron-positron
annihilation involves a photon and a hidden graviton in the final state, Figure 4.4,
so it is also kinematically allowed in the massless limit. The amplitude and cross
section for this case can be adapted from the Compton process (4.55) using the
crossing symmetry

Y IMI? = (xe)®F(2,s) . (4.61)

spins
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Figure 4.4: Electron-positron annihilation.

4

In the limit m, — 0, the function F'(¢,s) takes a simple form

(m4 —2m2t+s2+2t(s + t)) (4t(s +8) —m2(s+ 4t))
(4.62)

F ~
(¢,5) st(s+t—m?2)

The final result for the process é(c) + e(d) — y(b) + G(a) is

x%e? [ E.dE, © EidE4 1 1
E,
x 2me o\ /s — m)F(t,5) . (4.63)
Vs

4.4.4 Gravi-bremsstrahlung

huv(q) J_/"Jj/
f(p) f("
i t 9{

Figure 4.5: Gravi-bremsstrahlung process.

For this process we can adapt the result (4.55). Now the photon is off-shell, see
Figure 4.5. It is a Coulomb field produced by a static heavy nucleus. In the exter-
nal field approximation, we must substitute the polarization vector ¢%(k) with the
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external Coulomb field A* = —n°%Ze/k?, k¥ = (0, q + p’ — p). We are also neglecting
the emission of hidden gravitons from the nucleus, since its contribution is strongly
suppressed by its large mass. The matrix element is

Ze2)? ' _
Z I./\/l|2 = %S“W vy A,qu(p + me)Ap’v’O(p’ +m,)
spins
= (kZe®Y’M(s,t,u), (4.64)

where M(s,t,u) is a lengthy, rational function of the Mandelstam variables and the
masses of the particles. In the end, the energy-loss rate for the process e(c) + EF —
e(b)+G(a)is

K2

64 o) 1 1
Qep=-——= Zon; dEdeCG(EC—Eb—m)f dzaf dzepppc(Ec—Ep)
427[) j Mme -1 -1

x\J(Ee—Ep)2 —m? fe(Bo)(1- frEp) Ms,t,u),  (4.65)

where we have summed over all the different nuclei present in the medium. If we
assume that the star only contains fully ionized hydrogen and helium,
Xijp _p
Zn; =272 1" - | (4.66)
; s ; TAim, my

where Z; is the atomic number of the element j, X; is the mass fraction, A; is the
atomic weight and m, is the atomic mass unit. This should be a fair approximation,
but it may underestimate the energy production in stars with appreciable metallic-

ity. The heaviest nuclei, even in small amounts, can contribute significantly to this
mechanism, for they also have higher charge Z.

4.4.5 Nucleon bremsstrahlung

As mentioned in the Section 4.1, most of the previous work on astrophysical con-
straints with massive gravitons was motivated by the ADD proposal [ADD98]. Shortly
after, these authors studied the phenomenological implications of the model in
[ADD99] and, using order-of-magnitude estimates, pointed out the relevance of two-
nucleon processes N + N — N + N + (G in supernovae.

Since then, considerable efforts have been devoted to detailed calculations of
this energy-loss mechanism. In [CP99] and [Bar+99] the authors adopted a deriva-
tive and a Yukawa coupling for the nucleon-pion interaction, respectively, and com-
puted the energy-loss rate relying on the one-pion-exchange approximation for the
nucleon-nucleon scattering.

An alternative approach was adopted in [Han+01], where the authors dropped
the one-pion-exchange approximation and used low-energy theorems to set bounds
in a nearly model-independent way. The main assumptions in this case were that
the emitted gravitons are soft and that the emission rate is dominated by two-body
collisions. In this soft limit, the energy of the hidden graviton is much smaller than
the other scales and it is possible to separate the details of the nucleon-nucleon scat-
tering from the emission process. This result allows to use the measured nucleon-
nucleon scattering cross-section and dramatically simplifies the calculations.
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Finally, it is worth mentioning the results obtained in [HR03], where the au-
thors derived some semiclassical formulas for the emission and absorption of hidden
gravitons in a nuclear medium, such as a supernova or a neutron star.

For this work, we will just quote the results of [Han+01] for a single hidden
graviton in a neutron gas (neutron-proton and proton-proton processes are sub-
dominant). The energy emitted, in a nuclear bremsstrahlung process in the form of
soft hidden gravitons, is

215/2G M9/2T13/2 00 1 ) ur—6 1
Qub =S il f du, f d(cos(8)) f dup f du), f d(cos®”)
o1 ) -1 0 0 -1

2w
ui/zullD/Zu/i/Qa2f[6/(ur - u'r)]flfg(l - f{)(l - fé)fo g—f sin? QchA(Qcm,QTu)|2 ’
(4.67)

where S = 1/4 is the symmetry factor in this case, M is the neutron mass, T is the
temperature of the neutron gas, = yT is the chemical potential and m = 2T is
the hidden graviton mass. Other definitions are

1

fi:e(ui_y—i)+1 , ui2=up+u,+2/upu,cosf, (4.68a)
fi,:e(u;—y++1 ) uyg=up+u,+2\/upujcosb’, (4.68b)
a=,+u.)2, (4.68¢)
fal=V1-a2 (i—z + %aﬂ + §x4) , (4.684)
c080cm = cosfcosf’ +sinfsinf’ cos . (4.68e)

Moreover, in the region of interest there is a weak dependence of the neutron-
neutron scattering cross-section on the angle and the energy, so we can use the
approximate result
M2| .A|2
32n
The formula (4.67) is strictly valid only when the emitted hidden gravitons are

~gp=25mb. (4.69)

_9 o
soft (F <« pM - % <« 1). In particular, it is not valid in our whole range of

masses. It works urp to m ~ 100 MeV, but for these high masses the phase-space
effects dominate the energy loss, so the results should not be significantly modified.

4.5 Astrophysical constraints

Stellar objects offer unique opportunities to study the behaviour of Nature under
extreme conditions of temperature and density. They can be used as laboratories
to constrain the properties of known particles, like neutrinos, or hypothetical new
fields, like axions. The methods used to study new light particles with stars have
been reviewed in Section 1.4.

In this section, we will apply the preceeding results and the energy-loss argu-
ment of Section 1.4 to hidden gravitons. The relevant quantity for these constraints
is the emissivity

€=~ (4.70)
0
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i.e. the energy emitted per unit of mass. For each process (4.50, 4.56, 4.60, 4.63,
4.65, 4.67) under different medium conditions, relevant for the Sun (1.19), red gi-
ants (1.21) and supernovae (1.23) we can apply the relevant restrictions. The main
results are collected in Figure 4.6.
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Figure 4.6: Constraints coming from the processes considered under different astro-
physical conditions, along with the combined bounds for each object. The shadowed
region is excluded. In the supernova case, as there is uncertainty about its temper-
ature, we plot the results for two different temperatures. For the final limits we will
use the more conservative estimate of 7' = 40 MeV.

Some authors have derived semiclassical formulas for the emission of soft par-
ticles from stars, and applied them to the case of standard massless gravitons.
These formulas can be used to check the order of magnitude of our computations,
by comparing them with our results for very low masses (where the energy loss
reaches a plateau). The first one was derived in [Wei65] and applies to our gravi-
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bremsstrahlung process

32 4
€= FG(ST)mme_Uan— ~4525x10" T erggls!, (Sun) (4.71)
P

that compares to our result ~9.60 x 10717 erg g~ s~1. The other formula derived in
[HRO3] applies to the nuclear bremsstrahlung process

_512log2

€=~ 55 GoopT™* M =4.96x 107 ergg™ 5™, (SN, T=40 MeV) (4.72)
3

while our result is ~ 1.35 x 102 erg g~! s™1. Both results show a good agreement.

We can combine these bounds with the ones obtained from fifth-forces, as shown
in Figure 4.7. These astrophysical bounds complement the fifth-force constraints
and are orders of magnitude more competitive than other restrictions in the same
range of masses, like tests on atomic systems [MT15].

A [m]
10713 107° 1075 107! 103 107 10t
1 1 1 1 1 1 1
1021 4 L 1022
1017 4 L 1020
1013 4 L 1018
10° - L 10165
o 1005
& g
10° L 1014
101 4 L 102
1072 4 L 1010
Fifth-force tests
Sun
-7
10 Red Giants 108
—— SN1987A (T'=40 MeV)

10720 10716 10712 1078 1074 10° 10* 108

Figure 4.7: Constraints on the hidden-graviton mass and coupling G, relative to
the standard-graviton coupling. The shadowed region is excluded by fifth-force tests
and energy-loss restrictions, derived in this work. The two additional axes repre-
sent the distance scale A = 1/m and the energy scale M, = 1/1/8nGy,.
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Repulsive Fuzzy Dark Matter

A second way to modify the standard dark sector is to go beyond the simplest
dark energy or dark matter models. In this context, we consider a model where
dark matter is ultralight and self-interacting: repulsive fuzzy dark matter. In Sec-
tion 5.1, we start discussing the relevance of fuzzy dark matter (FDM) for astro-
physics and cosmology. We introduce our model, and all the relevant equations to
follow its evolution through different regimes, in Section 5.2. Finally, in Section 5.3
we determine its cosmological evolution and compare it with CMB and LSS data,
constraining the mass and self-interaction strength of this new candidate.

5.1 FDM and coherent cosmological fields

5.1.1 Astrophysical behaviour

The challenges that ACDM faces at small scales have prompted the search for alter-
native models of dark matter. One of them, that has grown to be extremely popular
in recent years, is fuzzy dark matter (FDM). It was initially proposed in [HBGO00]
that if the mass of the dark matter particles were ultralight (m ~ 10722 eV), their
Compton wavelength (m 1) would reach astrophysical scales. In this way the core-
cusp problem, see Section 1.3, is neatly solved: the wave nature of particles on
the smallest scales makes them impossible to localize, preventing the formation of
cusps.
The usual approach to describe FDM is to start with a real scalar field!

O¢ =m2¢p , (5.1)

that will act as dark matter. In an astrophysical setting it is common to neglect the
expansion of the Universe and work in the Newtonian limit. Expressing the real
scalar field ¢ in terms of a complex scalar [Hui+17]

1 —imt * _imt
=——|yve +ye , (5.2)
b= (ve ey )
and working in the non-relativistic limit, || < m|y/|, we arrive at
.. 1 _,
iW=|-—V'+md|y, (5.3a)
2m
V20 = 471Gp , (5.3b)

I There was some debate in the early literature about whether ultralight scalar fields (produced
through a misalignment mechanism) could be regarded as Bose-Einstein condensates and modelled
as classical fields. This debate seems to be settled, see e.g. [SY09; Dav15; GHP15], and the classical-
field picture is widely regarded as an appropiate description.
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that is known as the Schrodinger-Poisson system. The eigenvalues of the time-
independent version of (5.3) can be found for spherically symmetric configurations
[Hui+17]. The ground state gives rise to the so-called solitonic core.

The first N-body simulation, taking (5.3) as the starting point, was performed
in 2014 [SCB14]. The authors showed that the wave-like properties of this DM
candidate lead to the formation of cores, obtaining the best fit to real galaxies for a
mass of about m ~ 10722 eV.

It is common to perform a Madelung transformation

w=.]Lel (5.4a)
m
1
v=—Vo, (5.4b)

obtaining two first-order differential equations for p and v, equivalent to the con-
tinuity and Euler equations. Performing this change of variables, a new “quantum
pressure” term appears in the Euler equation [Hui+17]. The advantage of this ap-
proach is that standard hydrodynamical N-body codes can be adapted to FDM just
by adding the new source of pressure [Zha+18; NB18; LHB19].

The equivalence between the Schrodinger-Poisson (FDM) and Vlasov-Poisson
(CDM) systems has been thoroughly studied in the literature for different dynam-
ical configurations [KVS17; Moc+18]. Interestingly enough, prior to the FDM pro-
posal, the Schodinger-Poisson system (5.3) was explored as an alternative way to
simulate CDM [WK93].

5.1.2 Cosmological behaviour

The present cosmological observations strongly favour a CDM-like behaviour for
dark matter. As we will show now, FDM behaves as a rapidly oscillating coherent
scalar field, thus recovering a CDM behaviour on cosmological scales.

In his groundbreaking work [Tur83], Turner analyzed a homogeneous oscillat-
ing scalar field in an expanding universe

G+2HP+a?V'(9)=0. (5.5)
For a simple massive field we have
G+2HP+m2a’p=0. (5.6)

This is just the equation for a damped harmonic oscillator with time-varying coeffi-
cients. In the regime where the time scale of variation of these coefficients, (9(7—[_1),
is larger than the time scale of the system, O((ma)_Z), i.e. H/m < 1, it is possible
to find a WKB solution

(p—ﬂcos(fmadr)+(’)(5) : (5.7)
m

ad/2

The energy density and pressure, that can be obtained from (2.30), for this field are
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o= 1mz(/)ga_3 + O(Ii) , (5.8a)
2 m
P= —%m2¢(2)a_3 cos (2fma dr) + C’)(%—I) . (5.8b)

Since the field oscillates with a frequency much larger than the expansion rate,
the Einstein equations can be approximately solved using an averaged energy-
momentum tensor

G =8nG (TW> , (5.9)
where
1 t+T/2
(Tu) (@) = T ft s T, (t)dt', (5.10)

and w ! <« T <« H!, where w is the effective frequency of the field (w = ma in
the massive case). The averaging error introduced by this procedure is O(HT)
[CMN16]. The effective equation of state is

(P)

w—@—

It behaves as CDM at the background level. In the original reference [Tur83],
Turner further shows that, for a power-law potential V(¢) x ¢",

n—2 O(H) .

ool o0

m

w=——+ (5.12)

n+2 w

This result, and more general ones, can be obtained from a version of the virial
theorem [JK08; CMN16].

After Turner’s pioneering work, ultralight scalar fields have been thoroughly
studied at the perturbation level [JK08; HN09; PHN12; Hlo+15; CMN16], prov-
ing that the same conclusion holds. Perturbations of coherent oscillating scalar
fields admit an effective fluid description with an effective sound speed nearly zero,
like CDM. The main cosmological signature of these models is the supression of
growth at small scales. Below some Jeans scale k;l the modes do not grow ap-
preciably, translating into a cut-off in the matter power spectrum [Hlo+15]. Addi-
tionally, there are important effects in the CMB temperature, lensing and polar-
ization spectra. These effects were analyzed in [Hlo+17; HMG18] using the pub-
licly available code AXIONCAMB. Although the work on ultralight fields has been
mainly concerned with scalar fields, there are recent results on higher spin fields. It
has been shown that abelian vectors at the background [Cem+12] and perturbation
level [CMN17], non-abelian vectors [CMN13] and arbitrary-spin fields [CMN14] be-
have in a similar way. Interestingly, the results of [CMN14] show that it is possible
to achieve an isotropic model of higher-spin dark matter as long as it is rapidly
oscillating.

5.1.3 Axion-like particles

These ideas have been applied to the axion, a particularly well-motivated DM candi-
date. The standard QCD axion was initially proposed to solve the strong CP prob-
lem [PQ77; Wil78; Wei78] in particle physics. Likewise, the appereance of many
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light scalar fields seems to be a generic feature of different string-theory scenar-
i0os. Some of these fields have a similar origin as the QCD axion, arising from the
breaking of an approximate shift symmetry, and are usually known as axion-like
particles (ALPs) or ultralight axions (ULAs) [Mar16; Hui+17]. ALPs present simi-
lar periodic potentials but with a mass much smaller than the QCD axion that could
lie in the range of ultralight fields m ~ 10722 eV. While behaving like FDM, ALPs
have a rich phenomenology based on their presumed interaction with matter. Aside
from the standard searches for axions, there is a wealth of dedicated searches and
projected experiments on the lookout for ultralight axions. These include studies
of the neutral hydrogen distribution in the Universe [Sar+16; Kob+17], laboratory
constraints based on nuclear interactions [Abe+17], variation of fundamental con-
stants [SF15; SF'16], astrophysical bounds [Ban+17; HSB18; Con+18], gravitational
wave searches [Bri+17b; Bri+17a] and analysis of CMB spectral distortions [SSD17;
DW17].

5.2 Repulsive FDM

The simplest model of fuzzy dark matter only involves a mass term in the potential.
To extend the model one could add new couplings to matter or introduce a more
complex potential. The axion model that we discussed in Section 5.1.3 explores
both possibilities. Not only does the axion couple directly to photons, but it also
has a non-trivial potential that introduces corrections over the mass term in FDM.
These corrections arise, to first order, as quartic corrections in the potential with the
opposite sign of the mass term, i.e. attractive self-interactions. The consequences
of these self-interactions, as well as the effect of the full axion potential, have been
studied and the impact on the linear power spectrum seems to be negligible [UG16;
CGU17]. Beyond linear theory, it seems that self-interactions could play a role in
the formation of non-linear structures [DKR18].

Another possibility involves introducing a positive quartic correction, i.e. repul-
sive self-interactions. It is more difficult to find particle-physics models in this case
[Fan16], but the model is nonetheless well motivated as the simplest modification
leading to a stable potential. This modification has been previously analyzed in
some works [KMZ85; Goo00; LRS14; SC17; DLO17; LSR17]. The additional source
of pressure from the repulsive self-interactions helps to solve the core-cusp problem
with larger masses [Fan16]. Additionaly, unlike the axion case, it could explain the
formation of vortices in galaxies [RS12].

In this section we will study a FDM model with an additional quartic self-
interaction. We first derive in Section 5.2.1 the equations describing a cosmological
scalar field, both at the background and perturbation level. We will explore a region
of the parameter space where the field will behave as a rapidly oscillating coherent
field. The exact evolution equations can then be substituted by an approximate
scheme where we follow only the behaviour of average quantities. This procedure
is outlined in Section 5.2.2. This way we will gain physical insight while obtaining
a set of equations suitable for a numerical implementation. We conclude in Section
5.2.3 with some analytical estimates that allow us to infer observational constraints
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on our parameters without solving the evolution. These preliminary limits will be
contrasted with the full numerical results in Section 5.3.

5.2.1 Exact description

Let us assume a scalar field with Lagrangian
1
L= 5gﬂV6#¢av¢ -V(g), (5.13)
and potential
1 1
V(p) = §m2¢2 + ZM)‘* , (5.14)

in a homogeneous and isotropic universe with a flat Robertson-Walker metric in
conformal time (3.1). The equation of motion for a homogeneous scalar field in this
background is

b+2Hp+aV'()=0. (5.15)
The components of the energy-momentum tensor are
0 0 ‘ ‘
T Oz_p, T i :0, TLJ:6LJP 9 (5.16)

where the density and pressure are

_ 1 .
o= 2a2(p +V(p), (5.17)
_ 1o
P= 2a2¢ V(p). (5.18)
We choose initial conditions
$=do, (5.19)
$=0. (5.20)

The value ¢¢ will be chosen to match the desired energy density py today. Sec-
tion 5.3.1 contains more details about how this matching is performed. These are
the usual initial conditions when the axion-like particles are produced through a
misalignment mechanism [DM17] and the field starts its evolution frozen. It is
important to note that the choice of initial conditions has a deep impact in the sub-
sequent evolution. In [LRS14], the authors considered a case similar to ours, but
with an initial velocity ¢ # 0. In this case, there is an initial phase of stiff-matter
(w = 1) domination, absent in our case, constrained to be short enough not to spoil
BBN.

Next, we study perturbations over this background solution. The metric per-
turbations are parameterized according to the general form (3.33) or to the scalar-
vector-tensor version (3.126). The equation of motion for the scalar field perturba-
tion is

8¢ +2HEP + (k% +a*V" () ¢ = —% (A —2ik'B; +Hil.) d+a’AV'(¢)
=(V+30-k*(B-E))p-2a°YV'(p).  (5.21)
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The components of the perturbed energy-momentum tensor are

1,

8T = ~— (66§ —¥¢?) - V'6¢=~3p , (5.22a)
a

6T, = —1a—§</>5</> =0Q; , (5.22b)

OT'; = — (p64—W*)6' ;= V'6¢5"; = 6PF', . (5.220)

Notice that there is no anisotropic stress and that only scalar metric perturbations
appear. It will be convenient to work in the synchronous gauge (3.162), in which
case

8¢ +2HEP + (k% +a*V")5¢p = %iu/} , (5.23)
and
5p = a—12¢5¢ +V'5¢, (5.24)
1...
6P = pq)&p— V6o, (5.25)
2
(p+P)0=ik'6Q; = %dxsgb . (5.26)

Instead of solving the field equation (5.23), we will pursue the fluid analogy further
and rewrite the system using the continuity and Euler equations. We introduce an
alternative velocity variable

1+ ik'6Q;
Wy 1k0Qi (5.27)
k p
that is numerically more stable when w = —1. In absence of anisotropic stress
(0 =0), the conservation equations (D.64) and (D.68) for a generic fluid in the syn-

chronous gauge are

u

. 1 .
5+3H(c§—w)6+ku+§(1+w)h:o, (5.282)
i+ H(1-3wu—kc25=0. (5.28b)
We need to find w and cg to close the system. The equation of state is just

P ¢*-2a*V(¢)

w=—=-1 ) (5.29)
P Pp?+2a2V(p)
It can be used to compute the adiabatic sound speed
P ' 2a%V’
cﬁd =—= d ¢ (5.30)

b VT3 HATw 3 HG

where we have used the background equation of motion (5.15). The sound speed in
the synchronous gauge is>

2=1+3H(1- cid)k% . (5.31)

2This result can be obtained directly using the expressions for § and u in terms of ¢ and 5¢. It
is also possible to compute the sound speed in the comoving gauge, where 6¢ = 0 and cg =1, and
then transform it back to the synchronous gauge.
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The final equations of motion are

u 1

§=-3H1A-w)d—ku-9H*(1-c2)) - 5(1+w)k, (5.32a)
i=2Hu+k5+3(w-c2) Hu . (5.32b)

Following the analysis of [Hlo+15] we provide intial conditions for the system
§=0+0((k)*Y), (5.33)
u=0+0(kr)*) . (5.34)

The overall evolution can be summarized as follows. The scalar field starts its evolu-
tion frozen in a value ¢ with an equation of state w = —1. As the Universe expands,
the field starts rolling down the potential. When it reaches the minimum, a phase
of fast oscillations sets in. This phase takes place when the effective frequency of
the field, weer ~ \/VT((/)), becomes larger than the expansion rate, 7.

On the numerical side, this wide separation of scales turns the problem in-
tractable. It becomes prohibitely expensive to compute the exact evolution of the
field, following every oscillation. This problem could be ameliorated choosing a
different set of dynamical variables but, instead of trying to find a clever field re-
definition, we will implement an entirely different strategy in the next section.

5.2.2 Averaged description

The averaged effective description that we described in Section 5.1.2 will be ex-
tended now to encompass our potential (5.14). The massive case (1 = 0) is par-
ticularly simple and the equation of motion (5.15) can be solved through a WKB
expansion. Thanks to this adiabatic expansion in the parameter H/ma, the aver-
ages can be performed explicitly, isolating the rapidly oscillating contributions and
integrating by parts. This procedure for the massive case is discussed in [CMN16].
We are interested in anharmonic corrections to the mass term. Our first goal is
to find the leading order correction in A to the effective equation of state (5.11). We
can start assuming that the WKB expansion (5.7) still holds to lowest order in A

P(1) = %cos (f ma(t')dr ) + (9( i ) (5.35)
ma

With this WKB expression, to lowest order in A, we have

1y 2 3162V (4? i)
(97) =5 (@) () +O-— ], (5.36)
H
2
(py=m*(¢?*)+ 0O ma) : (5.37)
so the first anharmonic correction to the equation of state is
31

In this effective description, the background evolution of the field is described through
its density and its effective equation of state, using the conservation equation

0:(p)=-3H1+w){p) . (5.39)
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For the equation of state w, when solving numerically the evolution, we will use the

formula
31
g (P)

1+9—A<> ) (5.40)
8m4 \P

w =

that smoothly interpolates between the radiation-like w = 1/3 and matter-like w =
0 behaviour whenever the quartic or the quadratic part dominates®. The same
technique can be applied to the perturbed fluid variables, obtaining the same results
as in (5.28)

§=3H (w—cf)é—ku—%(1+w)fz, (5.41a)
i=-HA-whu+kc3s, (5.41b)

but where now & = (§p)/(p) and u =ik’ (6Q;)/{p) are defined with respect to the
averaged energy-momentum tensor. To complete the system, there only remains to
compute the effective sound speed

2 6P
> (6p)

In contrast with the adiabatic sound speed, c2 is gauge-dependent. However, as
we will show now, the gauge ambiguities remain of order O(H/wegr) so our effec-
tive sound speed turns out to be gauge-independent. In fact, identical expressions
have previously been obtained working in the comoving gauge [LRS14] and in the
Newtonian gauge [CMN16]. To leading order we have

(5.42)

(0:(pSPp+ PpSh))y =0+ O( #

Weff

) , (5.43)

Then, using (5.21) and (5.43) we can obtain the result

(p5¢p) = % (@®V'5¢+ (k2 +a®V")pdp) + W (a®*V ) + O (wH ) : (5.44)
eff
and finally compute the effective sound speed for a generic gauge
o (V'8¢ +((kIa)* +V"pop -2V '6¢) — 2V ($p*/a® - V') H ) (5.45)
€= (VI8d+(Rla)2 +V")pdp +2V'5¢p) — 2W ($2/a? - V') Weff '
_ {((Rla? +V")pbp-V'6¢) H ) (5.46)
{((Rla)2 + V"5 +3V'5¢) weft) '

As we anticipated, the gauge ambiguities in the metric perturbations remain of or-
der O(H/wesp), so the final expression holds in any gauge. Moreover, it can be rewrit-
ten in a manifestly gauge-invariant form substituting d¢ by its gauge-invariant

3Remember the result (5.12). The scalar field behaves (effectively) as radiation when the quartic
field dominates.
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perturbation®
8o =6+ PB-E), (5.47)

and using the relations

(V') =(0,(V)) = 0+(9( # ) : (5.48)
Weff
(V'pp) = (0. (V")) == (V') + O ( L ) =0+0 ( # ) : (5.49)
Weff Weff
we obtain
2 " R vdi
2= ((R/a)? + V") PSP — V'6per) H ) . (5.50)
{(R/a)2+V")pSPe; +3V'E¢pe;) Wefr

This expression agrees with the result obtained in [CMN16] working in the Newto-
nian gauge, so the same conclusions apply. In particular, a generic feature of this
kind of models is a suppression of growth cg =~ 1 for small scales & > wegr. In the
case of a power-law potential V(¢) «x ¢", for large scales £ < wesr we have

9 n—2
S n+2

c

7—[).

Weff

(5.51)

For a harmonic potential n = 2, the zero-order term drops out and we must calculate
the first-order corrections in k. Our potential of interest is a polynomial V(¢) =
%m2¢2 + %(,b‘l, i.e. a mass term plus an anharmonic correction, in this case we have
[CMN16]

$ 4m2aq2 4 m?
where p is the energy density of the scalar field and the anharmonic correction is
assumed to be small. In our numerical solution we will use an effective sound speed

(k)2 31
_+__
2

c 0, (5.52)

p
2ma 4 m4
c?= T o (5.53)
1+|—| +=—=
2ma) 4m4}O

suggested by the form of (5.46) and that smoothly interpolates between all the
regimes of interest.

4Using the definition of 6Q; (5.22b) and its gauge transformation properties (3.155b) it is easy to
deduce the gauge transformation properties for ¢

ASp=Tdo .

One could obtain the same result making use of the fact that ¢ transforms as a scalar. From (3.159),
we know that A(B — E) = —T and then

8¢ =0¢+pB-E),

is gauge invariant, i.e. Ad¢g =0.
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5.2.3 Heuristic analysis

In this section we will discuss the simplest limits that constrain the model and the
region of parameter space where we expect observable signatures. With this objec-
tive in mind, let us assume a simple cosmology composed of radiation, cosmological
constant and our scalar field playing the role of dark matter

H? = a?H2 (Qp(@) + Qraga ™ +Qy) . (5.54)

* Limits on A from background evolution. The position of the peaks in the CMB
temperature spectrum, especially the first one, is very sensitive to the amount
of matter and the redshift of equality zeq. We can assume that to have a
viable model of dark matter this quantities remain essentially the same as in
ACDM. In this case, to have a dark matter behaviour that resemble CDM, the
anharmonic corrections at this time should be small

31
I1>w= gmp(p(aeq) . (555)
This imposes an upper limit on A, namely
8 4
<o (5.56)
3 p(p(aeq)

excluding the orange region in Figure 5.1.

e Limits on m from perturbation evolution. If A is small enough, the background
evolution of the effective fluid is identical to CDM. In this case, we can obtain
limits from the behaviour of the perturbations. From (5.41a) and (5.41b) it
can be seen that if we neglect the expansion rate, c2k? > 1?2, density pertur-
bations evolve according to

5=—ck%5 . (5.57)

producing an oscillatory behaviour instead of the standard growth. To avoid
a clear disagreement with observations, the effect of a non-negligible sound
speed must be small

k% < H?. (5.58)
Translating into a lower bound for the allowed masses
k2
> . 5.59
™ %aH ( )

As before, we assume that z¢q corresponds to the standard value and we ap-
ply the condition (5.59) at this redshift, that will give us the most conserva-
tive limit. For the wavenumber, we choose & = 0.2 Mpc™!, the highest mode
observed in LSS at the linear level. The constraint is

m>10"26 eV, (5.60)

excluding the blue region in Figure 5.1.
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* Observable effects of anharmonic corrections. Finally, there is a region in the
parameter space that we cannot yet exclude and where the effects of anhar-
monic corrections to the sound speed may be important. At late times, repul-
sive FDM has a small but finite sound speed

s k2 32
S

i ———4+——"py,
4m2q? 4m4p¢

(5.61)

as compared with ¢Z = 0 for standard CDM. This finite sound speed leads
to a characteristic supression in the matter power spectrum. If we want to
observe the effects of A, we must impose that the second term dominates over
the harmonic contribution, yielding an upper bound

k2m?2

A> .
3ppa’

(5.62)

This corresponds to a region where effects of the anharmonic correction to the
sound speed are to be expected, but that we cannot exclude right away.

An additional result that can be obtained from (5.58) is the Jeans wavenumber
2y =H>. (5.63)

Sub-Hubble modes below this Jeans wavenumber, k£ < &k, grow while modes with
k >k are suppressed. In the massive case with A =0 we obtain

k% =2aHm . (5.64)

Now, since we have seen that the quartic correction affects the sound speed, it will
also affect the Jeans scale. It is natural to ask what combination of parameters
(m, A) can have a similar impact on structure formation as the case (12, A = 0).
To this end, we look for the combination that gives the same Jeans scale at the
matter-radiation equality. Since its scaling in time is not significantly modified,
this simple estimate should capture the essential features of structure formation in
both models. Equating both sound speeds and inserting the result (5.64) we have
an estimate for 1

=~ 3 2 o
_ ~100 (__ ™ 1-r =m
A=4.96x10 (10‘24eV) ( 5 ) r==. (5.65)

This simple result suggests for instance that, at the linear level, structure formation
should be similar in the models (772 = 10726 ¢V, 1 = 0) and (m = 10724 eV, 1 = 4.96 x
10798), a result that we will check with the full numerical solution. This estimate
is represented in Figure 5.1 for two different masses .

After discussing some approximate bounds on our model and its physical origin,
we will devote the next section to the full numerical solution.
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Figure 5.1: Different heuristic bounds. Orange region corresponds to the
parameter-space excluded for the effects of A on the background evolution. In the
blue region, the effect of a non-negligible sound speed results in a strong disagree-
ment with observations, hence it is excluded. The green curves represent (5.65) for

two different masses. According to the argument in the main text, points along each
curve should give similar structure-formation results.

5.3 Cosmological evolution and constraints

5.3.1 Numerical implementation

We modify the publicly available Boltzmann code CLASS [BLT11] and include this
ultralight scalar field as a new species, that will assume the role of dark matter.

Now, we summarize the key changes in the code and the evolution scheme chosen
for the scalar field.

¢ At the background level, we start solving the equation (5.15) with initial con-
ditions ¢ = 0 and ¢ = ¢»9. The initial value ¢ is chosen internally with a built-
in shooting algorithm such as to match the required energy density Q(today).
As a technical aside, it is critical to start with a sensible initial guess for ¢y,
so that the shooting algorithm converges quickly. In [Hlo+15] the authors pro-
vide analytical formulae for the initial guess in the harmonic case, that works
as well if the anharmonic corrections are small. If the quadratic and quartic
terms are comparable it is more difficult to find analytical expressions that
fit our purposes. In our case, we precompute an interpolation table for differ-
ent values of m, A and ¢ yielding some value Q4(m,A,¢o). We only compute
a coarse table, so that we still use the shooting algorithm to adjust ¢y and
achieve the desired precision in Q.

Another technical point involves the choice of the initial condition for ¢. Since
CLASS starts the integration at a finite ajn; = 10714, it is not strictly valid to
set ((aini) = 0. The proper way to account for this finite initial time is to use
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the slow-roll approximation to obtain the analytic evolution at early times

_ ddVigo)

mi
3H)
However, we have checked that, in practice, evolution starts early enough to
be equivalent to use (b(aini) = 0. As long as the field starts in the slow-roll
regime, the results are not significantly modified by the initial choice of ¢.

(5.66)

With the initial conditions provided, the field starts its evolution frozen, slowly
rolling down the potential until its natural frequency term in (5.15) dominates
and it undergoes rapid oscillations. In this case it is computationally expen-
sive to follow every oscillation so we turn to the averaged equations when

VV7($) > 3H.

In the averaged regime, we solve (5.39), matching continuously with the solu-
tion in the exact regime, and compute the pressure using the effective equa-
tion of state (5.40).

¢ At the perturbation level, we first solve (5.28) with adiabatic initial conditions
0 =u =0. For each mode £ we start the integration early enough to ensure
that we start well within the exact regime, \/\T(gb) <« 3H. In the averaged
regime, \/V"(¢) > 3H, we solve (5.41) with the sound speed given by (5.53).

Some results for the temperature and matter power spectra are shown in Figures
5.2 and 5.3. They show the impact of different choices of m and A, while the other
cosmological parameters are fixed to their Planck [Ade+16a] best-fit values. As
anticipated, the main cosmological signature is the appearance of a cut-off in the
matter power spectrum. This cut-off has already been discussed in the harmonic
case [Hlo+15]. In our case, we see that the anharmonic terms produce a similar
effect.

—— ACDM

8 m=10"24 eV, 1= 107102
m=10"2* eV, 1=10"100

— m=102eV,1=10"%
m=10"2 eV, 1=10"

(¢ +1)2m)C,
(¢ +1)2m)C,

250 500 750 1000 1250 1500 1750 2000 250 500 750 1000 1250 1500 1750 2000
l l

Figure 5.2: Temperature power spectrum. (Left) Results for a massive scalar field
without self-interaction. (Right) Results for different self-interaction strengths for
a mass that is indistinguishable from CDM with A = 0.

5.3.2 Physical effects

The main physical effect responsible for the appearance of a cut-off in the matter
power spectrum has already been discussed. In the averaged regime, the scalar field
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Figure 5.3: Matter power spectrum. (Left) Results for a massive scalar field without

self-interaction. (Right) Results for different self-interaction strengths for a mass
that is indistinguishable from CDM with A = 0.

that supplies the dark matter component behaves like a fluid with a non-negligible
sound speed. On small scales, above a certain Jeans scale k., the density perturba-
tions oscillate and the growth is suppressed. This effect is illustrated in the Figure
5.4 for modes above and below k.

m=10"%"eV, 1=0 m=10"2eV, 1 =107

|5¢(k11)|
|5¢(k11)|

9] -
10774~ k=1Mpc !

-8 )
10 / —— k=0.1 Mpc! —— k=0.1 Mpc!

/ k=10"* Mpc™! k=10"* Mpc™?

10710 10712
107° 1074 1072 1072 1071 1076 107° 1074 1072 1072 1071
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Figure 5.4: Evolution in time of the dark matter transfer functions compared to the
standard ACDM evolution, represented by dotted lines, with Jeans scale at equality
kg(zeq) =0.03 Mpc~! and kg(zeq) =0.11 Mpc ! respectively.

In the case of the CMB temperature power spectrum, it is far more difficult to
disentangle the physical effect responsible for each feature. We split the effects
in two categories, those coming from the modified background evolution and those
coming from the perturbations. Furthermore, we will refer to two extreme cases
(m=10"27, 1 =0) and (m = 10724, 1 = 107%7) as m-case and A-case respectively.
To gain some insight into the CMB spectrum structure, we will rely on simplified,
analytical estimates [HS96b; Wei08; Les13], and work in the Newtonian gauge. In
particular, we will analyze the evolution of the background and the perturbations.
The thermodynamic part of the evolution, i.e. redshift of recombination and decou-
pling, is not appreciably modified since it takes place well after equality, when the
scalar field closely resembles CDM.
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Background evolution

The modified equation of state (5.40) changes the background evolution, modifying
in particular the redshift of matter-radiation equality z¢q and in general the expan-
sion history a(r). In the m-case, the field transitions directly from the frozen phase
with w = —1 to a matter-like phase, while in the A-case there is an intermediate
radiation-like phase. There are two key effects.

* First peak position. The position £peak of the first peak in the CMB spectrum

can be estimated as
nor sldec

Opeak = —— = , (5.67)
pea tﬂpeak dA|dec
where the angular diameter da distance is defined as
7o
dA|dec = dr , (5.68)

Tdec

I'sldec 18 the sound horizon of the photon-baryon plasma evaluated at decou-

pling .
T'sldec :[) Csy dr N (5.69)
and the sound speed for the baryon-photon plasma is
1 3pb
2
= o o R=—. 5.70
“rT3(1+R) 4p, (5.70)

The angular diameter distance is almost unaffected but the sound horizon is
slightly modified. Compared to ACDM we obtain relative deviations on £peak
of about +2%, shift to the left, in the m-case and —0.7%, shift to the right, in
the A-case. Both are compatible with the tiny deviations observed in Figure

5.2.
* Damping envelope. Another physical scale that is modified is the diffusion
length®
Tdec dT 172
ADldec = (_f _) P (5.71)
0o K
The diffusion length governs the damping envelope, e~ (*/¢ D)Z, through the re-
lation ol
T Dldec
D=—=—". (5.72)
12) dAldec

For a reference multipole ¢ = 820, corresponding to the third acoustic peak,
in the A-case we obtain a modified damping envelope that produces an en-
hancement of 6% compared to ACDM, that can explain the overall increase of
power in Figure 5.2. For the m-case, we obtain the puzzling result of a sup-
pression of 0.7%, in clear disagreement with the observed effect. However, we
will shortly see how a novel effect in the perturbation evolution can account
for this overall amplification.

5This is an approximate expression that fit our purposes. For a more accurate estimation see
[Ade+14a].
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Perturbation evolution

In the tightly coupled regime, the photon density fluctuation (in the Newtonian
gauge) evolves according to

. R . 4k2 4R . .

Sy +——=08,+k%c2 5, =——W+——D+40 . 5.73

YTIARYT ST T VTR (5.73)
In the standard scenario, ignoring slow changes in R, ® and ¥ from the expansion,
we have
k2

. 2 9

This produces an oscillatory pattern with frequency w = kcsy and zero-point dis-
placed by an amount —4(1 + R)¥. The main part of the temperature Sachs-Wolfe
effect comes from the contribution |5,/4 + W|2|4ec, remember (3.236), so the dis-
placement of the zero-point of the oscillations gives the characteristic asymmetry
between odd and even peaks in the CMB temperature spectrum. Our modified
dark matter model produces two interrelated effects: oscillation and suppression of
growth at small scales.

o FEffects of suppression of growth at small scales. The suppression of dark mat-
ter density perturbations at small scales also suppresses the gravitational
wells V¥, shifting the zero-point of the oscillation back to zero. This effect,
alone, reduces the asymmetry among the peaks, decreasing the odd and in-
creasing the even peaks. This explains the characteristic enhancement of the
second peak with respect to the third one in Figure 5.2.

* Effects of oscillatory behaviour. There only remains to explain one effect: the
striking gain in peak amplitude in the m-case. According to the modifica-
tion in the damping envelope, the peaks should be slightly suppressed and
their enhancement is actually related to a resonance effect. In the standard
scenario, the term W behaves like a constant external force, shifting the equi-
librium position of the photon oscillations. In our case, it is not constant any-
more, but oscillates with a frequency kcg given by the sound speed of the dark
matter perturbations (5.53). These two frequencies, kcs and kcs,, are compa-
rable for a range of k& values, as shown in Figure 5.5, producing a resonant
effect that increases the height of the peaks, as shown in Figure 5.6.

Moreover, since according to (5.53) the scale of the crossover in Figure 5.5
evolves « a, as we go from decoupling back in time it moves to smaller 2. That
is to say, although the crossover at decoupling is located around % = 0.1 Mpc ™!,
smaller £ have also fulfilled the resonance condition at earlier times, so they
have also been amplified.

5.3.3 Observational constraints

To compare this model with CMB and LSS observations and refine the heuristic
constraints obtained in Section 5.2.3, we use the public parameter-estimation code
MontePython [Aud+13]. We will compare our results with two different data sets:
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Figure 5.5: Sound speed at decoupling for photons and dark matter. Around % =
0.1 Mpc~! the sound speeds for both fluids, hence the oscillation frequencies too,
are close and we have a resonant driving.
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Figure 5.6: Evolution in time of the mode % = 0.1 Mpc™!, corresponding approxi-
mately to the third acoustic peak, until decoupling.

CMB measurements by Planck 2015 [Ade+16a] and LSS information by WiggleZ
[Par+12]. We perform two analysis, Planck only and Planck+WiggleZ. In each case
we vary the six ACDM base model parameters, the foreground parameters, plus m
and A, the mass and self-interaction strength. We choose logarithmic priors in our
model parameters, as shown in Table 5.1.

It is important to note that to perform an accurate comparison with LSS data
we must restrict our analysis to linear scales £ < 0.2 h/Mpc. The non-linear module
in CLASS includes HALOFIT [BVH12], but since it has not been calibrated for our
model we restrict our analysis to linear scales without non-linear corrections. It is
to be expected that, in the future, as more N-body simulations with ultralight fields
become available, non-linear information will allow us to tighten the constraints.

We do not observe any significant degeneracy between m, A and the rest of cos-
mological parameters. Best-fit results are shown in Table 5.2, while the marginal-
ized countour for our model parameters is represented in Figure 5.7.

The presence of self-interactions in the ultralight field potential can lead to the
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Parameter minimum maximum
Qph? - -
Qgph® - -

h _ _
log(101°A) - -

Ng - -
Kreio 0.04 -
log;y(m/eV) —26 -23.3
log;o(1) -111 -98

Table 5.1: Prior ranges on the base ACDM parameters and the model parameters m
and A. A symbol — means that there is no prior. Additionally, the fixed parameters
include the neutrino properties. In our case, two massless neutrinos plus a massive
one with m =0.06 eV, such that Ny = 3.046 and m, /2, =93.14 V.

Base parameters Planck Planck+WiggleZ
Qph? 0.02223 £0.00047  0.0221275-0001%
Qyh? 0.1189+0-00%¢ 0.1204 100032

h 0.677+0.019 0.670*0-018
log(10™°A,) 3.070*0-0%¢ 3.05770:05

ns 0.965+0-02¢ 0.963*0-08
Kreio 0.070+0-028 0.061*0-024
log(m/eV) >—-24.5 >-24.4
log;o(1) - <-99.0
Derived parameters

Zreio 9.2+2:8 8.4+2%

Qa 0.690*0-022 0.681+0.021
Ve 0.24778 £0.00020 0.24773 £0.00018
1000, 1.0419370-00098  1.0418270-00982

Table 5.2: Best-fit results with 95% confidence level.
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Figure 5.7: Contour plots with 95% and 99% confidence levels and 1d marginalized
distributions.

appearance of new background-evolution phases, like the radiation-like phase due
to our quartic potential. This modified background evolution, and especially its crit-
ical effect on the sound speed of dark matter perturbations, can lead to significant
differences from observations. The observational signatures of the anharmonic con-
tribution are similar to the mass term, the most prominent being the appearance
of a cut-off in the matter power spectrum. This produces constraints for masses
that would be otherwise indistinguishable from CDM, i.e. m > 10724 eV. Our con-
straints on 1 complement other bounds present in the literature, e.g. [DLO17].
These bounds on A follow a scaling law with m* according to (5.56). We can extrap-
olate the results to higher masses using the 20 region of Figure 5.7, obtaining an
approximate constraint on A

log1(1) < ~91.86 + 4logy (5.75)

m
o)

for masses m > 10724 eV.
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Non-comoving Cosmology

The last route to find an alternative to the A+CDM dark sector is to change
a fundamental hypothesis. One of such hypotheses is the underlying ACDM as-
sumption that large-scale motions, i.e. bulk flows, of the different components are
negligible. In this chapter we will show that cosmological bulk flows can be in-
troduced while still retaining an isotropic background and being compatible with
current observations. This chapter is structured mimicking Chapter 3, highlight-
ing the differences with the ACDM cosmology. In Section 6.1 we first motivate the
existence of such large-scale flows in the Universe. Section 6.2 describes the back-
ground evolution of a set of fluids with bulk velocities, addressing the notions of
isotropy and homogeneity in this context. The kinetic description is generalized in
Section 6.3, as well as the Boltzmann equation in Section 6.4. In Section 6.5 we
follow a different approach to the SVT decomposition and develop the Boltzmann
hierarchy for scalar and vector modes. The Einstein equations remain unchanged
and are collected in Section 6.6. Also in this section, we derive the modified gauge
transformations. In order to obtain the first quantitative predictions of the model,
we introduce the fluid approximation in Section 6.7 and study a reduced version
of the system. The initial conditions for scalar and vector modes are collected in
Section 6.8. In Section 6.9 we discuss our numerical implementation and obtain
the first numerical results. Finally, Section 6.10 is devoted to the definition and
computation of different observables.

6.1 Cosmology with large-scale motions

The isotropy and homogeneity of the Universe on large scales are two founda-
tional assumptions of the standard cosmological model. These two assumptions
are usually grouped under the name of Cosmological Principle. All the observa-
tional evidence, ranging from the extremely isotropic cosmic microwave background
[Ade+16b; Saa+16; Akr+18a] to the galaxy number counts and the measured expan-
sion from SNIa [KL.01; AP10; BSL15], supports the conclusion that the Universe is
very nearly isotropic on large scales. However, the notions of homogeneity and
isotropy are inextricably linked with the election of a privileged frame. For any ob-
server moving with respect to this frame, the Universe will appear anisotropic and
inhomogeneous. This is precisely our situation on the Solar System.

Starting with the early CMB measurements [Kog+93; Lin+96], a significant
dipole modulation, much larger than any other anisotropy, was found. This was
readily interpreted as a kinematical effect: a Doppler-shifting effect arising from
the relative motion of the Solar System with respect to the CMB rest frame, i.e. a
frame in which the CMB looks isotropic. Recent analysis by the Planck Collabo-
ration [Agh+14; Ade+16b] explored other kinematical effects, like the violation of
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statistical isotropy induced by the observer motion, and reported an independent
measurement of our relative velocity with respect to the CMB frame. This mea-
sured velocity can, given the uncertainties, fully account for the observed dipole,
supporting its kinematical origin. Even if it is mostly kinematical, it may still
contain an intrinsic contribution. Some authors have proposed searches for the
intrinsic dipole, e.g. using spectral distortions [YP17].

A different kind of dipole should appear in the distribution of galaxies, induced
by our motion with respect to the matter frame, i.e. a frame in which the matter
distribution looks isotropic. The origin of the LSS dipole lies in a combination of
Doppler shifting and aberration effects in the galaxy number counts [EB84; GH12].
Unfortunately, current observations can only loosely constrain its amplitude and di-
rection, yielding a value compatible with the CMB dipole [Con+98; IYT10]. Future
surveys like Euclid [Ame+18] and SKA [Maa+15] will measure it with unprece-
dented accuracy.

To complete the picture, we only need to know the relative velocity between the
matter and CMB frames. Concerning this point, ACDM contains the underlying
assumption, that usually goes by unnoticed, that both frames coincide. ACDM as-
sumes matter and CMB to be comoving. As we will see in this chapter, it is possible
to relax this condition. The homogeneous and isotropic Robertson-Walker metric
can be sourced, at the background level, using non-comoving fluids. Thus, we will
show that it is possible to construct a viable cosmological model for non-comoving
fluids, with interesting phenomenological consequences and without any flagrant
isotropy violation.

Early theoretical work concerning non-comoving fluids was mostly developed
under the framework of tilted universes. The term was coined in the groundbreak-
ing work by King and Ellis [KE73]. The authors considered a class of homogeneous
models sourced by a single moving fluid, i.e. models in which the fluid 4-velocity
is tilted with respect to the homogeneous hypersurfaces. These tilted models pro-
duce homogeneous but anisotropic universes. In a different context, Coley and Tup-
per [CT86] analyzed two-fluid cosmological models with general imperfect and non-
comoving fluids. In order to source homogeneous and isotropic RW metrics, only
very special configurations with radial velocities were considered. Later on, Turner
[Tur91] proposed a theoretical mechanism to produce a mismatch between matter
and CMB velocities. In Turner’s tilted universes, the presence of a near-horizon-
sized perturbation, remnant of inflation, could introduce a spatial gradient, driving
the velocity of matter. More recently, the analysis of tilted models has been extended
to Lemaitre-Tolman-Bondi and Szekeres space-times [HDI11; Her+12; HDC18].

The analysis of non-comoving fluids has been extended to dark energy as well.
Given our fundamental ignorance about the behaviour of the dark sector, it is con-
ceivable that it has not ever been coupled to ordinary matter and that it does not
share the same rest frame. Following this idea, a model of moving dark energy
was proposed in [Mar0O6]. In this case, for a dynamical dark energy fluid, even if
the matter and CMB frames coincide initially, they differ at late times. Different
models of moving homogeneous dark energy were analyzed in [BM07; GMM16], as
well as its possible impact in observables like the CMB quadrupole. The construc-
tion of a fully anisotropic model in which the full dark sector, i.e. dark energy and
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dark matter, is non-comoving with the CMB and ordinary matter was carried out in
[HL13]. The authors analyzed a Bianchi I universe in which dark matter and dark
energy had different relative velocities with respect to the frame of ordinary mat-
ter and then derived some observables, like a modified luminosity-distance relation
and CMB quadrupole.

From the observational point of view, a signal of the relative motion of the matter
and CMB frames would be the detection of a large-scale bulk flow. In recent years,
several works have claimed measurements of matter flows well in excess the ACDM
predictions on different scales and at different statistical confidence levels [Kas+09;
Ade+14b; Atr+15; Scr+16]. Although there seems to be a broad agreement on the
direction of the flow, the amplitude is still subject to controversy [Ade+14b]. Such
flows would be an indication of the existence of a cosmological preferred spatial
direction. On the other hand, detected anomalies in the low multipoles of the CMB
temperature power spectrum [Ade+16b], such as the low-multipole allignment and
the dipolar or hemispherical anomalies, also suggest the presence of a preferred
cosmological direction [Sch+16]. This fact has triggered the search for mechanisms
which could break isotropy while keeping the predictions of standard cosmology.

The work in this chapter builds upon these previous studies, but we will present
the first complete analysis for the evolution of a set of fluids with cosmological bulk
flows, from the early to the late Universe, both at the background and perturbation
level. As we will see later, it is reasonable to assume that any pair of tightly coupled
fluids share the same velocity. Hence, we can expect that photons, baryons and
neutrinos, being in thermal contact in the early Universe, shared a common rest
frame, i.e. a frame in which the plasma looked isotropic. However, there is no a
priori reason to assume the same about the dark sector. The dark sector, regardless
of its composition, may very well possess its own rest frame, with a given global
velocity with respect to the visible sector. The only reasonable assumption is that
there is one frame that observes a homogeneous and isotropic universe, i.e. a RW
background.

6.2 Perfect fluids with bulk velocity

6.2.1 Physical setting

Let us consider a perfect fluid, with an energy-momentum tensor given by (2.9), in
a flat Robertson-Walker metric

ds? = a%(1) (~de? + 5jdx’dr’ ) . 6.1)

Now we will consider the situation where the fluid possesses a bulk velocity with
respect to the frame in which the metric takes the form (6.1). Parameterizing the
four-velocity as

uy=ay(-1,v;), (6.2)

from the normalization condition, u,ut = -1, we have

1

r= Vi-viv;

(6.3)
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where the spatial indices in v; are lowered and raised using 6;;. With this parame-
terization the components of the energy-momentum tensor are

T% = —p—(p+P)y?v?, (6.4a)
T° =(p+P)y?v; , (6.4b)
Tij :Péij +(p +P))/2vivj ) (6.4c)

Since the non-diagonal components are not zero, this moving fluid cannot act as a
source for the geometry (6.1). Let us show how to construct a valid source for the
homogeneous and isotropic metric (6.1) using a collection of fluids.

Isotropy. For fluids moving with non-relativistic velocities (v; < 1), the only non-
diagonal component, to first order in v, is

T° =(p+P)v; . (6.5)

If instead of a single fluid we have several fluids in relative motion, they can act as
a source for (6.1) if they satisfy

T% =Y T =Y (ps +Ps)vs; = 0. (6.6)
S S

The physical content of this condition is that of a kind of center of mass frame
condition. An isotropic source can be constructed, to first order in v, out of two non-
relativistic fluids if the momentum density of one fluid is counterbalanced by that of
the other fluid. We will see later that this constraint is conserved in time, so it can
be implemented with an appropiate choice of the initial conditions. In [BMO07] it is

discussed how to transform to this frame, starting from an arbitrary configuration
of the fluids.

Homogeneity. Homogeneity is easily implemented when the fluids are at rest,
but we need to be cautious in our context. Consider two observers locally related by
a boost:

* (1,x), O frame in which (6.6) is satisfied and the metric takes the form (6.1).
e (,%), O frame moving with respect to © with velocity S.

In the O frame, the transformed coordinates are obtained applying a local Lorentz
transformation
dzt = A¥,(B)dx" (6.7)

and the metric looks inhomogeneous
ds? = a?(v(7,®)) (~d7? +6;,d% 4%’ ) . (6.8)

The same applies to other time-dependent quantities like p and P. To provide a
consistent source, we will require that the energy-momentum tensor of each fluid is
homogeneous in the O frame, i.e. the frame that observes an isotropic and homoge-
neous metric, not in the comoving frame with the fluid.



6.2. PERFECT FLUIDS WITH BULK VELOCITY 123

Finally, notice that on the tangent space at a given space-time point we can
always define an orthonormal basis e,, see (2.102). For the flat RW metric, it is

given by
0
eq=el',— et =a " Y()5", , (6.9)
OxH
and the corresponding orthonormal basis in the O frame reads
0
é,=¢"',— , &', =a &))", . (6.10)
OxH

Thus, as expected, the two basis are just related by a Lorentz transformation on the
tangent space

~ _ b

é.=(A1P) ep - (6.11)

To sum up, we can source a flat RW metric (6.1) with a collection of non-relativistic
moving fluids as long as

I) We are in the center of mass frame, where

Y (ps+Ps)vi=0. (6.12)

II) The energy-momentum tensor is homogeneous in that frame

8;T", =0. (6.13)

6.2.2 Evolution

Finally, in this subsection we will analyze the evolution of a perfect fluid with bulk
velocity. Assuming homogeneity

0,T", =0, (6.14)
the conservation equation
v, T, =0, (6.15)
for a flat RW metric in conformal time (6.1) yields the equations of motion
0, (a®T%) = Ha®T", , (6.16)
0, (a*T%)=0. (6.17)

As it was anticipated, (6.17) proves that the center of mass constraint (6.6) is con-
served in time. Writing explicitly the components (6.4), the equations of motion can
be rewritten in terms of v; and p. The equation for the velocity can be expressed as

0,v; — 8- log (1 +w)a*y?*p)v; =0 . (6.18)

In the absence of interactions, the velocity does not change its direction, so we only
need to follow the evolution of its magnitude. Combining (6.16) and (6.17), it is
possible to obtain

. (W?-3)(1+w) W
ST Towe? P Tt P (619
1-vH)Bw-1) W 1-0v2
j = , 6.20
v 1-wv? T Y wil-wo?’ (6.20)

assuming w # —1. It is worth particularizing these results to two kind of fluids.
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* Radiation, w = 1/3.

p=-4Hp, (6.21)
v=0. (6.22)

The fluid moves with constant velocity and with the usual scaling p x a ™.

* Matter, w =0.
p=w2-3)Hp, (6.23)
v=-(1-vHHv . (6.24)
The equations can be solved analitically in this case
o= po , (6.25)
a?y /v +a?(1-v3)

b= 20 (6.26)

\/v%+a2(1—vg)
2 _ Po [ 2., 2 2
=———\/vi+a=(1-v3), (6.27)
re a4(1—vg) 0 0

where vy and pg are the velocity and density today. If the fluid starts with
ultrarelativistic initial conditions, it behaves as radiation, —TOO = yzp x a4,
until the velocity drops down and it enters the non-relativistic regime. In the
non-relativistic regime, to first order in v, the velocity slows down with the

expansion v o~ ! and the density scales as usual y2p = p x a=3.

Analytic expressions for a generic equation of state w(a) can be obtained in the
regime of small velocities

p:poeXp(_?’f%(Hw))*o(vz) : (6.28)
U= a4(1+w) exp (3] a (1+w)) +O(v ) R (629)

where wg is the value of the equation of state today. For the particular case w =
const., we have [Mar06; BM07]

p=poa M) 1 O(v?) (6.30)
v=vga 173 4 Ov?) . (6.31)

6.3 Kinetic approach

As has been discussed in Section 3.2, in order to describe accurately the evolution of
ultrarelativistic species and the photon-baryon decoupling, we must drop the per-
fect fluid framework. In this section we generalize the kinetic approach to include
cosmological bulk flows. We will split the discussion into two parts. Since our main
modification with respect to standard comoving cosmology concerns the definition
of the unperturbed distribution function, we will focus on the background in the
Section 6.3.1. Section 6.3.2 contains the complete treatment of perturbations.
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6.3.1 Background

The definitions of the momentum variables follow those of Section 3.2. The formal-
ism developed in that section to describe a ACDM cosmology must be adapted to
accomodate the motion of the fluids. We introduce again two related frames.

e (O, frame in which the metric takes the RW form (6.1).

e O, frame moving with respect to O with velocity g.

The local Lorentz transformation (6.7) that connects both frames yields

E=Nge=y(e—q-p), (6.32a)
G'=NApg' =Pjq’ ~yep' (6.32b)
B-q=y(q-p—ep). (6.32¢)
We have defined
Pi=68+( -1 B;, (6.33a)
y=1-p9712, (6.33b)

where ! is a unit vector along p and every spatial index has been lowered or raised
with §;;. Next, we consider a homogeneous distribution function in the O frame

f(,x,q)=fo(r,q) . (6.34)

With this distribution function, we can define the usual fluid quantities (3.24)

d3q
= -4 - - =
p=a g*f<2n>3€f°’ f(z ¥ 3e !
. d3q .
QlEa 4g*f(2”)3qlf0, n=a g* (2 )3f0,
o g (9'¢’ ¢* L d*q ¢
7 =aq g, —( ——5”) , Vizq™3 — L 2 6.35
AN vl e L @78 | g ¢ fo- (639

To relate this set of quantities with those computed in the boosted O frame, we can
either use their tensorial character under local Lorentz transformations or the fact
that f transforms as a scalar

fo,%,q) = fo(r(7,%),q(@)) , (6.36)

where, from now on, we will denote fo(%,%, (i) just as fo(r,q). With this property
and the Lorentz-invariant volume element we can write, for instance,

d3q (Ape)(Apq?)
(2m)3

. d3é . .
Q' =a'g. f #q‘fou,m:a“‘g* fo(z,q) . (6.37)
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Using this procedure, one can obtain

p=p+7* (BBl -26,Q" )+ 2620+ P), (6.38a)
Q' =yPH(Q/-BlV)~y?p 0+ P-Q7B)) , (6.38b)
11 = (P{Pf - Sy b0’ |~ (6P + TPy - 20T | @
+7° (ﬁiﬁj - %ﬁ%”) (p+P), (6.38c¢)
) 1 1
P=P+3y (,Bk By IIH — 2/3ka) + 27 B+ P), (6.38d)
A=y(n-VIB;), (6.38e)
V=PV -yp'n. (6.380)

It is important to stress that the preceeding relations hold as well if the quantities
are defined with the full distribution function f, instead of using just the back-
ground part fj, and we will make use of them when we study perturbations.

There remains the question of how to describe the moving fluids of Section 6.2
in terms of a distribution function. We will describe the different constituents of
the Universe with an unperturbed distribution function that satisfies

for,q) = fo(z,d) . (6.39)

That is, the distribution function is homogeneous in the O frame, i.e. the frame that
observes a homogeneous and isotropic universe, and isotropic in the O frame, i.e.
the frame comoving with the fluid. This parallels the discussion in Section 6.2 and
allows us to describe a fluid moving with velocity . The condition (6.39) is the main
physical assumption in our work. For instance, applying it to a blackbody spectrum
for massless particles, using (6.32) we obtain the usual boosted distribution function

11
odT_1  edT(@_

3 1 q-p\
fo(@) = 1= folq) , T(@) =y (1 — T) T. (6.40)
If the distribution function satisfies (6.39) we have

=0, V,=Q;=0, (6.41)

so O is indeed the comoving frame with the (perfect) fluid. In this case, the relation
between both sets of fluid variables is

p=p+y2pAp+P), (6.42a)
Q' =6 (p+P), (6.42b)
17 = 42 (ﬁiﬁj_%5ij’32)(ﬁ+f>)’ (6.42¢)
P :P+%y2,62(,5 +P), (6.42d)
n=yf, (6.42¢)

Vi=yBin . (6.42f)
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Using the definition of the energy-momentum tensor (3.25), we can write its com-
ponents as

T% =-p=—p-yXp+P)p*, (6.43a)
0 2( ~ 5]

% =Q; =y*(5+P); , (6.43b)

T, = P&’ +11; = P8\ +y*(p+ P)B' p; . (6.43c)

These expressions agree with the ones obtained for a perfect fluid (6.4). Both ap-
proaches are equivalent at this level. To first order in 8 we have

T% =-p, (6.442)
T% =(5+P)g; , (6.44D)
T, = P&’ . (6.44c)

The total energy-momentum tensor for a collection of fluids is homogeneous, as it
was imposed in (6.39), and it is also isotropic, to first order in B, if the velocities of
the fluids satisfy the constraint

> (ps+Py)pL=0, (6.45)

which is the same condition obtained in (6.6). It is clear from (6.43b) that a similar
constraint can always be imposed, to all orders in §, to achieve Toi =0 but this is
not enough to source a RW geometry. Already to second order in S, (6.43c) contains
a quadrupolar anisotropy that cannot be compensated by the other fluids. In this
case, we should go one step further and consider a Bianchi universe. However, for
the values of § that we will consider, this quadrupole lies well below the observed
value [BMO07]. Therefore, in this work we will restrict ourselves to first order and a
RW background.

In Section 6.7.1 we will analyze in detail the evolution of the different fluids. It
is important to stress here that, in our scenario, we will assume that all the com-
ponents of the visible sector shared a common velocity in the early Universe, since
they were in thermal contact. Then, the constraint (6.45) completely determines
the evolution of the momentum of the dark sector. This leaves us with only one
additional free parameter (By) over standard ACDM, i.e. the initial velocity of the
visible sector in the cosmic center of mass frame.

6.3.2 Perturbations

Our starting point now is a perturbed flat RW metric (3.33). We express the distri-
bution function again in terms of the momentum q defined in (3.23) and introduce
a perturbation

f@,x,q)=fo(r,q)+6f(1,x,q), (6.46)

If we compare this equation with the ACDM result (3.40), we can see that the only
difference is that now fy depends also on the direction 7. The perturbed fluid vari-
ables are defined in the usual way (3.41) but now the components of the full energy-
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momentum tensor are

8T =-6p+B'Q; , (6.47a)
1 1,
5T =6Q; +SAQ; + ~HIQ; (6.47b)
l 2 2
. . . . 1 0 o
OT'; = P&} + 511~ B'Q; + 5 (HA, - Hy ) (6.47¢)

that can be compared with the ACDM result (3.42). Expressing the background
quantities in the O frame

8T =-6p+y*(p+P)B; B, (6.48a)
5T, = 6Q; + %y2(,6 +P)(As]+HI)p; (6.48b)
8T, = 6P5% + 6115 —y*(p+ P)B' B + %ﬁ(ﬁ +P) (ﬁiﬂf Br. - B,H, ﬁk) . (6.48¢)
It is easy to show that, to first order in 3, once we apply the center of mass condition

(6.45), every metric variable cancels out and does not appear in the definition of the
total energy-momentum tensor.

Non-relativistic limit

We conclude with a few remarks about the NR expansion that has been already an-
alyzed in the context of a ACDM cosmology!. Although this kind of approximation
is standard, we must be careful when taking the NR limit in a moving frame. The
proper way to account for this limit is to take it in the frame comoving with the
fluid, i.e. O. To first NR order we have

oIV =0, 6P=0. (6.49)

However, in the O frame, using (6.38), it can be seen that we do have pressure and
anisotropic stress

2 ~ 1
6P = gyzﬁkéQk + §y2ﬁ25,5 , (6.50a)
.. . ) T . .1 .
o =y (BPL+ /Py - Sy6U )o@ + 2 () - 5470705 (650D

To first NR order and to first order in 8, we have the following useful results

2 ,_0Q!
5P:—ﬂk6Qk, oV = Q ,
3 m
ij isJ isi 2 i) k 5i, 1 i_ gt
STV = | B16] + p/6t — =57, | 6Q" sV =—(6Q" - p'op) ,
3 m
5p 1 1
5ﬁ:—p:—(5p—2ﬁk5Qk) , 5n=—(6p—,3k5Qk) . (651)
m m m

IWe will only keep the first NR order, neglecting the pressure and the sound speed of baryons.
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Note that the preceeding results hold as well for the corresponding unperturbed
quantities, see (6.35). Finally, the full energy-momentum tensor for a non-relativistic
species to first order in § is

T% +6T°% =—p-6p+pp'B; , (6.52a)
1 1 .

T% +8T° =moV; +p (6{ +50lA+ 5H{) By » (6.52b)

Ti +6T", :m(piaw—ﬁjavi)mﬁjlai. (6.52¢)

6.4 Boltzmann equation

The evolution of the distribution function is described by the Boltzmann equation

br

1
= —a(l—éA)C[f]. (6.53)

In the presence of bulk velocities, both sides are modified with respect to the re-
sults of Section 3.3. We adress the relevant modifications to the free-streaming and
collision terms in the next two sections.

6.4.1 Liouville operator

The left-hand side of the Boltzmann equation (6.53) is evaluated in the O frame,
where the geodesics are computed,

Df_6f+dxiﬁ dq’ of

dr o1 drox @ dt aql

(6.54)

The expression for the geodesics is not modified, see (3.51) and (3.52), but the back-
ground distribution function is now anisotropic in this frame. We will assume that
the distribution function takes the form

fa,%,q) = fo(r,q)+6f(1,%,q)
= fo(z,Ape) +6f (1,x,q) (6.55)

where fo(1,é) is the standard isotropic distribution in the comoving O frame. Since
(8.52) is already first order in perturbations, the left-hand side of the Boltzmann
equation can be recast as

Df oy 0of _d<i0sf _dof
dr ot o0t dr ox' dr dg

(6.56)

Massless particles
For massless particles the Lorentz transformations (6.33) take a simpler form

g=y(1-7-B)q, (6.57a)
g'=(Pin’ —yp')q, (6.57b)
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Using the Boltzmann equation, it can be directly checked that the unperturbed
distribution function in the O frame only depends on g, if there is no zero-order
collision term,

fo@,d = fo(@) . (6.58)
We work with the reduced phase-space density
1
F(r,x,n)= N ¢>dg6f(t,x,q), (6.59)

where the constant A\ is related to the comoving energy density computed in the O

frame 9

alp . (6.60)

- - 2
5= [@aafoar==

Integrating over the momentum magnitude, we obtain, to all orders in S,

f 3quf N

0 1 .
1 4+f+n0i.7:— 1

ot ;(1
ot y*(1-4A-p) r*a B»\2
+nanCij—EﬂLOiA—,BanCij—,BannkDijk)] . (6.61)

nOA

Expanding it to first order in 8, we have

s Df .
[aaa =N

. . . 1 . .
4ﬁ'ﬁ+f+ n‘@i]-"—4(§n‘6iA+n‘nJCij)(1+5ﬂ-ﬂ)

1
+4p' ( 0;A+n/Ci;j+nin Duk) (6.62)

The first two moments of the distribution can be found integrating over the solid
angle

A1) Df . 4 . 4 .. 4. 4
fﬁfquq d_f :/\[[6+§6i6vl—gCij(Slf—g,BldiA—gDijk(S”ﬁk] . (6.63)

- - = —N- _ _ A
an fq dg - 3/\/[/3 +80" + 20 + 20'6 29
— (89 BF + 67 B)C 1| (6.64)
where we have defined
5= f F0r (6.65a)
p
dQ 5
6v=—f—ﬁ]—": Q , (6.65b)
4) 4n p+P
h daQ( . ; 1. STI
n”zf—(nlnf——(S”)]:: — (6.65¢)
4 3 p

Massive particles
The energy density contrast, equation of state and sound speed are defined as

s 8P

) , cs 5o

. (6.66)

S
1

| "
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Note that in these definitions the background quantities are referred to the O frame
while the perturbed quantities are defined in the O frame. The election of interme-
diate variables is a matter of choice, provided that we write the energy-momentum
tensor consistently in terms of these variables. We stick to this convention through-
out this work. The final results for the first moments of the distribution are:

* Number density.

_ d3¢ Df 40 0 :
3 =/ _ -3 39 3 ovri
27 dr a [ya A)+a” P (a®6n)+0;6V

1 . » »
- YR EﬁlaiA+5UCij+Dijk5lJ,3k] . (6.67)

* Energy.

d3¢ D ) N .
—4 (2733 —f = [y%(5+ B2P)] +3H(p + P)

f 2 2)
1+ 3[3 Y
+5 (8 +3H8(cE~w))+6 (p+3H(p+P)) +0;0Q"
~Yp+P)|fiA+6YCij+ B BICyj+Dijns" B |

(6.68)
* Momentum.
f(2”)3q '4% [YZﬂia4(ﬁ+15)]
+a_4% (a*6Q") +0; (611" + 5"/5P)
—Yz(,ﬁ+f’)[%(6ﬂ+ﬁiﬁl)61A
+ (676 + 5" ) (Cjp+ D) | -
(6.69)

These results are exact to all orders in §, for relativistic and non-relativistic parti-
cles alike. They can be shown to reproduce (6.63) and (6.64) for massless particles.

Next we define
on

Op=—, v' =
n

sV!

= -
Assuming that the zero-order Boltzmann equation (without collisions) is satisfied,
so we keep only cosmological perturbations and terms with 8, and expanding to
first NR order and to first order in § we have

(6.70)

* Number density.

4, [ & Df
(2m)3 dr

:ﬁ{5n+0iﬁvl—EﬁlaiA—5”Cij—Dijk5”ﬁk}. (6.71)

* Energy.

d®¢ Df . S . .

-4 ~ 3 k

a g*f(Zn)3€E:p{6+2H’Bkav +6i5vl—ﬁ"GiA—yJCij—Dijké‘”,B( } . |
6.72
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* Momentum.

-4 dsq in
g* 3 q
(2m) dr

= § {5i +HB + 60 + (,Biéi + ,6%32) 360" + Hov!

_ %aiA ~ (67 +8Y ") Cin} . 673)

6.4.2 Collision term

In this section we will examine in detail the changes introduced in the collision term
by the inclusion of relative bulk velocities. The starting point is the collision term
of Section 3.3.2, see (3.73), under the same standard assumptions. For the process
e(pe)+7y(p) < e(pl)+y(p') we have

1 ,
Clf(p)]= EfDPer’Dp'e(%)“cS(p“ +pk-p"-p.)

X

FEOfD )~ [DIfelpo)| T IMPE, (6.74)

spins

In our setting, we must implement the fact that the fluids are moving. The collision
term is defined in the cosmic center of mass, O frame, and in this frame both pho-
tons and electrons have their own bulk velocity. We will represent it schematically
as

1
Clf1= EfDPer’Dp'e(%)“(?(p“ +pb—p*-pt)

x |F(Ag, D e, P~ (Mg, DIe(Ap,pD)| Y 1M, (6.75)

spins

where f and f, are the distribution functions of photons and electrons in their
comoving frame, moving with bulk velocities §, and f,, respectively, with respect
to the O frame.

Previously, the O frame was defined as the frame comoving with the fluid. In
this case, we are facing two moving fluids. We take O to be the frame moving with
velocity B, with respect to O, i.e. the frame comoving with the electrons. Performing
the integration in this frame, we have

1
Cif1= 4 f Dp. D5 DpL@m 65" + p* — 5 — p*)

x [P, AR BB ~ (Mg, NGB B Y IMPP.
spins

(6.76)

The previous two equations may seem devoid of any additional content with re-
spect to (6.74). As they stand, without defining f and f,, they correspond just to
a renaming of functions and reshuffling of variables. The physical content lies in
(6.55), i.e. in the structure and relation of the background distribution function in
O and O. The O frame is comoving with the electrons and observes a standard
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isotropic equilibrium distribution. It is in this frame that we can perform the usual
NR expansion to get the result analogous to (3.90)

~ 05(p—p'
CIfl= or Fap'ad | A5 - p) + Aea™. (5 - B) (p~ p )]
4np op'
x (Fihg, A5LB) - F(Mp, A5 (6.77)
where o7 is the Thomson cross section and we have defined
d’pe - d°pe B. ;

~full _ e 7o o~ full e Pe ~
full = zf GleBe) . Al = zf TP (6.78)

where £, f. correspond to the full distribution functions. Just as we did for the
Liouville operator in Section 6.4.1, we will split the distribution functions into a
background and a perturbation part and integrate out the magnitude of the photon
momentum. The whole process, to all orders in S, is detailed in the Appendix E.
Here we present only the final results. To first order in 8, we get

1 8

ﬁ[quqC[f]:ﬁeaT —(l—ﬁ-ﬁe)}"y+(1+3ﬁ-ﬂe)6y—gﬁe-é‘vy
—4fL-Aﬁ—§6ve-Aﬁ+4(ﬁ-5ve)(ﬁ-Aﬁ)
+45ve-(ﬁ—ﬁe+4ﬁ(ﬁ-ﬁe))—4ﬁ-ﬂy6ne , (6.79)

where 71, is the number density of free electrons in the O frame, 6n, and 6v, are
defined in (6.70) and the velocity difference is

AB=PB,~B, . (6.80)

Since, to first order in B, the background quantities like p or n concide in the O
and O frames, we will drop the distinction. The first two moments of the photon
collision term are

1 dQ 4

ﬁfﬁquidq C[f(p)]:—gneaT[ﬁe.(6vY—6ve)+5ve.Aﬁ] , (6.81)
1 dQ 4 i i o
. 3 .

_ﬁéay‘gﬁeﬂ’yj] : (6.82)

The conclusions about conserved quantities at the end of Section 3.3.2 still hold. We
can obtain the first two moments of the electron collision term from the previous
results using the conservation of energy (3.104) and momentum (3.105).

6.4.3 Boltzmann equation for different components

In this section we gather the Boltzmann equations for all the species. Notice that,
as in ACDM, the baryons can be treated as a single tightly-coupled fluid and we
can trade (B,,6v.) with (B,,6vp), i.e. the velocities of electrons, protons and the full
baryonic fluid are equal.
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Photons

The reduced Boltzmann equation for photons is obtained combining the Liouville
operator (6.62) and the collision term (6.79). To zero order in cosmological pertur-
bations, it describes the evolution of the bulk velocity gy

B, =—an.orAp . (6.83)

To first order in cosmological perturbations and g, we get the evolution of the re-
duced phase-space density

. . 1 . . (1 . .
fy+nlaify—4(§nlaiA+nanCij (1+5ﬁ-ﬁy)+4,3;, EaiA+nJCij+ankDijk

8 8
=an.or —(l—ﬁ-ﬁb)fy+(1+3ﬁ-ﬁb)6y—gﬁb -5v7—§5vb AP

+4(7 - 6vp) (- AP) + 450y - (A — By, + 470 (72 - By)) — 47 - B, 6,

+2ﬁ-AﬁA] . (6.84)

The equations for the density, combining (6.63) and (6.81), and the velocity, combin-
ing (6.64) and (6.82), are

. 4 .4 4. 4 .
Oy +30i80y = 2Cij67 = 2B10;A— 2D 6" p
4
:—ganeaT[ﬁb-(5vy—5vb)+6vb-Aﬁ , (6.85)
.3 1. 1 . . o
80y + 0,y +40'0y = 20" A= (5" BE+67%BLIC 1
. . . . 3 1.
= —ancor |5vy =80y + By0n, — BySy — s jmy —SAFA] . (6.86)

Baryons

The evolution of the baryon density can be found using the left-hand side (6.72) and
energy conservation (3.104). For the velocity, we must use the left-hand side (6.73)
and momentum conservation (3.105). To zero order in cosmological perturbations,
we find the evolution of the bulk velocity S

B HB = 2P i o Ap (6.87)
b b_3pb edT : .

To first order in cosmological perturbations and g, the evolution of the first two
moments of the distribution is

5p +2H By - Svp +0;6v. — BL0; A~ 6 C;j—D; 5" Bt

4
_ ﬂaneaT[ﬁb-(avY—avb)mvb-Aﬁ] , (6.88)
30b

80y + Hovy+ (By67 + 5,54) 9,605 - 50A- (678, + 6" BE) C
4p

= —YanQO'T

i P i 3 ij 1,
3o, 8vy =80y + By0n, — BBy = By — 5AP A] . (6.89)
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Massless neutrinos

Since we will neglect both the mass and coupling of neutrinos, they only free-stream
with the same left-hand side as photons. The equation for §, is

B.=0. (6.90)

The equation for the evolution of the reduced phase-space density is
i i 1; i A
F,+n Oifv—4(§n 0;A+n nJCij)(1+5n-ﬁv)

+4ﬁix(§aiA+nJCij+ankDijk) =0. (6.91)

Cold dark matter

The equation for f, is

BL+HBL=0. (6.92)

The relevant equations for the perturbations are
Sc+2HP, v +0;60. — BL0;A~8YC;;—D; 6k =0, (6.93)

5oL+ Hovl + (BL5, + Loy ) 0,60% - 50A- (67 BL+ 5" ) Cjp=0. (6.94)

Total fluid

The total energy-momentum tensor, adding all the components, does not contain
any explicit B contribution after enforcing the cosmic center of mass condition. The
equations of motion take the same form as in ACDM, see (3.115) and (3.116).

6.5 Harmonic analysis

The cosmological perturbations can be classified according to their behaviour un-
der the group of spatial rotations. This yields the usual splitting into scalar, vector
and tensor perturbations, that has been discussed in Section 3.4. In the standard
ACDM cosmology, the three types of perturbations are decoupled at the linear level.
This result, known as decomposition theorem, ultimately stems from the isotropy of
the background. Under these conditions, each perturbation type can be studied sep-
arately. In particular, the vector modes are decaying and are usually neglected. The
tensor modes are ignored as well, except when polarization is taken into account,
and the focus is set on the scalar perturbations.

In ACDM, the only explicit dependence on the line-of-sight vector 7 in the Boltz-
mann equation comes from factors of the form (A - £), see (3.106). It is reasonable
then to write a multipole expansion in terms of Legendre polynomials (3.135). The
Boltzmann equation unfolds into a whole hierarchy of coupled differential equations
for the coefficients F, of this expansion, as in (3.136).
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The key difference in our scenario is the existence of a new direction f3, that in-
troduces new angular dependencies in the Boltzmann equation (6.84). This means
that we must resort to a full decomposition in terms of spherical harmonics

oo /£
F,k,A)=Van ) Y (D20 +1F (1, k)Y (R) . (6.95)

=0m=-/¢

The coefficients have been defined to match the standard definition (3.135) for the
scalar modes (m = 0). It can be checked, plugging the previous expansion into
the modified Boltzmann equation (6.84), that the decomposition theorem no longer
holds. The term (7 - f) introduces, in addition to the usual coupling to the £ —1 and
¢ + 1 modes, new couplings to the m —1 and m + 1 modes.

In the next section we will compute explicitly the equations for the lowest mo-
ments of (6.95) in order to see how these new couplings arise. Following this anal-
ysis, the modified Boltzmann hierarchy is presented in Section 6.5.2, along with
some minor additions to the truncation scheme in Section 6.5.3.

6.5.1 Helicity basis

The usual scalar-vector-tensor decomposition takes £ as a reference axis to classify
the perturbations. It is convenient to write the line-of-sight vector 7 in a basis
adapted to this decomposition. Its components can be explicitly written as

f =sinfOcos¢px +sinfsin¢g y +coshH 2 (6.96a)
1 1 A
_ ¢ A —ip s A
=—e"sinfé;+—e “sinfé_+cosOk (6.96b)
V2 V2

4n 1. N
=1/ 5 (-Y; e, +Y -+ YDk, (6.96c¢)

where we have chosen the so-called helicity basis®

>
1

>
=l -

(6.97a)

G Fip) . (6.97b)

Q>
H+
1l

Our convention for the spherical harmonics and related functions is discussed in
Appendix C. This basis will allow us to deal systematically with more complex
scalar-vector-tensor decompositions. As an example, let us derive a new result using
this language.

The first moments of the Boltzmann equation have already been obtained in the
previous sections, with ¢ = 0 corresponding to the density (6.85) and ¢ = 1 to the
velocity (6.86). The next moment ¢ = 2 can be obtained via direct integration of the
Boltzmann equation (6.84) and corresponds to the shear tensor (6.65c). Performing

2Notice that some some authors, e.g. [Dur08], choose the opposite sign convention for é..
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the appropiate integral, we find

. dQ 4 4 1
Tij +ak‘[ﬂnkninjfy— 5(5,']‘0/351);8, ~3 (ﬂy(iaj) — gé\ijﬁﬁak)A

8 1 1y
BT (C(ij) - §5ij5 Chi

8 1
+ Eﬁ;’fl (Dm(ij) - §6iijk15kl)

dQ 4
T — ﬁbf —npnin;Fy+ = ﬁb 0v,6;;

= —an.or
32
BT (5Ub(z,3bj) 35ij5vb'ﬁb)
8 1
- (5vb(ZAﬁj) 561j60; Aﬁ) (6.98)

The different components of this expression can be computed projecting in the he-
licity basis

71'335;%':];‘].7[” , n3+E];ié’{;_ﬂij y 7I++Eéi_é‘i7[ij . (699)
The projection of a vector is computed in a similar way
Va=k-V, V.=é,-V. (6.100)

Projecting the equations of motion we get

.. (dQ .. 4 8 8 1,
n33+1k‘[a(n-k) fy‘ggy gﬁ -RA - (033——0 k)

8 1
15 (/57'7Dm33 - gﬁ;;leklékl)

= —an.oT

dQ A 4
n33—fE(ﬁb-n)(k-n)2fy+§ﬁb~5v7

32( ble 5vb'ﬁb)_%(502Aﬁ3—%5vb'Aﬁ)], (6.101)

T T 2. 4
figs +ik f E(n-k)z(n'h)]:y—glﬁ;kA—E(C3++C+3)
4 .
+ 1—5,5{/ (Djs++Djy3)

dQ R
na. = [ By R EF,

=—QaneorT
16 8 (s Saptis FARS
T (5vbﬂb +0v bﬁb) 1—5(5vbAﬁ +5vbAﬁ) , (6.102)
. ) Qe .~ . . 8
Ty +1ka(n-k)(n-e+)2JT"y 15C+++ 5,6mDm++

dQ
Tt —f ar P 'ﬁ)(ﬁ-é+)2]:y duy By, - 6vbAﬁ+ (6.103)
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It is easy to prove that with the splitting (3.125), the projections correspond to the
scalar part and one of the two vector and tensor helicities

4
mg =50, Mg = iknV ,  me,=nl, . (6.104)

The same applies to the velocities, with the splitting (3.122),

5v8 = —ie . Sut=g". (6.105)

There remains to perform a couple of angular integrals, writing down the appropi-
ate coefficients of the expansion (6.95), and to substitute the metric variables, de-
fined in (3.53, 3.54, 3.127). After these simplifications and rearranging terms, the
first moments of the Boltzmann equation for photons are the following.

e Scalar. (m=0, ¢=0,1,2)
. 4 4k2 . . 8i 2k2
5Y+§6y+?(B—E)—étq)'i‘g(ﬁy‘k)(\y—q))-i'?ﬁy'lr

4 i
= —zancor ﬁb.(xy_xb)+xb-Aﬁ—%k.(ﬁb(GY—Bb)+6bAﬁ)] . (6.106)

. k2 :
Oy = — (0 ~40,) - k*Y - 4i(B, - k)D

+2ik*(B, - k)B—E)-k*p, - (s + %F)

= —Qanhe0T

0y =0y ~ik-(By(5y ~ )~ B)6n,
3ik

—Tﬁy-n¥+i‘PAﬁ-k] , (6.107)

4 3k 4i 4 .2
——0,+—F)——(B,-k)(DP+5¥)- —k%(B-E)- —k%p -F
15 Y+10Jr3 15(ﬂY )(©+5%) 15 ( ) 15 Py

4i .
- ﬁk . (ﬁbey +46,0p + Aﬁ@b)

3i - . |2 R .
*To ((ﬁb R)FY —1\/;((155 6 )F5 " +(By 'e)}—gl))

2
_B(ﬁb'Xy""lﬁb'Xb"'Aﬁ'Xb)] : (6.108)

Oy

= —Qan.orT

Oy

e Vector. (im=+1, ¢=1,2)

. 3k? : i 1.
X;—TnY—4ﬁ;d>+ﬁ;k2(B—E)+Eﬁy-kF++§ﬁyh++

1 3i N
=—an.or | Xy =Xy + ByOn, — By Oy — 5/32% AL AT

3 _
_Z:Bb”+++\PA:B+ , (6.109)
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3 4 4 .
+ +1 +
—5 XY+\/;f3 )+1—5ﬁy(®+5\y)+1—5(8++F+)

2 2i
- 1—5,3),h++ +1_5ﬁy‘kF+

4
”YJF@%(B +kF3)+ \/ ﬁb

41
+1 ( \/7 ) 15k2 Aﬁ+95 +4ﬁb95)

= —Qane,ort

4i
+ﬁ '(Aﬁ+4ﬁb) x; (6.110)
e Tensor.(m=+2, ¢ =2)
. [ 2 4 . 4 .
7I++ +k E‘ng+_h+++_1(ﬁy'k)h++
= —aneop|mes - (ﬁbxy 4By + Aﬁ+xb)] (6.111)

The corresponding results for the opposite helicity can be obtained substituting
— < + in every sub and superscript. Several comments are in order now.

* We will work to first order in  and to first order in cosmological perturba-
tions, keeping cross-products. We have been implicitly working under this
assumption, since the RW background is only correct to first order in g, but
we will carry it through.

* The results to zero order in  reproduce ACDM. Thus, as we have justified
in Section 3.4.1, we assume that there are no zero-order vector or tensor per-
turbations. Under this assumption, the hierarchy is greatly simplified. Since
they are initially zero, and remain so in ACDM, their production can only oc-
cur through their new couplings, i.e. it is proportional to . The vector modes
are then O(f) and the tensor modes are O(f?%). In general, we can neglect the
backreaction of higher m modes into lower m modes. As we will see in Sec-
tion 6.6, the Einstein equations are not modified, so we can apply the same
reasoning to the metric variables, i.e. S and F are O(f) and &;; is O(?).

* The results of this section are everything we need in the fluid approxima-
tion, that is if we truncate at ¢ = 2. The fluid approximation has been widely
used in approximate computations of the CMB and for analytic estimates
[HS96a]. It can introduce up to 10% errors in computations of the CMB spec-
trum [Hu+95]. The accuracy of the approximation also depends on the kind
of truncation. The crudest truncation scheme, where we set to zero all higher
moments, is known to introduce spurious growth at small scales in the ul-
trarelativistic species. Nonetheless, this simple approach may prove accurate
enough to study large-scale structure, where the late time behaviour of ultra-
relativistic species is irrelevant. We will come back to this point in Section
6.7.
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Within the fluid approximation, better results can be obtained introducing the
improved truncation scheme (3.139) or an effective viscosity in the equations
for ultrarelativistic species [Hu98], although for truly accurate results one
ought to solve the Boltzmann hierarchy.

6.5.2 Boltzmann hierarchy

The Boltzmann hierarchy for the modified Boltzmann equation (6.84) can be sys-
tematically written down. However, such general results are needlessly complicated
for our purposes. Once the assumptions of the last section are taken into account,
i.e. keep first order in 8 and neglect backreaction of higher m harmonics, we get a
modified scalar hierarchy and a vector hierarchy coupled to the scalar one.

Scalar hierarchy. The full scalar hierarchy is

0, 0)
. 4 4 .. 8
6y+§9y+—k2(B—E)—4<I>——1(ﬁY-k)((D—‘P)
= —ancoro {(ﬁb E)AO +(AB- k)@b} (6.112)
1, 0)
k2 N Sm g ~
-~ 6y —40y) = K> +2i(B, - kI’ (B - ) - 4i(B, - k)
= —ancor{A0 +ik- (ﬁyéne —ﬁb(éy—ay)+Aﬁ‘I’)} , (6.113)
2, 0)
4 3k 4, . 4
oy~ 0+ 10F ~ 1k B-E) - 1B, k) +5Y)
:—aneaT{UY =k (B0, +4ﬁb9b+Aﬁ9b)+—(ﬁb k)]—"o} (6.114)
3, 0)
.o Ok 4k 8i
f§—7ay+ 7;f4 —(By - k)R(B - E)
:—aneaT{]—"g—F(ﬁb-l%)ay+7(ﬁb-1%)}"2} , (6.115)
¢>3,0)
Foo_k —— (¢ F) -+ DFY,)
l 2£ 1 /-1 /+1
i(B, - k)
:—aneaT{f?—ﬁ(ff?_l—(€+l)f?+l)} : (6.116)
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It can be supplemented with the classic truncation scheme (3.139)

20max+1
0 ., “tmax 0 0
([max+1) - kT fmax - (émax_l) ? (6117)
so that the last moment that we integrate verifies the equation
o C+1
Fo+—F¢- kfg )
f+1 () 0

Vector hierarchy. The new vector hierarchy is coupled to the scalar perturba-

tions
1, +1)
.. 3k? : .
i - TnYY + By k*B-E)-4p7
1
:—aneoT{X;—Xg+ﬁ;&%—ﬁ§(6y+§ay)+Aﬁ+T}, (6.119)
2, +1)
) 4 2 ) 46k
Ay, + l5xy+—\[f (S++F+)+ o (@+5%)
4 By
:—aneO'T{ﬂyy+ﬁ(ﬁgay+4ﬁzeb+Aﬁ+9b) bf3 } (6120)
3, +1)
2k kVv15 8 /2 .
6
= —aneaT{fgl_ﬁZ§(20y+ff)} , (6.121)
>3, +1)

Fit-

(\/ U+ 2)F M)

24 1
By VO +1)
:—aneaT{]:;l—\/—b_ s et Tl (6.122)

At first sight, it is not clear how to truncate this hierarchy. We analyze this issue in
the coming section.
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6.5.3 Truncation

Let us first define the functions

~ ,r+1 J (x)
Fr= N , ] = d .
¢ (f+1) o)

On the one hand, from (6.122) we see that F, satisfies the modified equation of
motion

(6.123)

k
Fr-—— (6= D)F o1 - (€ +2)Fps1)

20+1
=-an.or E—ﬁ—z(Fg F )t (6.124)
V2@20+1) " T i

On the other hand, from the properties of the Bessel functions (C.4), we can prove

i) = 5 (0= Di 1@~ 0+ Dig @) (6.125)
= f; L@ = ip1(0) (6.126)
=ip_1(x)— 2ig(x) , (6.127)
and
i’ix) =5 €1+ - (i) +irnaw) . (6.128)

Then, comparing (6.124) and (6.125), we can argue® that the free-streaming solution
satisfies

Fo~iokt), (6.129)
and propose a truncation scheme
= 20 max+1 = _
Flmant1) = %nmx — Fltp1) - (6.130)

In terms of the original variables, the truncation scheme is

+1 /¢ + 2 (€ +1)(¢ +2)
E;l +1) max max max max f([ _1) . (6131)
max max max max 1)€max ma

Applying this truncation, the evolution equation for the last multipole is

]-__;1 £+2]__+1 /EJ_rl}_;_ll

—aneaT{le 51’— 52“11)(??_1#&1)}, (=lmax.  (6.132)

3This claim will be put in a firmer basis once we develop the line-of-sight approach in Chapter 7.
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6.6 Einstein equations and gauge transformations

6.6.1 Einstein equations

The metric sector of the Einstein equations has not been modified. We can still use
the Einstein equations (1), but we must carefully reevaluate the source (the total
energy-momentum tensor). In this section we also include the Einstein equations
for vector and tensor modes. The latter is only included for the sake of completeness.

It is worth remembering that, to first order in 8, the background quantities we
are interested in, e.g. p and P, are equal in the O and O frames. Hence, as in
previous sections, we will drop the distinction. The full energy-momentum tensor
for each component is

T% +6T% =-p-8p—(p+P)B; B, (6.133a)
1 1.

T° +5T°% =6Q; +(p+P)|&] + 5Aa{ + §H{. Bj, (6.133b)

T',+6T"; = P6'+6P 6"+ 61 +(p+P)f;B' (6.133¢)

where f is different for each component. We must write now the Einstein equations
with this source for the perturbed RW metric (3.126). The background evolution
obeys the standard Friedmann equations plus the cosmic center of mass constraint

2
H2 = 8”?“ Y ps s (6.134)
0=Y B,(os+Py), (6.135)
H+ %HZ = —41Ga®Y P; . (6.136)

Applying the condition (6.135), the explicit B contributions to the total energy-
momentum tensor vanish

6T% =Y 6T.% ==Y 6ps, (6.137a)

8T =3 6T =) 6@, (6.137b)
S S

5T = ;5Tsij =% (oP,8%+om,’) . (6.137¢)

This time, the non-relativistic species have pressure and anisotropic stress of order
B. Splitting the sources into relativistic and non-relativistic components we have

sp=) 6p+) 6p, (6.138)
NR R
2 L 1
SP==) pPrév*+=) 6p, (6.139)
3NR 3 R
. .4 .
6Q =) pov'+=) pbv, (6.140)
NR 3 R
STIY =Y p[piov + ﬁJ6v‘—§6”ﬁk6vk + Y 6T . (6.141)
NR R

Finally, the Einstein equations projected in the helicity basis read
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(0,0)
2120 + 61D+ HY) - 262 H(B - E| = ~8nGa6p . (6.142)

(0,7)
k(D +HY) = -41Ga?6Q; , (6.143)
k%S, +F.)=161Ga’5Q. . (6.144)

(i,7)
R2(®— W) - k20, + 2%)(3 —E’) = _127Ga26Tls3 , (6.145)
0y + 2H)D + HWP) + (H — H)W = 47Ga®(6P + 6T133) , (6.146)
ik(0; + H)( S, + F.) = 161Ga>6T1,3 , (6.147)
%(03 +2H0, + k%) hyy =87Ga®STl,, . (6.148)

Again, the results for the — helicity can be obtained substituting — — + in every sub
and superscript. The projections can be written in terms of the variables defined
previously
4 .
0ll33 = §p0 , o0ll3, = 1kpn¥ , oIl = ,o7tf+ ,
0Qs =1k(p+P)o , 0Q:=(p+P)y+ . (6.149)

The equations for the scalar modes in the synchronous gauge are the standard ones,
see (3.163). The vector metric perturbations can be grouped into a single variable

W=S+F, (6.150)
whose evolution is described by
1671Ga?
We=—5—(p+P):, (6.151)
W, +HW, = 1671Ga?pn’ . (6.152)

The vector metric perturbation is completely determined by (6.151). The condi-
tion (6.152) is identically satisfied once we impose the conservation of the energy-
momentum tensor.

6.6.2 Gauge transformations

The gauge transformation properties of the metric variables and the energy-momentum
tensor are not modified with respect to those ellaborated in Section 3.5.2. However,
the perturbed fluid variables are defined in a different way

5p=a%Too—p+Ap+2p+P);B", (6.153a)
1 : .
6Q; = —aTo; +(p +P)pi — 50 +p)(HJi _Aazj)ﬁj +B;P, (6.153b)
1, 1.
6P ==a?’T". -P--H'.P, (6.153c)
3 i 371

1
oll;; = a? (Tij - §6iJTkk) — (Hij — §5inkk)P . (6.153d)
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The transformation rules are modified accordingly

Asp=Tp-2p+P)p'o;T, (6.154a)
1 .
A6Q; =—(p+P)3;T +Ta,(Bi(p+P))+ E(p +P)p’ (0;L;—0;L;) , (6.154b)
.2 .
ASP =TP - gﬁlaiT(p +P), (6.154c¢)
2
A5Hij=—(p+P) ,BiajT+ﬁj6iT—§5ij,3k0kT . (6.154d)
Using these results, the rules to trade between the Newtonian and the synchronous
gauge are*
0(Newt) — 6(Syn) = T% -2i1+w)(p-R)T , (6.155a)
2 ool . P+ P
O(Newt) — 0(Syn) = k“T +i(B-R)T +i(B- k)p-i-—PT , (6.155b)
: p+P
x+(Newt) —y,(Syn) =T, +Tp,—— , (6.155¢)
p+P
.2
OP(Newt)—6P(Syn)=TP — gl(ﬂ -R)T(p+P), (6.155d)
o(Newt) —o(Syn) =i(-R)1+w)T , (6.155e)
nY(Newt) — 7V (Syn) = -, (1+w)T , (6.155f)
nl, (Newt)— 7L, (Syn)=0. (6.155g)

We are omitting the results for the — helicity, that can be obtained substituting
— < + in every sub and superscript.

6.7 Reduced system: fluid approximation

The main pieces of the non-comoving scenario have been set in place: we have
described the behaviour of moving fluids, at the background and perturbation level,
and closed the system with the Einstein equations. This section will be devoted
to a deeper analysis of the system, after reducing it into a more manageable form.
To this end, we defer the study of the full Boltzmann hierarchy to Chapter 7 and
introduce here instead the fluid approximation.

The fluid approximation, that has been discussed in Section 6.5, consists on
truncating the Boltzmann equation at ¢ = 2. At this point we will not aim at de-
scribing the late time behaviour of photons or neutrinos in great detail. This will
be the subject of Chapter 7, where we will solve the full Boltzmann hierarchy. We
focus for now on the behaviour of non-relativistic components, which will allow us
to predict new LSS signatures. The fluid approximation is well suited for this pur-
pose, since it fails only when the ultrarelativistic species are almost negligible for

4We have neglected terms like SL, that, under our assumptions, are second order in . This
can be seen from (3.159) where it is clear that the transverse part of L is proportional to the vector
perturbations, i.e. O(f).
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the overall evolution of LSS observables. In this context, it is also justified to use
the simplest truncation scheme, setting to zero all moments with ¢ > 2.

Section 6.7.1 analyzes the behaviour of the bulk velocities () of the fluids, an
information that is essential for any further computation. The next two Sections
6.7.2 and 6.7.3 are devoted to the scalar and vector modes, respectively. The reason
why the discussion can be splitted in two sections lies in the fact that the modified
evolution of scalar and vector modes can actually be decoupled. This crucial fact,
that has nothing to do with the fluid approximation, has already been treated in
detail in Section 6.5.

6.7.1 Bulk velocities

The evolution of the different fluids is governed by

B, = ~Lap, (6.156a)
Te

B, =0, (6.156b)

. 1

By=-Hpy+ chAﬁ , (6.156¢)

B.=-HB. (6.156d)

where, again, AP = B, — B;,. The initial conditions are chosen according to the con-
straint

Y (ps+Ps)B, =0, (6.157)

so the cosmic center of mass condition is maintained in the evolution. Moreover, we
will assume that all the bulk velocities (B, B,, By, B.) are aligned along the B axis in
the O frame. As we will shortly see, and can be inferred from (6.156a) and (6.156¢),
when two species are tightly coupled their velocities evolve to become equal. Once a
particle species decouples, the magnitude of its velocity evolves independently but,
in the absence of additional interactions or other sources of anisotropy, it does not
change its direction. We assume that the whole visible sector was in thermal equi-
librium in the very early Universe, even if some species, like neutrinos, decoupled
later. In this case, all its components must have velocities pointing in the same
direction ,3 The only remaining contribution is the dark sector, with DM among its
components. The dark sector in the O frame counterbalance the momentum den-
sity of the visible sector to achieve an isotropic universe, so it must point in the —f
direction.

CDM and neutrinos are decoupled, but the photon-baryon system must be treated
with some care. In the tight-coupling limit, 7. < 1, it is easy to see that the ve-
locities converge in direction and magnitude and we can look for an approximate
solution of this system. Expanding perturbatively in the small parameter 7, we
have

B,=-AHP,+0() , (6.158)
Ap=AHB,1.+O(12) . (6.159)
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The differential equation can be solved to yield

_bo_

= 6.160
1+R’ ( )

Py

where B is the initial velocity of the visible sector in the O frame, the only ad-
ditional free parameter in our model. In a similar way, the neutrino and CDM
equations can be solved to give

B, =Py, (6.161)
B, =pr¥a (6.162)

Using the scaling (6.162) and enforcing the constraint (6.157) during the tightly

coupled regime, the value of ﬁff’day is found to be

today _ —g OQYQLCQV (6.163)
It is important to notice that according to the evolution of 8. (6.162), early enough
in time, the condition S, < 1 could break down. However, this is only the case if
the DM keeps the non-relativistic distribution at early times. If the DM were light
enough it could behave as a radiation-like fluid well before its bulk velocity reaches
Bc = 1. In this case, . would remain constant and small. On the other hand, if the
DM is heavy, its bulk velocity can reach the relativistic regime. In this case, it is
worth mentioning that even if the anisotropies that would arise at the background
level are O(Bo) and not O(pB3), their effects can only be relevant well before the
matter-dominated era, with no observational consequences.

In order to avoid choosing any particular framework for the dark sector, we will
not follow the dark matter evolution using (6.162). Instead, we follow the evolution
of photons (6.156a), neutrinos (6.156b) and baryons (6.156¢), and then the momen-
tum of the dark sector, regardless of its composition, can be obtained imposing the
center of mass condition (6.157). Thus, our only assumptions regarding the dark
sector are that it is subdominant at early times and that it behaves as cold matter
plus cosmological constant at late times.

6.7.2 Scalar modes

Here we provide only the equations for the photon-baryon system. As usual, neutri-
nos and CDM satisfy the same equations without the coupling term. The evolution
of the photon perturbations is described by the equations (6.112, 6.113, 6.114). Un-
der the approximation scheme already discussed, i.e. neglecting backreaction of
vector modes and neglecting moments higher than ¢ = 2, these equations take the
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form
.4 4k? : . 8,
5y+§9y+?(B—E)—4(D+§1(ﬁy-k)(‘l’—(l>)
4
. ——k (ﬁbA0+6bAﬁ)] (6.164a)

2
0, - kz(ay —40,) - k*¥ — 4i(, - YD + 2ik*(B, - k)B - E)

- —Tl[AH—ik-(ﬁb(éy—ay)—ﬁyéne —Aﬁ‘P)] , (6.164b)
.4 ) 4
Gy~ 0y - k (B-E)- (B, B)(®+5¥)
1 4 -
== |0y 155k (Boby + 48405 + 05 6) (6.164c)

Neutrinos are described by the same system, without collision term. For baryons,
we apply our approximation scheme to equations (6.88) and (6.89) obtaining

5p+0p— 30+ kAB-E)— 27{(‘6” Oy + 2i(B,, - k)Y — @)
1
=7 ——k (ﬁbA9+ebAﬁ) (6.165a)
0 +’H0b—k2‘1’+21(ﬁb-k)Hb—41(ﬁb-k)CI>+Zik2(ﬁb-k)(B—E)
1 )
=2 AH—lk-(ﬁb(6y—ay)—ﬁ76ne—Aﬁ‘l’) (6.165b)

Again, CDM equations take the same form, but without collision term. The evolu-
tion of the total energy-momentum tensor is described by

S +3H(C2-w)d+(1+w)0—(1+w) (30 -k*(B-E)) = (6.166a)
0+ (1—3w)HO + 1i"we— 1i2wc§5 3(;“1210)0—]@2‘{' =0, (6.166b)

where
¢26 = % (%pyay + %pv&, - 21";206‘? _Hp gibeb) , (6.167)
U=%(Pyay+l)v0v+ipc':cec ) (6.168)

In Section 3.7, we saw how the linearity of these equations allows us to regard
them indistinctly as a system for the evolution of the transfer functions, factoring
out the initial conditions. There is however a striking difference between these
equations and the ones in ACDM: the appearance of imaginary terms, e.g. compare
(6.164) and (3.136).

Usually, even though the Fourier coefficients are generally complex, the evolu-
tion equations are real. In this case, both real and imaginary parts of the transfer
function satisfy the same equation. Owing to linearity, with a judicious choice of
the initial global phase, the transfer function can be rendered purely real. With the
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appearance of complex coefficients, real and imaginary parts constitute a coupled
system with different equations of motion.

We will assume that the global phase has been chosen so that the imaginary
parts are initially zero, or at most O(f). Even if they are initially zero, the terms
proportional to § couple the imaginary to the real parts, driving them to a finite
value proportional to 8. Then we are in the same situation as with the vector modes:
the imaginary parts of the scalar modes are determined by the real parts, but do
not backreact on them. The real parts follow the standard cosmological evolution.
Therefore, the transfer function of a generic perturbation g can be splitted as

g(t,k) =gl R)+i(B-k)gl(r,k), (6.169)

where now g® and g! are purely real and do not depend on the direction of £. The
previous discussion can be summarized as follows.

e The real part of the perturbations, g%, follows the standard ACDM evolution.
In particular, it only contains adiabatic perturbations.

* The real parts act as external sources in the system for the imaginary parts,
via contributions O(f). The imaginary part of the perturbations, g/, is O(B).

Performing this splitting and working in the synchronous gauge (3.162), the final
set of equations for the photon perturbations is

o 4, 2., 8Bk
oL+ gl + SR - TR
rT3r Ty 3
_ 4 R R
= 3r [,BbAH +6F A,B] , (6.170a)

. k2 :
6y~ ~-(6y 4o+ pyk (" + 20"

1
:_T_[Aef—k(ﬁb(aﬁ—aﬁ)—ﬁyéffe) : (6.170b)
C
4 . 2. 4B,k
LT I I . ] " R
07_1_597’_1_5(}1 +6 )——15 n
_ 1y 4 R R R
= ay—ﬁ(ﬁbey +4p,0" +A,69b) . (6.170¢)

The equations for neutrinos are the same, setting the collision part to zero. For the
baryons we have

. 1. 2
8y + 64+ 5h! - Zﬁbef—zﬁbknR
R R
=R [,BbAH +6F Aﬁ] , (6.171a)

0L + HO! +26,0F + ok (kR + 21‘73)

. (6.171b)

A0T — (Bo (0% — o) - pyoR )

- R,
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And finally for the total fluid

. 1 .
6T+ 3H(2 —w)s! + (1 +w) o’ + 5(1+w)h1 =0, (6.172a)
. ; kz 4k2
0 +(1-3w)Ho! + —2 T — 257 4 I_g 6.172b
(=B HO + 70" = o ed + 5y =0 ( )

where, in the synchronous gauge,

1(1 1 205 B0
21 I I b
sl==|Zp,6l4=p, 6l 2270 | 6.173
1 oF
UI:;(pYU{,+pVU{,+pb/i: ”) . (6.174)

To complete the system, we compute the variables n and a/ using a combination of
the Einstein equations

2
2k?
0r (ah?) = —3a (1+3c2) H?6" . (6.176)

=" (1+w)el, (6.175)

Usually, one would integrate the equations for photons, baryons, neutrinos and
CDM. Then, after adding all the components, one would compute the sources for
the metric perturbations, i.e. the total energy-momentum tensor. As we stressed
before, in our setup we found it more convenient to follow a different route. Instead
of tracking the behaviour of the dark sector, thus choosing a particular DM frame-
work, we follow the evolution of the whole fluid (6.166). Using these equations, the
only underlying assumptions are:

* The dark sector is subdominant with respect to neutrinos and photons at early
times, i.e. before the matter-domination era.

¢ There is a transition to a A+CDM behaviour at late times.

Under these assumptions, the only CDM contribution to the total fluid goes into
the equation of state w, since in the synchronous gauge it does not contribute to
OP or o at first order in . The evolution of the dark sector can be obtained af-
terwards subtracting the contributions of photons, baryons and neutrinos from the
total energy-momentum tensor.

These equations still need to be complemented with an appropiate description of
the tight-coupling and radiation-streaming approximations, see Section 3.6 for de-
tails. Before that, we describe the impact of perturbed recombination. It is usually
neglected in ACDM but it will be important in our case.

Perturbed recombination

The disturbances in the photon temperature field produce perturbations in the ion-
ization fraction of the electrons. In standard ACDM, this inhomogeneous recombi-
nation only produces second order effects in the CMB, but it has proven important
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at late times when computing other observables, like the 21 c¢cm radiation, through
its effects in the gas temperature [NB05; Lew07].

Boltzmann codes like CAMB [LLB02] and CLASS [BLT11] have implemented per-
turbed recombination at late times. These implementations follow the formulae of
RECFAST [SSS00], including perturbations into the recombination coefficient that
effectively takes into account multilevel atom computations. These codes also track
the evolution of the gas temperature and its perturbations, that modify significantly
the baryon sound speed.

The study of the dark ages in detail is beyond the scope of this work, but, in
our case, perturbed recombination plays a role in the photon-baryon system to first
order in 8, where a perturbation in the number of free electrons dn. appears, e.g.
see (6.84). The baryon sound speed has been neglected in our calculations (it is
only important at very small scales) and we will neglect the perturbations in the
gas temperature and the recombination coefficient as well. Defining the ionization
fraction [KT94; SSS00] as

Xe=—, (6.177)

where n, and nj; are the number densities of free electrons and baryons, respec-
tively, we have
6ne =0p + 6xe > (6.178)

where 6, = 6x./x. is the relative perturbation in the ionization fraction. Since 6n,
always appears multiplied by S, to study its evolution it suffices to take (6.67) with
B =0. After a few manipulations we obtain

. 0
5 — =
e 61(

1.
)a36ne+9b+—h =0. (6.179)
adn, 2

Substituting the definition (6.178) we get the final evolution equation

8, +=2(0+84,) =0. (6.180)
X

e

Tight-coupling expansion

During the tightly coupled phase, 7. << 1, the system can be perturbatively ex-
panded in the small parameter 7.. The only difference with respect to Section 3.6.1
is that now we must plug in the TC results for § and the real parts as well. Solving
simultaneously for A8 and ¢! we get

k2
= pyk (6% - oF — 5% ) +TC{ZA5§ + A6l

+ Byk | ACA=DH (o] - of - 07| - AHB] + Ao}

A . .

R, AsR R_ R p:R 2

_1_56y+A6 + h 5(h +61) )]}+O(rc), (6.181)
4B .

1_2%Prpr . I (] 4 enl

o) =—L07 + << {40]+ [k +6n)

AH

+ By | RA=5)5T + k™ + i ofl+or) . 618

c
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The final equations of motion of the photon-baryon plasma during the tightly cou-
pled phase are

. 1.
6£+0§+—h1

(kA 2AM
:ﬁy‘ 1 ——o6% +k 6R 55—5§1)+2kn’*+795 , (6.183)
5§+é91+—hl
3
(kA p 8k p 8AH p
=Py | 5% —7 0y 6.184
By _ 3 el 3% ( )
74 I I
oL+ AHOL+ Z(A - 157
R R R
= Byk| A0 - AYH (5y ~of -7 )
R ‘R -R A\ g
~ A6f —5 B_ ASE —oi® - 1+ A (6.185)

Radiation-streaming approximation

RSA can be handled like in Section 3.6.2, starting with a modified second-order
equation for the neutrino density

"I___ 1,1y, 4Bk (iR 2.7
5=~ 0] - 400+ = (AR + 47" - A (6.186)

The non-oscillatory particular solution in the sub-Hubble regime is

I_ ﬁv R
51 = kzh (R 4 (6.187a)
1.
ol = —éhl +2B, k0t | (6.187b)
ol=0. (6.187c¢)

6.7.3 Vector modes

We will describe now the evolution of the vector modes, following the same steps
as in the previous section. Since the evolution equations, and the initial conditions,
are the same for both helicities, we can rewrite the vorticity for the species s as

Xs=xs((B-é)é_+(B-é.)é.) (6.188a)
=1s ((B-D)&+(B-9)9) (6.188b)
=xs(B-(B-R)E) . (6.188c)

Then, we do not need to distinguish between helicities and we can just write one
equation for y;. The same applies to the vector part of the shear tensor n;/. Starting
from (6.119) and (6.120), under our approximation scheme, i.e. neglecting tensor
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modes and moments higher than ¢ = 2, the evolution of the photon vector modes is
described by

o1 8k, 1 1
Xy + 5,3)/ (h - 277) - T”y = _T_c Ay + ﬂ}/ane = PBo 5)/ + 5‘7)/ , (6.189a)
4 4 . 4 1 4
.V _ Vv
T AT (S+F)+ EPm= 1t R (BbOy + 400 + AﬁQb)] ;
(6.189b)
where we have defined
AX=xy— b - (6.190)

Again, the behaviour of neutrinos can be obtained from these equations, setting to
zero the collision term. From (6.89) and (6.94), baryons and dark matter evolve
according to

1 . 1 1
1o+ Hxs + BoOp + =Ps (h—Zf]): AX+(,By5ne_ﬁb (5Y+_UY)) , (6.191)
2 T.R 2
1 R
)’(C+ch+§,6c(h—21'7):0. (6.192)
The evolution of the total vorticity is
w kz A4
Y + H(1-3 + - =0 6.193
1+ wix Trw 1w’ ’ ( )
where 1 1
vV _ A% A%
T = ; PvITy + PyT0, — ﬁﬁbeb . (6.194)
Finally, the relevant Einstein equation is
. 167Ga®
S+F= ’;2“ (0+P)y . (6.195)

Tight coupling expansion

As in the previous section, we need to find the approximate equations to follow the
tightly coupled phase. Performing the same manipulations, and inserting the TC
solutions for f and the scalar modes, we get

Ay =B, (5,85 —02,) +TC{AHXY + By ACA-DH (6, -6, -6.,)

A 2 . A 1.
_,47-[6Y+§6Y+1—50y+.,46xe +Eh+1—5(h+617)”+(’)(r§) , (6.196)
48 4 . 5 A 2AH
VvV _ Y
T[Y = —WHY—ETC{X)/'F(S +F)—,By Zéy—n—z(ﬁ‘y—?&y } . (6197)

The equation governing the evolution of the photon vorticity during TC is
. 1 . .
Ty = —AHxy = Byby — Qﬁy (h—27)

+p,A 1

(1—A)H(5Y—5b—5xe)—gey—%k—sxe] : (6.198)
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Radiation streaming approximation

The equations (6.189a) and (6.189b) for neutrinos, or photons after decoupling, can
be combined into a second order differential equation
A 2 k? 1o
¥ :—gg(v——(S+F)——,an 2[3 v(h—27) . (6.199)
During the period of rapid oscillations, we are in the situation in which |}, | < |k2 vl
and |y, < Ikznyl. From the previous equation and (6.189a), the approximate non-
oscillating particular solution is found to be

i 5 s oL
tv==(S+F) = Pun+ o By (b= 2ii) (6.200)

2 .
Vv _ .
7y = obu(h-20) . (6.201)

Semi-analytic solutions

The equations obtained admit semi-analytic solutions in some regimes. During the
TC regime, from (6.196) and (6.198), we find, to lowest order in 7,

(1+R)XY:—%ﬁo(h—2n)+ﬁ0A(6Y—5b—6x) @Of(uz)e dr+C,, (6.202)

Po ,50(

1o 0y =05-0:) -7

1
(1+R)ys =~ olh—2) - . )9 dr+C,, (6.203)
where C, is a constant of integration, to be set with the initial condition, and Bg
is the initial velocity of the photon-baryon plasma. Another result that can be ob-

tained, integrating (6.192), is the evolution of CDM
1
axe=-j3 w0l (p —2n) +C, . (6.204)

As discussed before, we do not specify the behaviour of the dark sector at early
times. Hence, we do not use this equation. We solve the system instead using the
total vorticity (6.193) and we then obtain the vorticity of the dark sector subtracting
the other components.

6.8 Initial conditions

We need to find the appropiate initial conditions for the system of scalar and vec-
tor modes developed in Sections 6.7.2 and 6.7.3. We will consider the most general
initial condition and then study the physical restrictions that we must impose. For
B =0 our system reproduces the standard cosmology. This case has been studied
in detail in Section 3.7 and the relevant modes, i.e. one adiabatic and four isocur-
vature, have been identified. In this new setup, the presence of an external source
gives rise to the existence of a new “mode” of the system, in the sense that we have a
non-trivial evolution even if the usual adiabatic and isocurvature modes are absent.
First, we will identify this particular solution, setting to zero the other modes of the
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system. Note that the external sources only contain variables that evolve accord-
ing to standard ACDM, so for these variables only adiabatic initial conditions are
considered. After identifying the effect of the sources, the most general perturba-
tion can be constructed adding to the sourced mode the adiabatic and isocurvature
modes. Finally, we must analyze what physical requirements constrain our choice
of initial conditions. In particular, we impose that neutrinos and photons, being
tightly coupled in the very early Universe, share a common initial velocity. Every
other initial condition that is not fixed by this condition is set to zero. This pro-
gramme is carried out in detail in the next sections.

6.8.1 Scalar modes

Adopting the notation of Section 3.7, we will look for regular super-Hubble solutions
and expand every cosmological variable as
I _ n(0) 0) 1.2 3)..3
67_D6y +DéyT+D5yT +Déyr +... (6.205)
We assume that the mode is in the tight-coupling regime and in the radiation-
dominated era. The results for the sourced mode can be obtained setting to zero

the initial conditions for 1]1 , Rl , 6§, 5{) and 9§. In addition, we must use the series
solution of Section 3.7 for the adiabatic mode of the real parts with

4R, +15

— 2
4R, +10"’ (6.206)

nf(r=0)=

where we have set R = 1. Plugging all these expansions in the system and solving
it order by order in 7, we get the coefficients D™ for the new sourced mode.

(1) _ 4ﬁ()k (4Ry + 15)

0) _
Dy’ =0, et (6.207a)
460k (R, —1)(4R, + 15)
0 _ 1 _
Dy =0, Dy = SR.GR.T5) , (6.207b)
©0) _ 1) _ Bok (4R, +15)
Dy =0, Dy = RorE (6.207¢)
DY =o, DY =o0. (6.207d)
DO _ _Ho/SyyRo ok (Ry—3)(4Ry +15) (6.2080)
O 4(Ry-1)(@2R,+5) ’ '
H, \/S_V'R,bﬁok (4R, +15)
@ _ Y
D;, = 12R. +5) : (6.208b)
D@ _ _ 3Ho/SyvReBok(Ry—3)(4R, +15) (6.2080)
O 16(Ry,—1)(2R, +5) ’ '
Ho/S,vRpPok (AR, +15
D(2) _ 0 Y b,BO ( ) . (6.208)

g 4(2R,+5)
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H3Sy Ry Pok (4R +15)(5RVRpc (Ry—1) - 3R (R, —6))

D® —
o 60(R, - 1)2(2R, +5)
4Bok3 (44R., + 65)
45(AR, +5) (2R, +5)’
@ _ HSyRePok 4R, +15) 3Ry ~5Rpc (Ry ~ 1))
Oy 60(R, - 1)(2R, +5)
2B0k3 (32R., +45)
45R, (2R, +5)
@ 3HESy Ry ok (4Ry +15)(2Rp —5Rpc (Ry— 1)
o 80(R,-1)(2R, +5)
Bok3 (80R2+392R ., +545)
90(4R., +5) (2R, +5)
) _ Q) _
Dgy - 0 ’ DHY - O )
0) _ ,BOk (4R, +15) D(D ~0
%" R,2R,+5) ’ 6y~
) _ a _
Dg - 0 ’ DH = O .
@ _ __ 5Pok’
Oy 6(2R, +5)’
@_ _ Bok3 (44R2+151R,, + 135)
O 6R, (4R, +5) (2R, +5)
@ _ _Pok® (Ry+2)4R, +15)
0 7 3UR,+5) (2R, +5)
DY =0,

p) _ 260k (Ry+2) (4R, +15)
v 3R,(4R,+5)2R,+5)’
@ _ 2Ho\/SyyRpcPok(Ry +2)
v (AR, +5) 2R, +5)
@ HiSyRE Pok(Ry+2) (4R, —45)
7 8(2R,+15)(4R, +5)(2R, +5)
Bok3 (32R%E+224R3 +914R2 +2097R, + 1620)
- 54R, (2R, + 15)(4R, +5)(2R, +5) '

DO _g D __ 260k (R, +2)(4R, + 15)
n ’ n 3AR,+5)(2R,+5)
DY =D D\V=0.

(6.209a)

(6.209b)

(6.209c¢)

(6.210a)

(6.210b)

(6.210c)

(6.211a)

(6.211b)

(6.211c)

(6.212a)

(6.212b)

(6.212¢)

(6.212d)

(6.213a)

(6.213b)
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Ho\/SyvBok(~Rp(4Ry +5) (AR, +15) + 40R 4. (Ry +2))
16(4R, +5)2R, +5)
p@ _ 3Hoy/SyyRyfok (4R +15)
h 8(2R, +5) :

D@ = , (6.214a)

(6.214b)

@ HSwREBok (4R, +15) N H2S, R RocPok (4R, +15)
i 80(R, - 1)(2R, +5) 48(2R, +5)

5H2S, R% Pok(Ry+2)(4R, —45)

24(2R, +15)(4R, +5) (2R +5)
Bok3 (—~80R3 +568R2 +4525R., +4950)
270(2R, +15)(4R, +5) 2R, +5) ’
D®_ H2S, RpPok (4R, +15)(8Rp —5Rpc (Ry — 1))

h 40(R, - 1)(2R, +5)

Bok3 (80R2 +528R, +655)

~ 90(4R,+5)(2R, +5)

(6.215a)

(6.215b)

Once we have the new behaviour of the system, we need to evaluate the assign-
ment of initial conditions. It seems reasonable to give zero initial values to our
modification but there is one further physical requirement that we must impose. As
mentioned above, if neutrinos and photons were in thermal contact in the primeval
Universe, it is physically sensible to impose that they shared the same velocity

Ou(T=0)=0,(1=0)=6 . (6.216)

In the standard scenario this leads to 6)(,0) =0 and to the absence of neutrino velocity
isocurvature modes. However, in our case, if we consider a neutrino isocurvature
velocity mode on top of the sourced mode, upon imposing this restriction we get

0 _ ARy +15

V=g ok (6.217)

In order to obtain the correct initial conditions, we must consider the combination
of the sourced mode with a neutrino isocurvature velocity mode with the previous



158 CHAPTER 6. NON-COMOVING COSMOLOGY

initial condition. The final results are

ol =6l=06,=0"=0+0(r%, (6.218a)
ol _ B0k 4Ry +15) | 3Ho+\/SyvRpBok (4R, + 15)
Y 2R, +5 4(Ry-1)(2R, +5)
N B3HESy Ry Pok (4R, +15)(Ry — DRpc +3Ryp)
T

16(R, - 1)2(2R., +5)

3
- 2/?(};7?: ;)5)72 +0(), (6.218b)
1 Pok(dR, +15) Pok® (8R}+62R,+95) , ;
"R 3aR, +5eR, <5 | o) (6.218¢)
Ry Bok3 (4R, +15)
I_ 9 3
= 4R, +5)2R, + 5)" +0(r), (6.218d)

O'I _ 2,30k (4RV +15) T4 6H Vv Svavac,BOk 2
V= @R, +5) 2R, +5) | (4R,+5) (2R, +5) |
Rl =0+0(:%), (6.218f)
I_ _2Rvﬂ0k (4RV + 15)_[ 15H, Vv SvavacﬁOk 2
T @R, +5) 2R, +5) | 24R,+5)2R,+5) '

+0(7%) (6.218e)

+0(7%) . (6.218g)

6.8.2 Vector modes

Considering adiabatic perturbations in the scalar contributions, during TC and
deep in the radiation era, the super-Hubble evolution is

D(l) _ 3D§2/)H0 vV Svab

0) _ n(0)
DV =D?, @ TRSTI (6.219a)
© _ Po@R,+15) &)
= PO =RvT Y DD =0 21
Ay 2QR,+5) ’ A (6.219b)
DScO) -0, Dg(D =0, (6.219¢)
o 3DH2S, Ry B3Ry + Roc (Ry—=1)  Bok2(8R, +25)
D? = ; - , (6.220a)
Y 16(R, 1) 12(2R, +5)
2
—_ 6.220b
Xy 12QR, +5) ( )
D?=o, (6.220c)
D® =0, (6.221a)
DW _ 25pok" (6.221D)

X 88R,+45 2R, +5)’
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DY) =0,
DY) =0,
DY =0,
s _ Bok?(32R3 +268R, +375)
™ b4(8R,+45)(2R,+5)

DO _
S+F
po  _
S+F

(2) _ 25ﬁ0k2

S+F  (8R,+45) (2R, +5)

K

’

(6.222a)
(6.222Db)
(6.222¢)

(6.222d)

(6.223a)
(6.223b)

(6.223c)

Again, imposing the physical requirement that photons and neutrinos had the same

velocity in the very early Universe, we are led to

© _ _Bo@Ry+15)
r— 22R,+5)

The initial conditions provided for the numerical integration are

_ ,60 (4RV + 15) 3 SHO\/SYVRbﬁO (4RV + 15)‘[
=T @R, +5) 8(R,—1)(2R, +5) ’

3HS v RpPo(ARy +15)(Rpc (Ry— 1) +3Rp)
- T

32(R,-12(©2R,+5)
_ Pok®(8R, +25) , 3
12@R,+5) & o),
__Bo(4Ry+15) Pok?*(BR,+25) ,
M =""9@R, +5) 122R, +5)
Y= ser.ramar. 5" O
v _ Bok?(4R, (B8R, +67)+375) 4

+0(%),

4
™= 48R, +45) (2R, +5) +O(r%)
S+F=GrRirmer, 5" o)

(6.224)

(6.225a)

(6.225b)

(6.225¢)

(6.225d)

(6.225e)

6.9 Numerical implementation and first results

6.9.1 Implementation details

The first step is the integration of the background and the determination of the
bulk velocities, that will be common to any subsequent computation. We proceed as

follows.
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I) The background and the thermodynamic variables follow a ACDM behaviour.
We compute them using CLASS [BLT11] with the base ACDM parameters
[Agh+18], that are summarized in Table 1.1.

II) This information is used to compute the bulk velocities. We integrate (6.156a),
(6.156b), (6.156¢), and apply the center of mass constraint (6.157) to infer the
momentum of the dark sector. At very early times, the TC solution (6.160) is
used and then joined smoothly with the exact evolution.

Once we have these results, we can solve our modified evolution for the pertur-
bations. In particular, we evolve the simplified system of Section 6.7. The main
ingredients for the integration of the scalar modes are summarized below.

I) The real parts of the perturbations, labelled with R, follow the standard evo-
lution and act as external sources in our system. We use CLASS to precompute
these sources, with adiabatic initial conditions.

II) Once the sources have been computed, we solve the system for the imaginary
parts, labelled with I. The system consists of (6.170, 6.171, 6.172, 6.175, 6.176)
and a neutrino contribution equal to (6.170) but without collisions.

ITI) The appropiate initial conditions for the system are discussed in Section 6.8.
We use the expresssions (6.218), starting the integration at the same time as
CLASS.

IV) To take into account perturbed recombination, see Section 6.7.2, we also in-
tegrate (6.180). Each mode starts with initial conditions 0,,(7 = Tin;) = 0. We
use the full ionization history x.(r) provided by the thermodynamics module
in CLASS, computed using RECFAST [SSS00].

V) We need two approximation schemes to follow the numerical evolution, the so-
called tight-coupling approximation and radiation-streaming approximation.
The relevant equations can be found in Section 6.7.2. Both are switched on
and off using the same criteria as CLASS.

The recipe for the integration of the vector modes is similar.

I) The scalar perturbations evolve according to standard ACDM and act as exter-
nal sources for the vector modes. We use CLASS to precompute these sources.

II) The system to be integrated consists of (6.189, 6.191, 6.193, 6.195) and a neu-
trino contribution equal to (6.189) but without collisions.

ITI) The initial conditions are described in Section 6.8.2 and correspond to (6.225).

IV) The relevant TCA and RSA equations are collected in Section 6.7.3.



6.9. NUMERICAL IMPLEMENTATION AND FIRST RESULTS 161

1.0
0.8
0.61 N E—
0.41
0.21
0.0 1
—_— ﬁY
—-0.21 B
— By
-0.4 — Be

100 100 102 108 10* 105 106 107
1+z

Figure 6.1: Time evolution of the bulk velocities for the different components.
The dark matter velocity is obtained enforcing the cosmic center of mass condi-
tion (6.135). Massless neutrinos behave as an uncoupled ultrarelativistic species
throughout the evolution and maintain a constant velocity. The photon-baryon
plasma behaves as a single fluid, either matter- or radiation-like, until decoupling
Zdec = 1090. Around z = 11 there is a small effect in the photon velocity due to
reionization.

6.9.2 Time evolution and transfer functions

The time evolution of the bulk velocities for the different components is represented
in Figure 6.1. All the components in the visible sector start their evolution with the
same velocity in the center of mass frame, and its momentum is counterbalanced
by the dark sector. The velocity of the neutrinos, since we are neglecting their
masses, is always constant. The velocity of the photon-baryon plasma is constant
deep in the radiation-dominated era. Once the baryonic contribution to the energy
density becomes important, the plasma velocity drops down as a1, see (6.160), until
decoupling. After decoupling, the velocity of the baryons keeps scaling as a1, like
CDM, while the photons keep a constant velocity, with a slight late-time effect from
reionization. Today, the cosmic center of mass, i.e. the O frame, almost coincides
with the matter frame but photons and neutrinos possess a sizeable velocity.

Before turning to the evolution of the perturbations, we must clarify a few points
concerning our choice of fluid variables. In particular, it is important to relate the
intermediate variables we have used with the physical velocities. The velocity that
would appear in the energy-momentum tensor of a fluid (2.9) is the velocity of a
frame in which the energy flux (or momentum density), i.e. the component T;, is
zero [LL59]. Using the boost-transformation properties (6.38b) we can obtain an
equation for the physical velocity U’ of the fluid

7Pi (@ -UV ) - 72U (p+ P-QUj) =0, (6.226)
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where .
— — i i _ Ul U /
y=a-U»",  Pi=s+G-1 UZJ (6.227)
Working to first order in 8 and in cosmological perturbations we have
. . 1 ‘ . .
Ul=f+—— (6Q’ — proILL - Bl + 6P)) . (6.228)
p+P

The physical velocity has two parts, a bulk velocity f; plus a peculiar contribution
Su'. For ultrarelativistic particles, the peculiar velocity can be expressed in terms
of our previously defined variables (6.65) as

sul = 6’ —Zﬁkn; —- 5. (6.229)
It can be splitted into a scalar and a vector part
du' = —i]]z—ia +(, (6.230)
so that we have
9=0—-i(p-k)6—-0), (6.231a)
(F=x"—(B-éy) (5 + %0) . (6.231b)

For non-relativistic species, the results are identical setting o = 0. It is worth noting
that this is not the only physically sensible definition of the velocity of a fluid. It
can alternatively be defined as the velocity of the frame in which the flux of parti-
cles (6.38f) is zero [Wei72]. Both definitions agree for non-relativistic fluids if the
number of particles is conserved.

Finally, we present the transfer functions evaluated today for a range of £ and
their time evolution for a fixed value 2 = 1072 Mpc™!, as a sample from the full re-
sults for the evolution of the perturbations. All the results concerning cosmological
perturbations are computed in the synchronous gauge and then transformed back
to the Newtonian gauge, that can be more easily interpreted in the Newtonian limit
[Maa98; EEMO1]. Figures 6.2, 6.3, and 6.4 contain the density and velocity of CDM,
baryons and the total fluid. Figure 6.5 contains the metric variables, i.e. Newtonian
potentials and vector metric perturbations. The quantities with an R superscript
follow the standard evolution and are computed using CLASS with the Planck 2018
[Agh+18] input values. The modified contributions, with an I superscript, remain
smaller than the standard ones for most values of &, but not as small as could be
expected. The difference at scales of 0.1 Mpc ! is just one order of magnitude, in-
stead of three as could be naively anticipated from By = 1072, and the modifications
could grow even larger above the non-linearity scale.

6.10 Observables

6.10.1 Power spectra

The distribution and redshift of galaxies give us information about density pertur-
bations and peculiar velocities. This class of observables, related to the clustering
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Figure 6.2: Transfer functions, with initial curvature perturbation normalized to
one, in the Newtonian gauge. Both panels represent the evolution of the density
contrast, both the standard and our modification. The imaginary parts are propor-
tional to Bo. We show the results for o = 1073. (Left) The vertical line indicates
the super-Hubble and non-linearity scales, respectively. (Right) The vertical line
marks the horizon crossing. In the red and green shaded regions the RSA and TCA,
respectively, are switched on.

of matter, contains information about the present distribution of CDM and baryons,
as well as their evolution at very late times. The results of Section 6.9 allow us to
predict new features in these observables arising from the non-comoving scenario.

The main LSS observable is the matter power spectrum, but our modification
does not leave a first order imprint on it. On general grounds, if we consider a
cosmological quantity g splitted as in (6.169), we have

lg(z,R)? = g8 (r, k)12 +O(B?) , (6.232)

i.e. the ACDM result. However, in the cross-correlation between two cosmological
perturbations g1 and g9 we get a first order dipolar contribution

g1g5=gbel +i(B-b)(glel" - glal’ )+ O(p?) . (6.233)

Every cross-correlation between cosmological quantities contains a dipole modi-
fication with this structure. This effect could be observed in the future in the
cross-correlations between matter density and velocity [Teg+04], as the precision
of the surveys increases. It is conceivable that this effect could appear in cross-
correlations between baryon and CDM densities as well, even though a thorough
analysis using lensing information would be in order. Finally, the generation of
vorticity, purely decaying in ACDM, is another distinctive feature of our model.

We stick to the following conventions for the definition of the spectra. In the
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Figure 6.3: Transfer functions, with initial curvature perturbation normalized to
one, in the Newtonian gauge. Both panels represent the evolution of the velocity di-
vergence, where the imaginary parts have been redefined according to (6.231). The
imaginary parts are proportional to Sy. We show the results for By = 1073, (Left)
The vertical line indicates the super-Hubble and non-linearity scales, respectively.
(Right) The vertical line marks the horizon crossing. In the red and green shaded
regions the RSA and TCA, respectively, are switched on.

first place, we define the spectrum of a single variable as

(6(z,R)8" (z,k")) = (21)36(k — k)Pss(z, k) (6.234)
2
= 21)36(k — k)6 (z,k)lZ%PR(k) +0(%) , (6.235)

where 8%(z, k) is the real part of the transfer function and Pg (k) is the usual nearly
scale-invariant curvature spectrum. For the cross-correlations we define

Re(5(z,k)0" (2,k")) = (2m)35(k — K)PE (2, k) (6.236)
2

= ©2n)25(k — k')6% (2,k)0" (z,k)%%(k) +0(B?), (6.237)

Im(5(z,k)0% (2, k")) = 2n)25(k — k') B-E)PL,(2,k) (6.238)

=2n)36(k—Ek')B-E)
x (61(z,k)eR(z,k)—6R(z,k)a’(z,k))
272 9

The vorticity spectrum is defined in a similar way, according to definition (6.231),

($(z,k)-C*(2, k")) = 2n)*6(k — k') (1 - (B- k)?) Pyy(2, k) (6.240)
= 21?6k - k) (1-(B-k)?)

9 2
x |((z,k)|2k—jg7?7g(k)+0(ﬁ3) , (6.241)
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Figure 6.4: Transfer functions, with initial curvature perturbation normalized to
one, in the Newtonian gauge. Both panels represent the evolution of the vortic-
ity, compared with the velocity divergence. Again, the vorticity has been redefined
according to (6.231). The vorticity is proportional to 9. We show the results for
Bo = 1073, (Left) The vertical line indicates the super-Hubble and non-linearity
scales, respectively. (Right) The vertical line marks the horizon crossing. In the red
and green shaded regions the RSA and TCA, respectively, are switched on.

The results for the velocity spectrum and the density cross-correlation for CDM
are represented in Figure 6.6. In addition to this information, the velocity-density
cross-correlation induced by our modification shows a distinctive dipolar pattern.
In the same way, the vorticity autocorrelation, even though its amplitude is very
small, deviates from statistical isotropy, with a quadrupole term in addition to the
monopole. Figure 6.7 shows the cross-correlation between the matter density and
the lensing potential, defined as Ww = ® + ¥. This combination is observable us-
ing weak-lensing information [Dur08; SUR05]. Again, our additional contribution
becomes important at small scales, being just one order of magnitude below the
standard result at scales £ = 0.1 Mpc™! instead of three as might be inferred from
Bo = 1073, Both vorticity and deviations from statistical isotropy are absent in stan-
dard ACDM. Their presence, with the structure proposed, is a testable effect that
could be used to confirm, or disprove, the non-comoving scenario.

As we have seen, in our modified setting, velocity spectra are the most easily ac-
cessible LSS observables that show significant deviations. Peculiar velocity surveys
provide useful complementary information but currently are not competitive with
other cosmological observables to constrain standard cosmology [Teg+04; Kod+14;
Joh+14].
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Figure 6.5: Transfer functions, with initial curvature perturbation normalized to
one, in the Newtonian gauge. Both panels represent the evolution of the Newto-
nian potentials, their difference and the vector metric perturbation. The imagi-
nary parts and the vector modes are proportional to fy. We show the results for
Bo = 1073, (Left) The vertical line indicates the super-Hubble and non-linearity
scales, respectively. The sharp drop in the difference between the Newtonian po-
tentials at small scales is a consequence of the RSA. On those scales we are setting
the shear of ultrarelativistic species to zero, since it has a negligible impact in our
observables. (Right) The vertical line marks the horizon crossing. In the red and
green shaded regions the RSA and TCA, respectively, are switched on.

6.10.2 CMB temperature anisotropy

Temperature perturbation

Once we have constructed a consistent system of equations, we must discuss which
of the intermediate variables correspond to physical observables. One of the main
observables in cosmology is the distribution of temperature anisotropies in the
CMB. The CMB is very nearly isotropic and described, at the background level,
by an equilibrium Bose-Einstein distribution

1
fo

- e/ T —1°
Deviations from this background distribution are usually parameterized as temper-
ature perturbations

(6.242)

-1
p —
eXp(T[1+@)(‘r,x,ﬂ)]) 1] . (6.243)

The temperature perturbation can then be written in terms of the distribution func-
tion as

f(z,x,p,n)=

f P3dp(f = fo)

(1+0)*-1=
fp?’dpfo

A (6.244)
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Figure 6.6: The vertical line indicates the scale of non-linearity. (Left) Cross-
correlation spectra of dark matter densities and velocities, including the standard
as well as the dipolar contribution, both for the divergence and for the vorticity.

Pg 6, and P(I; ¢, are given in units of (8p/1072)(100 km/s)(Mpc/h)3, i.e. the curves are

plotted for By = 1073 but the spectra are proportional to this value. (Right) Autocor-
relation spectra of dark matter velocity, as well as the cross-correlation spectrum
between vorticity and the divergence of the velocity. Pg . and P, are given in

units (8o/1072)(100 km/s)>(Mpc/A)? and (8/1072)%(100 km/s)?>(Mpc/h)?, respectively.

With our definition for the distribution function (6.55), the deviations from (6.242)

are
1

A= ——
Y4(1_ﬁ"ﬁy)4

To first order in cosmological perturbations we have

N N - SUR
o= iapy e U

1
:ﬁ.ﬁy+1(1_3(ﬁ-ﬁy)+0(ﬂ2))fy+O(,B2) . (6.246)

—1+F, . (6.245)

This would be the temperature perturbation observed in the O frame. From the
Sun’s reference system, the observed temperature perturbation Qg is

1405 =70 (1-A-B,)(1+0), (6.247)

where B, is the velocity of the Solar System in the O frame. Expanding to leading
order in 8, and o we get

L1 R R
O = By~ Bo)-ii+ 7 (L+7-(By— Bo) 403~ B) Fy + O(F) . (6.248)
The reduced distribution function can be decomposed schematically as

Fy(i, B,) = F2P0) + (- B)FE () + O(B?) (6.249)
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Figure 6.7: Cross-correlation spectra of dark matter density and lensing poten-
tial Yw = ® + ¥, including both the standard and the dipolar contribution. ch‘l’w
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linearity.

where f;‘CDM follows the standard evolution and .7:5 contains our modification, i.e.
the imaginary part of the scalar modes and the vector modes. Finally, we need to
take into account the aberration effects. The direction 7 observed from the Solar
System is related to the direction 7 in the O frame as

_ Po ~70bs

= (6.250)
° yo(l-7-Bo)
Then, to first order in §, we can express the direction as
ni :né—(5;—ngn@j)(ﬁg\,{g—ﬁ{;)+(’)(ﬂ2) , (6.251)

where we have defined the relative velocity between the Sun and the CMB rest
frame

ﬁCQMB = ﬁy - ﬁo . (6.252)

It is customary [Agh+14; Pan+19] to express the deflection instead as
p-(A-P)a=V&A-p). (6.253)

Taking everything into account, the temperature perturbation that would be mea-
sured from the Solar System in the direction 7 is

®O(ﬁ'®) = ﬂ@ ' ﬁ(?MB
1
+5 (1 + Ao By —4(Ao -ﬁy)) oo (ﬁ@ ~ V(o B2,) + V(e -ﬁy))

1
+ 0o B)FP(Re)+O(F?) . (6.254)
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The first term represents the usual kinematic dipole, i.e. the Doppler-shifting ef-
fect associated with the relative motion of the observer with respect to the CMB.
The second term contains a dipolar modulation and aberration effects. Both effects
produce a kinematic mixing of the multipole coefficients. The third term is a purely
dynamical contribution, i.e. the effect of a relative motion between different species
during the evolution. While recovering standard results [Agh+14] for g =0, in our
setting we observe two kinds of new effects. First, the directions of the dipole, the
dipolar modulation and the aberration effects do not coincide. This effect comes
from the fact that, in our scenario, the standard ACDM evolution is recovered in
the O frame and not in the CMB rest frame. In standard cosmology both frames
coincide and this difference does not arise. The second effect is an additional source
of statistical anisotropy, coming from the modified evolution, with a dipolar pattern.

The CMB dipole is very well measured, with the latest Planck value being
BS,; = (1.23357 + 0.00036) x 1073 [Akr+18al. It is widely accepted that its origin
is mostly kinematical, so it gives us a very precise measurement of our relative mo-
tion with respect to the CMB. The Planck Collaboration also measured our relative
motion using the kinematic correlations induced between different multipoles and
the resultant anisotropic signal [Agh+14; Ade+16b]. Even though the uncertainties
are large in this case, and there seems to be some tension [Ade+16b], the velocity
inferred using this method is compatible with the dipole, supporting its kinematical
origin. The relative velocity with respect to the CMB frame is usually interpreted
as the result of peculiar motions of the Sun and the Local Group [Tul+08]. However,
in our scenario, the relative velocity would arise as a combination of the local mo-
tion, with respect to the matter frame, and the relative motion between the matter
and CMB frames.

It is very important to notice that our model produces a distinctive signature
in the CMB. In the standard picture, as mentioned before, the motion of the Solar
System produces a violation of statistical isotropy in the CMB. In our case, there
would be an additional, purely dynamical, source of statistical anisotropy, caused
by the relative motion between matter and radiation during the evolution. Both
effects could in principle be disentangled.

The local motion of the Solar System also leaves an imprint in the observed
galaxy distribution [EB84; GH12; Pan+19], even though the analysis is not straight-
forward in this case. Upcoming galaxy surveys like Euclid [Ame+18] or SKA [Maa+15]
will measure the induced dipole with high precision. A significant difference be-
tween this dipole and the CMB result would be difficult to accomodate in standard
ACDM, but could be easily interpreted as the result of a relative velocity between
the CMB and matter frames. Even if no such difference is measured, the bulk mo-
tion can still be smaller than the local one, and yet lead to observational signatures.

Two-point function

The two-point function will be analyzed in Chapter 7, after developing a modified
line-of-sight approach. In this section we will only prove that there is not an imprint
in the temperature power spectrum, i.e. in the C/’s. Here we use a simple argument
but it will be proven again in Chapter 7 by other means. Take a two-point function
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that also depends on a (small) parameter B. If we Taylor-expand it, the most general
structure to first order is®

A,A'; B) = Croom(f - 2) + (- BYCp(A-A') + (A - B)C (A - )
+B-(AnA)Cp(i -+ O(B?) . (6.255)

If we compute now the temperature power spectrum, see (3.254),

é—— Z (laem!? )— fdnanz(n AHC(n,n'; B) . (6.256)
20+1,<,

It is straightforward to check®

f dAada'(B-A)P,(A-APp(h-H')=0, (6.257)
f dada’'B-(AARP(A-APp(R-A")=0, (6.258)

so that finally
C,= ﬁ f dAada'P (i - A")C rcom(A -2+ O(B?) . (6.259)

The observed temperature power spectrum is not modified to first order in S.

Bulk flows

At the background level, the non-coincidence of the CMB and matter frames pro-
duces a global motion of large-scale structures with respect to the CMB. This ef-
fect could be potentially observed as a bulk flow on the largest scales. Measure-
ments of bulk flows, at different scales, have been carried out in peculiar velocity
surveys and using the kinetic Sunyaev-Zeldovich (kSZ) effect [Kas+09; Ade+14b;
Atr+15]. See, e.g., Table 5 of [Scr+16] and references therein for a collection of re-
cent measurements. Although there is a long history of conflicting measurements
and anomalously large flows on cosmological scales, in this thesis we adopt the re-
ported limit of Planck [Ade+14b] for two reasons. In the first place, it extends to
the largest scales, up to 2 Gpc, where a cleaner determination of our global flow is
expected. In the second place, it sets the more conservative bound in our parameter
Bo, in the sense of being the more restrictive to us. From the reported Planck value
v < 254 km/s(95% CL), and according to the time evolution of , in Figure 6.1, we
obtain

Bo<1.6x1072(95% CL) . (6.260)

Note that, since we are performing a first-order computation, all our results scale
trivially and we have written them explicitly in units of 8y. The previous constraint
is wholly compatible with the local measurements of peculiar motions mentioned

50f course, the two-point function of the temperature perturbation is symmetric under the ex-
change A — A’ by construction, but the argument does not rely on this.

6The first equality follows from the fact that every integration over an odd number of unitary
vectors 7 or A’ is zero. The second equality follows from symmetry.
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above. The peculiar velocity of the Local Group (LG), and other higher order struc-
tures, with respect to the CMB is inferred from the movement of the Sun with
respect to both of them. The constraint (6.260) yields a value f, < 0.85 x 1072 today,
of the same order as the measured velocity 52, = (1.00 +0.05) x 1073 [Akr+18al, so
it can be accomodated without fine-tuning the directions of these relative velocities.
Potentially, it could even constitute a component of unaccounted peculiar motions of
the largest structures [Tul+08]. This constraint also justifies our first order compu-
tation. In Section 6.2 it was discussed how to construct a RW background to O(g)
and how the O(ﬂz) terms introduce anisotropies, i.e. a Bianchi background. Using
(6.260) we can see that the terms (9(,[32) are in fact smaller than a typical cosmolog-
ical perturbation. Therefore, it is completely justified to take the RW metric (6.1)
as the background geometry.
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Non-comoving Cosmology: CMB

The previous chapter set up the stage for a cosmology with large-scale bulk
motions. We proved that there is no leading order effect in the CMB temperature
power spectrum, so we focused on LSS signatures. In this chapter we will find the
leading order effects in the CMB, beyond the power spectrum. Notice that, while
it was possible to reduce the complexity of the system to study LSS, if we want
to compare with CMB observations we need to solve the full Boltzmann hierarchy.
The main CMB observable is the two-point temperature correlation function, that
we cover in Section 7.1. In this section we analyze the generic structure of a two-
point function when we introduce a small vector parameter . We find that it is
possible to define a set of multipoles (similar to the C/) encoding the modification.
As an example, we apply this procedure to the modification that arises from the
motion of the Solar System with respect to the CMB frame. In Section 7.2, we
extend the line-of-sight approach of Section 3.8 to include cosmological bulk flows.
Using this result, we give the expressions needed to compute the modified set of
multipoles that we developed in the previous section.

7.1 Generic two-point function

7.1.1 Temperature perturbation and transfer function

The temperature perturbation (3.246) depends on time, the spatial position x and
the direction of observation 7i. Evaluating it today at the origin, it can be written as

d3k A d3k
e PR = | Gap

O(R) =0 =19,x=0,A) = Tk,ARE , (7.1)

where R is the primordial curvature perturbation and 7 is the transfer function.
The two-point temperature correlation function is

d3k d3F’
i) = (0OG) = [ o = ST T A’)<Rk7€*>
2
g d)]ZPR(k) f A2k T(k,A)T *(k,A (7.2)

In ACDM, the transfer function only depends on the directions 7 and £ through the
combination u =n-k. If we include a new direction in the problem, through a small
new parameter B, to leading order the generic structure of the transfer function is

T(k,7) = Talk,w) +i(B-B)Tp(k, ) + (i - P Tc(k, ) +ik - (BAR)Tp (k) . (7.3)
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Here Ta(k, 1) represents the ACDM part. We can write each of the terms as’

Ta=Y (-VaY)w), To=Y(-DeY)®R),
l l
Te=Y (-0, Y)), Tp=Y(-)'dY,R), (7.4)
¢ l
and we have, to leading order,

Tk, )T " (k,2") =T (k, )T (~k,1")
- Z/(—i)“[,Y;)(ﬂ)Y[O,(—ﬁ’){dgdgf +i(B-B)(a@pbe—acbe)
o +(A-Papce+ (R Prase,
+ik-(BARYGpdy —ik-(BA ﬁ')dgc_lgr} . (1.5)
The two-point function can be reduced to

k2dk
C(n,n') =

Pr(k) Y (-0 {ardp 1), -2

(27[)3 / A~ A
o +(G-Papce+ @' -Pacee) IR, ")
+i(dpbe—drbp) B- IR, ~R")
+idpd(BAR)-TE) (R, —')
~idedp(BARD -T2 A, AN}, (7.6)
where the two angular integrals that appear are
10,0 = f Y)Yl d?k, (1.7)
19 (h,7") = f EY ()Y )R d%k . (7.8)

We can compute them explicitly?

I,) (3, A") =8¢0 Pyi-A'), (7.9)
12,A,7") = Ho' )8 s1,0+ Hp (R, 860 0141 (7.10)
where we have defined the function

/+1 1
VRI+D(2+3)1-(A-A)?

H,(7,7)) = {(a-G-a")P,

+ (A= G2 Pran
1 P
_ ‘+ {ﬁPg——[(ﬁ’—(ﬁ-ﬁ')ﬁ)} , (7.11)
V(20 +1)(2¢0+3) +1
with the properties
H/(#,-") = (~1)H ",/ (7.12a)
H/ (-7, /)= —(-1)’H /A7) . (7.12b)

IThe coefficients @y, by, é¢ and dy are taken to be real. Notice that Y(f)(ﬁ) =V(@20+1)4nP,(~ - E).
2More details can be found in Appendix C.
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We will also need its symmetric combination
H,a,AY+H,R' A=A +rNS,(A-A'),

with

/+1 1
S = p P
) \/(2€+1)(2€+3)1+x( () +Pp11(x))
/+1 P/(x)

= Pyx)-—-L""(1-xn)].
Jeriners LW

Using these results, one can prove that

(BAR)-IG R, ~A) ~(BAR) T (~7',A)=0.

(7.13)

(7.14)

(7.15)

This implies that the coefficients d, do not contribute to the two-point function

E2dk

C,n’) = )

PR(k){Zang(n A')

+ i+ 7)Y (a06Poh ) +@rarbe—GcbrnSeh i)}
l

The last portion can be recast as®

Y (@rs1be—arbei)Seh-R) =) apbr-1Sr-1-br+1S0)
7

l
Zmu
+Z

¢ . (41
-1— ¢
ver—1 " Varss M

)Pé(ﬁ-ﬁ')

( b1 . bri1
\/2€+1 V2r-1 V20+3

After redefining the coefficients
are
Van@r+1)’
by
Van@r+1)’
Cr

Van(2e+1)’

the two-point function is

ap= b,=Clbr1—-(€+1Dbyi1,

S

be= ¢=bp1+byir,

Cyp =

dk
C(h,A) = f ?Pn(k){2(2£+ 1Da2P,

+(A+A )ﬁZ(2€+1)a4(b +co)Py

+(A+A )ﬁZ(2€+l)agbg(1 (n-A")Py} .

3We are defining b_1 = 0.

) (1-@A-A))Py(A-A") .

(7.16)

(7.17)

(7.18)

(7.19)
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7.1.2 Alternative power spectrum

The modified two-point function has the structure
C(A,A") = Cpopu( - A') + - (A +ANCp(h - 1) . (7.20)

For the ACDM part, it is usual to define the temperature power spectrum as

X 20+1
C/\CDM(ﬁ ‘N ) = Cfpé(ﬁ : ﬁ,) . (7-21)
=0 A4m
With our previous definitions,
dk
C,= f mPR(k)a%(k) . (7.22)

These C, agree with the ones obtained using the definition (3.254), based on the
harmonic decomposition of the temperature perturbation (as,,). As argumented in
Section 6.10.2, our modification Cpg does not contribute, to leading order, to the C,
defined through (3.254). Focusing on the modified part, in general we get

Cp(i-1') = f 7 PR(k){Z(2€+l)azaeP£+Z(2€+1)azﬁf(1 (- A,))Pl}

PR(k){Z(% +DagacPr+) (20+ 1)a£.3£QM'Pw}

o0
20 +1
20+1

PR(k){Z(2£+1) (agag+z ag/ﬁgngrg)Pg} , (7.23)
where a,, f, are generic variables. Since Cg only depends on the product (7 -7'), we
can define its Legendre expansion and an equivalent set of multipoles that encode
the information about our modification

20 +1
20+1

dk
sz[mpn(k)(ame+z aé’ﬁwQ/’é) : (7.24)

The coefficients @/, have been defined in a such a way that

(1 —(A- ﬂ'))P}(ﬁ A= ZQM/Pgr(ﬂ ‘Al . (7.25)
[I
Equivalently*
0 0'< ¢
20+1 ’ ’
pe = f au( - PP =1 ~C, r=r0, (1.26)
—(-D*@2r+1), O'>¢.
The final result is
Cﬁ f —PR(k) (az(az —0B)-(-1)" ¥ (-1 @20 +DapBy| . (7.27)
'=0+1

4The integral is performed in the Appendix C.
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7.1.3 Solar System motion

To conclude this section we will apply the previous results to a case particularly
simple: the kinematic effects produced by the Solar System motion. As discussed in
Section 6.10, the motion of the solar frame with respect to the CMB rest frame is a
source of statistical anisotropy. Within ACDM, in the CMB rest frame (3.245)

Orest(R) = i}}(ﬁ) ; (7.28)
and the two-point function in this frame is
Crest(Ai-11) = f dk—kPR(k)Z(zm Da?P (7 -7') . (7.29)
14
In a moving frame, we get in general®
@(ﬂ):ﬁ-dkin+%(1+ﬁ-dm)]:(ﬁ—V(ﬂ-da)) , (7.30)
where
V(A -dy)=d,—(A-dy)i . (7.31)

The two-point function in this case is
(B(R)BR")) = 1—16(1 +(A+AN -dp) (F(A-V(@H-dy)) F (R -V(R -da)))
= (14 2+ 7)) ) Crest [+ = (A + ) -da(1- (3-21)
= dk—kPR(k){ ;(24 +1)a2P;+(i+7) - dp ;(25 +1a2P,
—(A+A)- da;(% +DaZ(1-(a-)Py} . (1.32)
The modification has the structure (7.23) with

Qy = dma[ , ﬁg = —daag . (7.33)

Writing d = da = B3, the power spectrum of the modification, (7.27), is

Ch =B, [(e+DC+(-1) Y (—1)4’(2£’+1)C[,) , (7.34)
0'=0+1

where Cy stands for the standard multipoles in the CMB rest frame.

7.2 Modified line-of-sight integral

7.2.1 Modified source

Our starting point is the Boltzmann equation for photons (6.84). It can be written
as

F+(i(k-2)+#kp(B-A) k) F+D+a-U+(B-A)n'nS;; +n'n'T;;=0,  (7.35)

50f course, in this particular case dyjp = dm =da = Bous- See (6.254) with g =0.
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where -

Kp Ef Bran,ordr , (7.36)
T
and the different coefficients are
8 8

D =2i(B,-k)A +% |6y - gﬁb -6vy — gAﬁ-5vb -4, -ovy | , (7.37a)
Uj = —2ikjA+4PLCi;+%[3Pp ;0 + 400y j — 4Py jOn, + 20B;A] (7.37b)
Sij = —QOﬁYC(ij) , (7.370)
T;;=-4Cgj+ 4,61;Dk(ij) —10ik By HA +4x [5vb(iAﬁj) +46vy Py j)] . (7.37d)

Repeating the same steps that led us to (3.234), we find the integral solution
) ~ PR T
Flay = _f (D+2-U+(B-AniniS i+ nin T, )
0
x exp (i(k - A)T —10) —k +Kkp(B-7))d7 . (7.38)
Using the fact that x5 <« we can Taylor-expand the exponential and write®
T0 _
fITO:[ Sexp (i(k-A)7 — 1) —k)dT, (7.39)
0
with
S=-D-4-U-n'n/Tij~(B-i){n'n/Sij+x5(D+a-U+n'niTy)} . (7.40)
We will use the short-hand definitions
i=B-E, W=S+F. (7.41)
Since the vector modes are sourced only by 8, we have (6.188)
W=W(pB-B-RE), x=x(B-(B-RkE). (7.42)

Using all the previous definitions, the different contributions to the source are

. . 8i . 8i . 4 .
D = —4i(B, - k)Y +& 6Y+i(k-ﬁb)97+i(k-Aﬁ)Hb+i(k-ﬁb)Hb , (7.43a)

A-U=4i(R-R)Y+4A-B)D - 407 k)P, k)
4i, . A
+k 3(ﬁ-ﬁb)5y—i(ﬁ.k)9b +4x((A-B) —(B-E)A )

—4(3- B,)5n, —4(ﬁ-Aﬁ)\y] , (7.43b)
n'n/S;;=-20p,®+208, (i -k)*¢, (7.43¢)
n'n/Tij= -4 +20i(7-k)A- B )Y +4(7-k)*E+4((A-B)(A-k)— (B, - k))D

+4i(A-R)W((A-B) - (A -k)B-k))

4.
- ik(ﬁ-k)[(ﬁ-Aﬁ)@b +4(ﬁ-ﬁ,,)e,,] . (7.43d)

6Notice that even if B < 1, an.o7 can still grow very large making x g > 1. However, in this case
K

the contribution to the integral is strongly suppressed by e™.
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Stripping the explicit dependence on f, the modified source can be written as

S=Ss+iB-k)Sg+G-P)Sc, (7.44)
where
Sp = —k6, +4D—4i(i- k)(‘l’— k—i) A(h-R)%C, (7.45a)
i 4B, % 45
Sp=- /ZK (gb ; gey) + 4B k(D + V) + %(eb +20,)
. ERY)

_4i(ﬁ-k)(ﬁyk€+%Xb)+4(nkk) W, (7.45b)
Sc = (8465, ~85)) — 4xp — xp0y ) + B(4¥ +85)) + 4lxcs + 45D

—4i(A-B)| B @ +5F) + k5P + W — —(Kﬁ +4B,)0, + [j:z i

—4Gh - k)2 (cp+ 5PyE . (7.45¢)

As we did in Section 3.8, after integration by parts and neglecting the boundary
terms, we can substitute

2
(n-k) — ii , n k) — —d—. (7.46)
dr

dr2
Once we add the optical depth to the source term
S=e*S=S,+i(B-E)Sp+-p)Sc, (7.47)

the line-of-sight integral can be expressed as
T0 A A A
fITO:fO drexp (i(7 - k)1 —10)) (Sa +1(f-k)Sp+ (A -P)Sc) . (7.48)

The different terms can be written alternatively as (equal upon integration by
parts)

Sa=g (0, +4¥ +4¢) +4e” (@+\P+.§)+k2 dd (g(6b+k 5)) (7.49a)
=g (6, —49) + ;2(1 {80y +R2) +E%e ™ (D + W + &)}, (7.49b)
Sg - (ﬁy(ewge +k 5) ) 4e_K(,BYk((D+‘I’+£)—%W)
4d
ZV —K( (O +20,) + k% ———(g()(b+W)) (7.50a)
= égﬁy (Hb + gey +k26) +4Byke ™ (O + ¥ +¢)
IBY e K 2 4d KW X
> (Hb +20,)+ k% ———{g(Xb+W)+e W}, (7.50b)
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Sc=g1{By (36, —46,, + 4D+ 16W + 16¢) +xp (6p +4W +4E) +4(xp + W)}
+Bye {88, + 4D +5F) + 16¢} +4e ™ {(xp+5By) (P +F +&) + W}

d

+ ﬁa{g(xﬁ +40y, —3AP)O, + K20~ k2N e | (7.51a)

4
= g{SﬁY (67 — §5ne — 4@) + Kﬁ(ab —4(1)) +4(Xb + W)}
: 4 :
+3,3Ye‘K{6Y—4<I>+§‘P}+4e"‘W

4 d
+ 51 8kp 4Py~ 3Oy + k7O~ K gApE

+h%e s+ 56 (@+ W +E) | (7.51b)

The results have been rendered in the traditional form (3.236), where the terms
associated to the SW, ISW and Doppler effects can be clearly identified. There is
an additional ISW-like term proportional to f, that is nearly zero after decoupling
except for a small change at reionization time. We still need to split S4 into real
and imaginary part (Sx = Sﬁ +i(B- IQ)SIIA). Once we do this, Si can be reabsorbed
into the definition of Sp in (7.48) and all the source terms become real, since any
imaginary part would be O(f?).

7.2.2 Modified two-point function

In order to relate the modification induced by the cosmological bulk flows with the
previous results for a modified two-point function, it is convenient to define the
following coefficients

ae= i fo Y je(k(ro—1))SE(1,k), (7.52a)
b, = i fo “ar je(k(to-1) (SB(T,k)+SQ(T,k)) , (7.52D)
co= i fo " dr jo(k(ro-1)So(r, b (7.52¢)
b, = i fo " dr 7, (ko - 1) (Sa(z, )+ 5% (7,2 (7.52d)
b= i fo K drj[]g:r(z_()_;;))(SB(r,k)+S£(r,k)) . (7.52e)

For simplicity, we will omit the argument of the Bessel functions and the R super-
scripts from now on, unless there is risk of confusion. The first of these coefficients
represents the usual ACDM contribution

1o
a[:Zfo dr je{g(6, - 10}

+fT0drj’[{g(9k—b+ké)+ke"‘(<b+‘1’+5)}. (7.53)
0
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The next coefficient, that arises from our modification, is

I Y 1 1
b[—zfo dw{g(a _ 40 )}
I
b 1 —-K I 1 1
f dw{ (? k€)+ke (@ +w +5)}
+f dr ’{ B ( gﬁ+ké)+,6 ke™(D+W+¢)
o Jo\ 8Py 3% Y
. (1
+pe (ﬁ(eb +20,) + ké) }

70 .
—f drj, {g(xp + W) +e *W} . (7.54)
0

The same expression holds for b,, after substituting

-/ Je _ 1 o

- d Je )

7 - =] 7.55b
Je dr (k(ro i (7.55b)

The last coefficient is

Tod . 1
Cé—fo T‘M{Zg

+e "W+ —L

4
Sﬁy (67 — gﬁne —4(1)) +K/3(5b —4®)+4(Xb + W)

'6?’ e K

o, a0+ 37 |

0

)
+f0 drj;{g(xﬁ+4ﬁy—3Aﬁ) ?+k§)—gAﬁk§

+he ™ (kp+5p) (@+ W +E) | (7.56)

In our scenario, if we assume that we are working with a CMB map corrected for
the Solar System motion (with the value measured from the kinematic dipole) there
is still a remanent dipolar modulation and aberration

dn=-4p,, dua=-P,. (7.57)

Using the expression (7.32) to evaluate the effect of a dipolar modulation and aber-
ration, the coefficients that appear in the modified two-point function (7.23) are

ar=b,+cr—4Pyar, (7.58a)
Be=br+Byas . (7.58b)
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Non-comoving Cosmology:
Magnetic fields

This chapter establishes a connection between the existence of large-scale bulk
flows and the production of cosmological magnetic fields. Section 8.1 summarizes
the current observations of magnetic fields at different scales and some proposed
mechanisms to produce them. Until now, we have always treated the baryons as a
single, tightly coupled fluid. In Section 8.2 we will dig deeper into the behaviour of
this plasma. In particular, we will analyze an electron-proton-photon plasma sourc-
ing (and coupled to) macroscopic electromagnetic fields. Section 8.3 outlines the
physical mechanism responsible for the production of magnetic fields and presents
the final results.

8.1 Magnetic fields in the Universe

The origin of the magnetic fields found in galaxies, with strengths in the range of the
1G, and permeating the intergalactic medium in clusters is a long-standing ques-
tion in astrophysics and cosmology [Wid02]. Even more puzzling is the presence of
magnetic fields in voids with strengths 3 x 10716 G as those detected in [NV10]. The
evolution of primordially generated magnetic fields from the early Universe to the
onset of structure formation seems to be well understood [BJ04; DN13; Sub16], and
there are compelling astrophysical mechanisms, i.e. dynamos, that can amplify a
preexisting magnetic field several orders of magnitude [DLT99; Wid02]. However,
a definite mechanism that can produce the primordial seed fields is still lacking.

There are different proposed solutions, that can be classified as cosmological or
astrophysical, addressing the origin of the primordial fields. In the cosmological
mechanisms, magnetic fields are generated in the very early Universe, typically
during inflation [TW88; Mar01] or in the electroweak [Vac91] or QCD [QLS89]
phase transitions. On the other hand, in astrophysical mechanisms, magnetic fields
are generated by motions in the plasma during galaxy formation. In general, the
amplitude of the seeds generated by these mechanisms is too small to explain the
observed fields even with dynamo amplification. Depending on the dynamo ampli-
fication rate, a seed field with a strength in the range 10722 — 10716 G at galaxy
formation and coherent on comoving scales of 10 kpc is required to reach the ampli-
tude of the detected galactic fields [DLT99].

Among the astrophysical proposals, a particularly appealing one is the so-called
Harrison mechanism. In his pioneering work [Har70], Harrison realized that vor-
ticity in the photon-baryon plasma would lead to the production of electromagnetic
fields. The main obstacle [Ree87] for the Harrison mechanism to work is to achieve
vortical motions in the fluid. Within ACDM, to first order in perturbation theory,
vorticity and vector modes decay so, even if they are initially large, only small mag-
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netic fields can be generated [ITS12]. Different routes have been explored to over-
come this difficulty. It is possible to source vector modes, e.g. via topological defects,
but it was shown in [Hol+08] that if vorticity is transferred only by gravitational
interactions, it does not lead to production of magnetic fields. On the other hand,
vorticity and magnetic fields are indeed generated to second order in perturbation
theory in standard ACDM [Tak+05; FPM11; Sag+15], but are consequently very
small.

In Chapter 6 we showed that vorticity in the photon-baryon plasma can also be
produced if bulks flows of matter with respect to radiation are present. In such a
case, first order scalar metric perturbations induce non-decaying vortical motions in
the different plasma components. As has been previously discussed, the existence
of large-scale bulk flows in excess of ACDM predictions has been a matter of debate
in recent years. While some papers claim to find evidence of unusually large flows
[Kas+09; Atr+15], most of the works find results consistent with ACDM [Ade+14b;
Scr+16]. In particular, the largest-scale limits to date on the amplitude of the bulk
flow has been set by the Planck collaboration [Ade+14b] from measurements of the
kinetic Sunyaev-Zeldovich effect in clusters and is given by f < 8.5x 10™* at 95% CL
on 2 Gpc scales!. We will devote this chapter to show that a small background bulk
velocity, compatible with the Planck limit, is able to generate vorticity to source
magnetic fields above the dynamo threshold through the Harrison mechanism.

8.2 Electron-proton-photon plasma

8.2.1 Full system

The full electron-proton-photon plasma, including both Coulomb and Thomson scat-
tering, is described by a set of coupled Boltzmann equations

D

d—':y = Cpol f1+Cyplfy1, (8.1a)
Df.

d_]: :Cey[fe]"'cep[fe] s (8.1b)
D

d—';” = Cpyl 1+ Cpelfp] . (8.1c)

The evolution of the momentum for each fluid can be found performing the appropi-
ate integral over the phase-space distributions. Defining

DQ; _, -4 [ 4°q ;Dfs

= 8.2

IThe limit (6.260) applies to the primordial bulk flow . In this chapter we use the more conven-
tional bulk flow measured today and denote it as 8. Note that both parameterizations are perfectly
equivalent.
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we have
0@y .,
dr - CYe + Cyp ) (8.3a)
DO? . .
d?e = C;Y+Cgp , (8.3b)
DQ! . .
3 =Cor*Che » (8.3¢)

where, as usual, df = a(1 — A/2)dr. Additionally, from momentum conservation in
Coulomb and Thomson scattering, we have C' 159 = —CéQS .- The collision term for
Thomson scattering in our case is (6.86),

. 4 . . . . 3 1.
C, = 30yaneor (Aﬁ;e + AV, + ByOn, — Beby — Zﬁe Y = §Aﬁ;eA) ) (8.4)

The collision term for Thomson scattering between photons and protons can be ob-
tained changing the subscripts e — p and or — (m./m p)ZO'T. For the Coulomb
coupling we have [FPM11]

. . . . . 1 .
Ci, = —e*anynenc (Aﬁ;p + AVl + ABL,6n, — BLARp — 5Aﬁ;pA) . (85)

where 7 is the electrical resistivity, that we will introduce later. We have defined,
for two species a and b,

Angpy =8, —0n, ,  ABL,=PL-P,,  Avi, =6v.-0vl. (8.6)

The left-hand side of the Boltzmann equation is also modified. It can be splitted
into the usual geodesic evolution plus a term taking into account the Lorentz force,
that can be written as

do: J
( ql) ZQ(ei+£ijkq—bk) , (8.7)
dr EM €

where e; and b; are the electric and magnetic components, respectively. These
electromagnetic fields are sourced in its turn by the plasma, forming a set of coupled
differential equations. Details on the definition of the electromagnetic fields and the
Maxwell equations, as well as the Liouville operator with electromagnetic fields, can
be consulted in Appendix F.

8.2.2 Electron-proton plasma

We focus now on the electron-proton plasma. We will assume that we have neutral-
ity of charge at the background level, so that n, = n.,.

* Number density. Since both Thomson and Coulomb scattering conserve the
number of particles, there is no collision term and we have

Sn, + a8y, +0;00. —6Ci; - Mg, =0, (8.8a)
On, + By, +0;60, -5 Cij— Mg, =0, (8.8b)
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where a = x./x, and M is defined in (F.38). Subtracting both equations and
substituting the metric variables

Atvop+alnep + Aep +i(F +2D)k; AL, =0 . (8.9)

As we have seen, the imaginary parts of the scalars are O(f). Then, to leading
order, we get the standard result

Aliep +aAnep +AB.p =0 . (8.10)
* Momentum. The velocity evolution is governed by

mene{ B+ (M + @)l +80% + (H + a)svl + (6167 + Blo} ) 0,00"

1 i e i, € i i s ik
=GO A= My (L8 e + el (B + 0l }
=Cl +Cl,, (8.11)

mpne{ Bl + (H + Q) +56% + (H + Q)5v, + (B8, + B} ) 0,005

1 i e i i (p/ J\pk
~ g0 A= My, = (kB el = el (B + o) }
—ci +Ci,, (8.12)

where ./\/lk is defined in (F.40). Subtracting both equations, making use of
the fact that m, > m,, and using the splitting (F.24) for the electromagnetic
fields, we get

APy +(H+a)AB,, +Aig, +(H +a)Avg, — M
+ | (BLos + ploy)a;00k - (BLos + Bhoy) 9,604

+—(e’ +6e' + 6, ¢t )
am, E® ne€(p)

~—(ci,+ci,) . (8.13)

MeNe
This equation can be splitted into three different pieces: bulk velocity, diver-
gence and vorticity. The O(f) contribution is

Al ; e ; dapyor . aeznenc .
Aﬁép+(H+a)A,32p +a_n’l,ee€ﬁ)_ S—rneA,B;,e—m—eAﬂép . (8.14)
Taking the divergence and to zeroth order in 8
A . 4ap,0 2
Abep +(H + A0,y + ——ikibel = 1L g LETNCpg — (8.15)
ame me Mme

Keeping only the first order in S, the results for the vorticity are
Aoy +(H+ Ay, + AR, (F*(B-E)— 49 +0,) + B A0,

e
+ bet+6,,e
ame( ¢ %"(ﬁ))
4apY0T 1
S (ijy+ﬁ;5ne gt (5y+§ay) +‘PA,6:Y)
e
2
ae“nenc
————=(Axe, + AByyOn, — By Anep + WAS) (8.16)

me
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An equivalent expression can be found for the opposite helicity.

8.2.3 Maxwell equations

We can particularize the Maxwell equations to our case, using the fact that the
vorticity and the imaginary parts for scalars are O(f). At the background level, the
only non-trivial Maxwell equation is (F.29)

ép) = ea’n.Ap,, . (8.17)

At the perturbation level, we must write the four Maxwell equations (F.30). The
first one is

3

k-de= —e“i "¢ Atep — Sae » (8.18)
Soe = (¥ +2®)ef; . (8.19)
The second one, for both helicities, is?
06* FRb* =ea’n. Ay, + ST, (8.20)
S; = (¥ +20-k*(B-E))e; +2ea’n.VAB,, . (8.21)

The third Maxwell equation for both helicities is

8b* +kée* =S¥, (8.22)
5 = thbel, . (8.23)

Finally, the last equation is
k-6b=0. (8.24)

8.2.4 Time scales

It is very important to notice that there are several, widely different, time scales in
the problem. The most relevant for the scattering processes are listed below®.

* Electrical resistivity.

2 -1/2
ne mwe‘\/melogA _9 (1+z) (logA)
=—=——————~10 —. 8.25
= aT? 103 10 (8.25)
In this work, the Coulomb logarithm [Jac98] is taken to be log A = 10.
e Coulomb time scale.
2x10%s (1+2) V2
ros—te  ZXD S ( z) (8.26)
aeZn.nc Xe 103
e Thomson time scale.
14+2\73
p=—2¢ ~5x10'ls (—32) (8.27)
aoTpPy 10
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Time scales
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Figure 8.1: Relevant time scales for the problem.

There are other time scales in the problem, like the cosmological ones, ! and
k=1 =10 s (Mpc~/E), or the time scale of recombination @ = %./x,. The different
time scales, relative to 1, are depicted in Figure 8.1. It is clear that there is a strong
hierarchy of scales, with n < 7¢ < 77, H ™1, @~!. This circumstance will prove very
convenient to find approximate solutions in the next section.

8.2.5 Evolution of subsystems

The evolution of the proton-electron-photon plasma can be splitted into three sub-
systems. They can be arranged in such a way that each subsystem does not back-
react on the previous one. Moreover, the strong hierarchy of scales will allow us to
find approximate solutions. The strategy can be summarized as follows.

) Find AB,, and e(g).
II) Find Af,p, An,p and & -Se.
III) Find Ay;, and de*.
IV) Use de* to compute the magnetic field produced.

At this point it is convenient to redefine the electromagnetic fields as

. §et - eé ) X
&= N S(Zﬁ) = < B' = o C=ea"?n,1¢c, (8.28)
where C = 0 in a matter-dominated universe*. We also have
e . 1 .
be' = Er. 8.29
am, ¢ @l (8.29)

2We have used £%/%9;b), — +k b*.

3Following [FPM11], for the numerical estimates we assume a matter-dominated universe.

4Even if we are in a radiation-dominated universe C = O(7{) and we will learn in this section that
this kind of terms can be safely neglected.
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Additionally, we can write

Ep=Epb, (8.30a)
E=EL((B-épe_+(B-ée e )+Ek
=E-(B-(B-Rk)+EVE, (8.30b)
B = B((ﬁ'é+)é— —(/%'é_)é+)
=iBBAE). (8.30c)

as we did for the vorticity in (6.188). Finally, as we will see, the equations that we
obtain are the standard ones for a charged plasma plus two kind of sources. The
first type arises from the additional interaction of electrons with photons (Thomson
dragging)

4
4
=% rb,, . 8.31b
Ta 3om 00y ( )
1
7;( = — |Axye + Bybn, — Be (6)’ + _JY) + \PAIBW) ‘ (8.31c)
3TT 2

The second type of sources comes from the modifications O(f) in the evolution equa-
tions

Spe = (Y + 2(13)8(’3) , (8.32a)
1/2
Se=(V+20-E2B-E))Ep + —PABep (8.32b)
c
SB = chS(ﬁ) , (8.32C)

. . 1
Sy = Bel0.p + ABep (0, — 4D +E*(B - E)) + al—&nane&ﬁ)

1
+—(DepBn, — Pelnep + ¥Afep) . (8.32d)
C

Now, we can proceed to solve the subsystems.

Bulk velocity

The evolution of the bulk velocity difference obeys

. 1 1
Aﬁep-l- (;4‘“4‘7‘[) A,Bep+m8(ﬁ):7]g R (8.33a)
. a1/2
Epy - APy =0. (8.33b)
TC

It can be rewritten in matrix form

M
—t—
d (Aﬁep):_ Y %(Aﬁep) +(7?s) (8.34)
dr \ Ep) 7 0 Ep 0J” |
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where

1
YEr_+a+H’ n=a'?y, fc=a Y1e. (8.35)
C

The eigenvalues of M are

-2
F L VIC L o) . (8.36)

The homogeneous solution oscillates with frequency w = 1/,/nT¢ and is exponen-
tially damped with characteristic time y~1. We can invert M

0 _# o - =2
ML= (~ ~T~C ) - M™2= ( ~7727~C . 2Y2777C ) ’ (8.37)
n ynic Yi“tc Y NTi—MTc

and then look for a particular solution

(o) =2 (6) 2 ()

5(’5) 0 dr 5(’5)
Ot T R
dr dr
o d? (AP qd AB
2 8 ep 1% 1) " ep
+ M drz(&ﬁ))+M = (MY dr(&ﬁ)). (8.38)

Neglecting the time-scale of recombination and the expansion of the Universe we
have y = 1/7¢ and % (M‘l) =~ (. Under these conditions

) (v

Ep) 0 0
~ (ﬁ%) + (ﬁfgfrﬁ) +0(n?) . (8.39)
Finally, we have the following particular solution
ABep =n1cTs+O(n?) , (8.40a)
Ep=anTs+O(?) (8.40b)
and, in particular, ,
ep) = %Aﬁye . (8.41)

Number density

The three equations governing the charge separation are

1
Ab,p + (—+a+H) Aoy + — o L To » (8.42a)
TC
Afiop + @Anp + Aeep =0, (8.42b)
1/2
Ely Angp+Sse=0. (8.42¢)

ikt
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We can reduce the system reintroducing £/ in the first equation. In this case we
see that we can actually neglect S;¢ since only the imaginary parts of the scalars
contribute, i.e. its contribution is O(%). The new system is

Atiop + ARy + A0, =0, (8.432)

. 1
A98p+(—+a+7-[
TC

1
AOep ———Anep = To . (8.43b)
Tcn

Written in matrix form

d (Anep)_ [ a 1 Anep) (0)
dT(Aaep)‘ (_L y)(Aeep t(r)- (8.44)

The eigenvalues of My are

1
+=y+O(y7n) . (8.45)

The homogeneous solution has the same behaviour as the velocity difference. Fol-
lowing the same steps as in the previous section, we find the particular solution

Anep =-ntcTo+O(n?) (8.46a)
Aoy =n1c T+ O(n?) . (8.46Db)
Vorticity
The whole system is
Ao+ [ Mep+ ——EL =T, -8
Xep + %+a+7—[ X€P+a1/2n R S ) (8.47a)
) a2
Et—kB-—Ay., =S¢, (8.47b)
TC
B+kEL=S5. (8.47¢)

We can actually neglect the backreaction of the magnetic field® so the system can

be reduced to .
A (Axep\_ [V 7 (AXep) (Tx—Sx)
i ( el ) = (_% 0 + Se | (8.48)

The homogeneous solution is the same as for the 8 system. The particular solution

1S

Axep =—a Y10Se +n1¢ (7} - Sx) +a nreSe+ O(n?) (8.49a)
Lt =a (T, - S +nSe +n1cSe + O(n?) . (8.49Db)

5This can be justified writing first the equation for &L, Under our approximation scheme (n <«
E~1) the effect of the magnetic field is equivalent to the change T =Sy =T =Sy +a " V2k10Sp. This
new term would be second order in the final results, so we can neglect it altogether.
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Plugging in the previous results, we have

SX = 6ne7—ﬁ +1 (7?6% + ﬁe%) + UTC,Be,TH

+n10Tp (R2(B-E)-40+6,) + O(1?) , (8.502)
Se =a'?n (¥ +20 - k2B - E)) Ts+ 222 0¥ 75+ O(n?) , (8.50b)
Sp = a2 nk®T5+O(n?) , (8.50¢)

and finally

AXep =N7C {7’; ~T By (6r, +29) - Tp (¥ +20 - k*(B —E)+5ne)} +O0(n?), (851a)
L =an(T,—60,T5)+ O . (8.51b)

Now we can use the third equation (8.47¢c) to compute the magnetic field produced

B=-kEL +8p
_ —al/zkn (T; = Tp(6n, + D) , (8.52)
with
Tr = 4 A (8.53a)
h= 3TT ﬁye ’ oo
To =5 8ty + By0n. - e (6y ¥ lay) + Aﬁye‘l’) : (8.53b)
317 2

8.3 Magnetic field production

Before moving on to the computation of the magnetic field produced, let us summa-
rize what we have learnt in the previous sections. In the first place, we have seen
that the evolution of electromagnetic fields and the velocity difference between elec-
trons and protons are described by a coupled system of differential equations. This
system contains different time scales, where the electrical resistivity 7 is by far the
shortest, see (8.25). This allowed us to simplify the discussion, finding only the
leading O(n) behaviour.

The three subsystems that we identified in Section 8.2.5, describing the electron-
proton velocity difference, show a similar behaviour. The homogeneous part of
these subsystems (without the sources 7) corresponds to the usual electron-proton
plasma (without photons). There is an equilibrium configuration for the electron-
proton plasma where the electric field is zero and there is no charge separation. If
the system is placed out of this equilibrium configuration, an electric field is created
in response, acting as a restoring force. These homogeneous solutions oscillate with
characteristic frequency w = 1/,/M7¢ and are damped with a damping coefficient
I'=1/27¢.

The presence of photons modifies this picture. Due to the large mass difference,
mp > m,, the Thomson coupling of photons to electrons is much more effective
than to protons, producing a differential dragging and introducing the sources 7
in the electron-proton-photon plasma. The particular solutions of this system are



8.3. MAGNETIC FIELD PRODUCTION 193

proportional to the sources, see (8.40, 8.46, 8.51), that in its turn are proportional
to the velocity difference between photons and baryons. This is the essence of the
Harrison mechanism: the Thomson dragging of the photons produces an electric
field proportional to the photon-baryon velocity difference.

Cosmological bulk flows introduce two important differences with respect to
ACDM. First of all, a homogeneous electric field is generated, pointing in the bulk
flow direction and with an amplitude

4071
Ep=a’ep = TpYAﬁye : (8.54)

Its evolution is represented in Figure 8.2. The detection of this weak field would

10-25 Comoving electric field (8= 8.5 x 107%)
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Figure 8.2: Comoving electric field at the background level.

be a smoking gun of the model, but its amplitude seems too small to have any
observable effect. However, the most important difference with respect to ACDM
is that now we have non-decaying vortical motions in the plasma, so can use the
Harrison mechanism through (8.52) to produce magnetic fields. Rewritten in terms
of the physical magnetic field B = a~25b, and working in the Newtonian gauge, the
final equation governing the magnetic field production is

4a’korp Py

d o
—(a?B)= -
dr(a ) 3e

1
(A)Cye + Pe (6ne - 6)’ - §UY

+ APy (Y - cp)) . (855

This expression generalizes the Harrison mechanism to the case in which there
are bulk flows in the plasma. It is also analogous to the one obtained in previous
studies of production of magnetic fields in second order cosmological perturbation
theory [FPM11; Sag+15]. As in previous chapters, the scalar perturbations follow
the ACDM evolution while the behaviour of the bulk velocities is represented in
Figure 6.1. The vorticity Ay,. is computed by solving the Boltzmann hierarchy
(6.119-6.122) truncated at £,,.x = 1000.
The magnetic field power spectrum is defined by

(Bi(2, kB (2, k) = @mP5(k ~ k') A k)i(B A R);Pp(z,h), (8.56)
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as
o212
Pp(z,k)=|Tp(z,k)| ?Pn(k) , (8.57)

where Pr (k) is the usual nearly scale-invariant primordial curvature power spec-
trum and T'g(z,k) is the magnetic field transfer function computed using (8.55). In
Figure 8.3 the comoving magnetic field (1 + z)'2|TB|73713/2 is plotted as a function of
redshift and scale.

There are two points worth emphasizing. On the one hand, the magnetic power
spectrum on small and large scales has a power-law behaviour

k12 E>0.1Mpc !,

8.58
k28 | k<« 0.1 Mpc !, (8.58)

\/E3Pp(z < 100,k) o {

so that the magnetic field is steeply rising as 212 on small scales, until the turbu-
lence scale kicks in. On the other hand, the comoving magnetic field is continuously
produced, with an important boost at recombination and remaining essentially con-
stant for z < 100.

Following [FPM11], we also define the magnetic field smoothed over a comoving
scale L as

2 L [ 9 k?L?
Bi(z)=—= | dkEk°Pg(z,k)exp|— . (8.59)
L 2 ’
2% Jo 2
Comoving magnetic field (8= 8.5 x 107%) Comoving magnetic field (8 =8.5 x 107%)
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Figure 8.3: (Left) Comoving magnetic field as a function of the scale for different
redshifts. Notice that the z =0 and z = 10 curves overlap. Even though there is an
important production immediately after decoupling, afterwards the comoving mag-
netic field is constant at all scales and it is not affected by reionization. (Right)
Comoving magnetic field as a function of the redshift for different scales. The mag-
netic field presents some features inherited from the acoustic oscillations before
decoupling. The main production takes place during and immediately after decou-
pling. Once the photon-baryon plasma is decoupled, the comoving magnetic field is
constant.

The magnetic field By, at the time of galaxy formation z4r = 10 is depicted in
Figure 8.4. The numerical computation of the transfer function becomes harder for
smaller scales, and some of the usual approximations in CMB calculations cannot be
trusted for scales £ > 10 Mpc~! [BLT11]. Therefore, we only compute the spectrum
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Physical magnetic field (z = 10, B =8.5x107%)
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Figure 8.4: Physical magnetic field smoothed over a given scale L. It is evaluated
at a redshift z = 10, where the dynamo mechanism should begin to operate [Wid02].
Since the comoving field is constant at late times, the results can be easily rescaled
to any redshift.

up to scales £ =9 Mpc . The field Bz, can be well approximated as a power law at
small scales, yielding the approximate result

L\ (1+2\*( B
B 100)| ~5.7x107%* G (—) ( ) ( ) 8.60
1Bz < 100)]=5.7x Mpe 11 ) (85x107 (8.60)

for L <1 Mpc where f is the relative bulk velocity between photons and baryons (to-
day). These results show that, although the field seems too weak to directly account
for the intergalactic magnetic fields or magnetic fields in voids, the mechanism pro-
posed provides a seed field large enough to potentially explain the galactic magnetic
fields, after a suitable dynamo amplification.
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Concluding remarks

This thesis has probed the viability of three different dark-sector models, that
are representative examples of three different approaches to a cosmology beyond
ACDM.

I) Hidden gravitons. In this work, we have derived constraints on the mass and
coupling strength of an additional massive graviton. These new spin-2 par-
ticles are a generic feature of different extensions of the gravitational sector.
In our analysis, we have introduced hidden gravitons in the simplest way: as
an additional field described by a linear Fierz-Pauli Lagrangian. In addition
to the standard fifth-force tests, we have worked out in detail the emission
of these hidden gravitons from different astrophysical objects. The computed
emission rates allow us to place limits on the parameters of the theory, to
avoid anomalies in the observed energy-loss rates. The most important chan-
nels in the Sun and red giants are the Compton and the bremsstrahlung pro-
cesses. However, in the supernova case, these processes are suppressed for
two reasons: I) the electron gas is degenerated and the Pauli blocking be-
comes very efficient, IT) the electric field created by the nucleus is screened, an
effect that we have neglected for the other stars but that suppress decisevely
the bremsstrahlung emission in supernovae. Also in this case, there is an ap-
preciable number of positrons in the medium, but their overall contribution
to the energy loss turns out to be negligible. The dominant process, at these
nuclear densities, turns out to be nucleon-nucleon bremsstrahlung, mediated
by the strong interaction. In all the stars the photon-photon process, which is
forbidden for massless gravitons, is found to be relevant.

The astrophysical bounds complement the fifth-force constraints and are or-
ders of magnitude more competitive than other restrictions in the same range
of masses, like tests on atomic systems [MT15]. Further work in this direction
would involve a full numerical analysis and a modification of the stellar mod-
els. This kind of study has already been carried out in the case of axions and it
would help to refine the constraints and clarify the impact on the stellar struc-
ture, as a novel form of energy transfer for large coupling strengths. Following
the analogy with the axion case, another effect that might be relevant in our
range of masses is the mixing of the hidden graviton with photons in electro-
magnetic fields [RS88]. This effect was originally studied for axions and mass-
less gravitons, while in [BMRO09] the analysis was extended to the massive-
graviton case. The results of light-shining-through-walls experiments, that
have been already used to place limits on the axion and hidden-photon prop-
erties, could be adapted to our case and may strengthen the constraints in a
narrow range of masses.

II) Repulsive fuzzy dark matter. In this work we have studied the cosmological
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effects of a repulsive self-coupling in a model of ultralight dark matter. As
expected, if the coupling is small enough we recover the usual results for fuzzy
dark matter: the scalar field starts its evolution frozen and then transitions to
a phase where it is rapidly oscillating and behaves (on average) as CDM. On
the other hand, if the quartic self-interaction is large, a new background phase
appears. As the scalar field rolls down the potential and starts oscillating, it
behaves first as radiation (on average) until finally settling down on the usual
matter phase.

At the perturbation level, FDM models lead to a suppression of growth at
small scales, as compared with CDM. We found that the self-interaction en-
hances this effect. This result could have been naively anticipated, since the
quartic interaction introduces an additional source of pressure in the dark
matter fluid. Interestingly enough, we also found that the large-scale struc-
ture results for a given FDM model (mass term only) can be mimicked by a
repulsive FDM model (mass and quartic self-interaction) with a higher mass.

So far, we have only analyzed linear observables, but in fact larger effects on
non-linear scales are expected. The available parameter space could be fur-
ther constrained in the future using cosmological information with non-linear
observables, as more simulations with ultralight fields become available. Even
without non-linear information, using the aforementioned equivalence at the
linear level, one could put forward the proposal that similar results on non-
linear structure formation could be obtained for higher masses with a positive
A. For instance, results for /m = 10722 eV might be reproduced with masses
m =~ 107° eV adding a self-interaction of the order of A = 10724, Neverthe-
less, a definitive answer to this suggestive proposal requires a fully non-linear
analysis.

Cosmological bulk flows. In this work we have developed the theoretical frame-
work needed to analyze the cosmology of non-comoving fluids. We have shown
that it is possible to relax one of the underlying assumptions of ACDM, co-
moving CMB and matter frames, while retaining a homogeneous and isotropic
universe. The main ingredients of the model can be succintly summarized as
follows.

¢ If there exists a primordial bulk flow (8 <« 1) between the dark and the
visible sectors, it is possible to define a cosmic center of mass frame that
observes a RW background (up to corrections (9[,62)). The model is char-
acterized by a single additional free parameter. We take it to be the ve-
locity of the visible sector with respect to the cosmic center of mass frame
deep in the radiation era (By). Using Planck data, a conservative limit to
be in agreement with all observations is Sy < 1.6 x 1073,

* The subsequent evolution gives rise to relative velocities between all the
different components of the visible sector, e.g. between baryons and pho-
tons, even if they were initially comoving.

The background behaviour is the usual FLRW, but the couplings between the
background bulk flows and the perturbations lead to a modified evolution. To
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first order in the bulk flows, i.e. (9(,6), we reproduce the usual ACDM re-
sults for the main cosmological observables, like the matter power spectrum
and the CMB temperature power spectrum. We find that, while the effects
on the autocorrelation spectra are O(,Bz), there are O(f) corrections on every
cross-correlation between scalar perturbations. Additionally, these corrections
present a dipolar pattern, producing deviations from statistical isotropy. We
have observed that the additional contributions to the cross-correlation spec-
tra become important for small scales.

A similar pattern of statistical anisotropy of order 8 arises in the CMB two-
point function. Even though it is still under study, it may alleviate the tension
that seems to arise when interpreting the anisotropic signal in the CMB as
a pure kinematical effect [Ade+16b]. This tension corresponds to the dipolar
modulation anomaly [Buc+16; Sch+16] that arises when analyzing low multi-
poles. The modulation points in a direction different from the kinematic dipole
and seems to have a larger amplitude [Akr+19].

Another distinctive feature of this model is the production of vorticity, which
is absent in ACDM. The relative motion of the fluids induces O(f) couplings
between scalar and vector modes. This in its turn leads to the production of
vorticity and vector metric perturbations, sourced by the scalar modes. This
vector contribution also leaves a characteristic imprint in the velocity spec-
trum, with a statistically anisotropic quadrupolar modulation. The tensor
modes that would be induced by scalar and vector perturbations are (’)(,32).

More importantly, the production of vorticity in the photon-baryon plasma
opens an avenue for the creation of magnetic fields. The origin of the galactic
magnetic fields is a long-standing open question. The Harrison mechanism is
a production mechanism that needs vorticity in the photon-baryon plasma to
operate, but unfortunately it is absent in ACDM to first order in cosmological
perturbation theory. Several studies have proven that in second-order cosmo-
logical perturbation theory vorticity and magnetic fields are created, but with
an amplitude far too small to act as seed fields for the galactic dynamo ampli-
fication mechanism [Tak+05; FPM11; Sag+15]. Our setup is similar in some
regards to a second order computation, but our relevant scale f is larger than
a typical cosmological perturbation and so it is our vorticity production. While
being consistent with all observations, we produce magnetic fields that might
be large enough to account for the origin of the observed galactic fields. The
spectrum also has a distinctive tensor structure, related to the direction of the
bulk flow, that could be further probed.

One direction for future work involves extending our analysis up to very early
times. In this work we have treated the dark sector as a whole and we have
only assumed that, while it behaves as CDM at late times, it is subdominant
with respect to radiation at early times, at least during the period of interest.
However, as pointed out before, at very early times some DM scenarios may
induce O(p) anisotropic corrections on the background. These corrections are
not sourced at later times, where the analysis of the present work holds, so
their observation could be challenging. To extend the study in this direction or
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to go one step further and find (9(,52) contributions would force us to include
corrections over the background geometry. In particular, the lowest order cor-
rections arising from the exact Bianchi geometry describing our configuration
of moving fluids. Our present results can be interpreted as the zeroth order
of a two-parameter expansion, where in addition to the standard cosmologi-
cal perturbations the background contains corrections over RW. To tackle this
kind of problems, a general N-parameter perturbation scheme has been devel-
oped [SBGO04] and successfully applied to take into account the leading order
effects of non-linear structures [GCM17]. It is important to keep in mind that
once we go to higher orders in perturbation theory the definition of observables
and its connection with gauge invariance becomes subtle [BS99] and must be
carefully analyzed [YD17].



Conventions

A.1 Semantic conventions

When referring to the energy-momentum tensor
¢ full: background + perturbations
* total: adding all components
When referring to the cosmological history
¢ very late: up to z ~ 2
¢ late: after decoupling
* early: radiation dominated
¢ very early: before neutrino decoupling or nucleosynthesis
In general
* universe: a given cosmological model
¢ Universe: the observable one

¢ structure: loosely used to refer to ‘clumpy’ aggregates of matter in the Uni-
verse: galaxies, clusters, filaments...

A.2 Acronyms

ADD Arkani-Hamed-Dimopoulos-Dvali
ALP axion-like particles

BBN Big Bang nucleosynthesis

BD Boulware-Deser

CDM cold dark matter

CMB cosmic microwave background
CM center of mass

DM dark matter

dRGT de Rham-Gabadadze-Tolley
FDM fuzzy dark matter

FLRW Friedmann-Lemaitre-Robertson-Walker
GR General Relativity
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HB horizontal branch

ISL inverse-square law

ISW integrated Sachs-Wolfe

KK Kaluza-Klein

kSZ kinetic Sunyaev-Zeldovich

LG Local Group

LSS large-scale structure

NFW Navarro-Frenk-White

NR non-relativistic

QCD quantum chromodynamics

QED quantum electrodynamics

QFT quantum field theory

RG/RGB red giant/red-giant branch

RSA radiation-streaming approximation

RW Robertson-Walker

SM Standard Model

SN supernova

SVT scalar-vector-tensor

Sw Sachs-Wolfe

SZ Sunyaev-Zeldovich

TC/TCA tight coupling/tight-coupling approxima-
tion

ULA ultralight axion

vDVZ van Dam-Veltman-Zakharov

WIMP weakly interacting massive particle

WKB Wentzel-Kramers-Brillouin

A.3 Miscellanea

* We use natural units with 77 = ¢ = kg = 1 and Lorentz-Heaviside electromag-
netic units.

b

¢ Partial derivatives are denoted with ‘¢’ or ;.
noted with ‘V’ or ;.

Covariant derivatives are de-

¢ QFT-related conventions follow [Sre07].
* GR-related conventions follow [Wal10] and are summarized in Appendix D.

* &uvop 1s the Levi-Civita symbol, with £9123 = 1. The Levi-Civita pseudotensor
is defined as €,,p0 = /=& Epvpo-

¢ The Fourier transform is defined as
Flf )] = k) = f Pre* (). (A1)

The inverse transformation is

F )] =fx)= f i3 e**f(k) (A.2)
(2m)3 ' :
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In general, we will use the same symbol for a variable and its Fourier trans-

form, ie. f=f.
* Symmetrization and antisymmetrization of indices are defined as in [Wal10],
e.g.
1 1
T[uv] = 5 (T#V - TV”) , T(uv) = § (T#V + TV”) . (A.3)
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Useful numbers

Most of the following conversion factors have been taken from the exceedingly
useful tables of [KT94].

1eV=1.7827x10"33 g 1g 1 =5.6095x 1032 eV

1eV=5.0677x10* cm™* 1em '=1.9733x107° eV

1eV=15192x10'° ¢71 15 1=6.5822x10"16 eV

1eV=1.6022x10"'2 erg 1 erg=6.2414x 10! eV

1eV=1.1605x10* K 1K=8.6170x10"° eV

1 eV =1.5637 x 102 Mpc™! 1 Mpc ! =6.3952 x 10730 eV
e =0.30282

o7 =6.6524 x1072% cm? = 1.7084 x 10715 eV 2
=6.9871 x 10~ Mpc?
G=6.6720x10"8 cm3g 1572 =6.7065x 107°7 eV 2
=2.7429 x 10~ 1% Mpc?

h
Hy=100h km s~* Mpc_1 = Mpc_1

"~ 2997.9
4 R -1 33 h
=2.33x10""|—|Mpc " =1.5x10 — eV
0.7 0.7
3H(2) -297 2 -3 4712 -3
Perit = G =1.8791x10"“"hA“ gcm™ ° =1.0541 x 10°~A° eVem
T
=8.0995 x 101142 eV*
/A T 4
=—T%=2.0018x 10715 (—) V4
Pr= 15 * 97955 K) ©
7 4/3 N, -
=Negr= | — =1.3848 x 10717 [ —== ) \'
Py effs(n) Py 8 3.046) ©

15=2.9979 x 10 cm
1 Mpc = 3.2615 x 108 year = 3.0856 x 10?4 cm
1 G=6.9256 x 1072 eV? = 1.6934 x 10°7 Mpc 2
lergg 's™1=7.3237x1073" eV
1 gem ™3 =4.3102 x 1018 eV*
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10723 eV =1.5637 x 10° Mpc™! = 15.2 nHz =

year
107 eV = 1.5637 x 10%* Mpc ! =~ 15.2 GHz
30T _ 1 nos7x 10717 — G
871G Mp(:_2
G 1023 V)
”—2‘0:1.7064x10_2°( © ) ( p )h2
m m Perit

Table B.1 contains the values of the cosmological parameters obtained from the
CMB and combining CMB and BAO measurements, as reported in [Agh+18]. Ta-
ble B.2 contains some useful estimations, obtained with a cosmology given by the
central values in Table B.1. We summarize here some definitions that have not
been included in the introduction (even though some of them have been defined in
Chapter 5). The coordinate time, related to the conformal time as d¢ = adr, is

e da
t= — . B.1
. H (B.1)
The angular diameter distance is defined as
1 da
da = —_—. B.2
A fa ol (B.2)

The angular diameter distance allows us to compute the angle subtended by a phys-
ical length scale at a given redshift as

A

0=
da

(B.3)

This angular scale in its turn can be (approximately) related with a multipole ¢ =
7/6. The sound horizon for the photon-baryon plasma is

¢ da 1 3pp
offde_ L p_3m (B.4)
' -/(‘) aH /3(1+R) Py

The characteristic wavenumber that sets the damping scale in the CMB is [Ade+14a]

1 r7d7’ R2+16(1+R)/15

6ty « (1+R)2 (B.5)

-2 _
ky” =
Another quantity that is commonly used in the literature to quantify the clustering

k2dk 3j1(kR)1?
0% = f Q—HQPm(k)[ J};R )] , (B.6)

1S

where it is usually evaluated at R = 842! Mpc.
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Parameter Planck only Planck+BAO
Qph? 0.02237 +0.00015 0.02242 +0.00014
Q.h? 0.1200 +0.0012 0.11933 +0.00091
1000, 1.04110 +0.00031 1.04101 + 0.00029
T 0.0544 +0.0073 0.0561+0.0071
log(1010A4,) 3.044+0.014 3.047+0.014
ng 0.9649 +0.0042 0.9665 +0.0038
h 0.6736 +0.0054 0.6766 +0.0042
Qn, 0.3153 +0.0073 0.3111+0.0056
Q. h? 0.1430+0.0011 0.14240 + 0.00087
Qa 0.6847 +0.0073 0.6889 +0.0056
o8 0.8111+0.0060 0.8102 +0.0060
1094, 2.100 +0.030 2.105 +0.030
Age [Gyr] 13.797 +0.023 13.787 +0.020
Zreio 7.67+0.73 7.82+0.71

2. 1089.92+0.25 1089 +0.21
r« [Mpc] 144.43+0.26 144.57 +0.22
1000, 1.04110 +0.00031 1.04119 + 0.00029
Zeq 3402 + 26 3387 +21

Eeq [Mpc™'1 | 0.010384 +0.000081 | 0.010339 +0.000063
Ep [Mpc'] | 0.14087+0.00030 | 0.14078 +0.00028
Qx -0.011*0075 0.0007 +0.0037
Y my [eV] <0.241 <0.120
Negr 2.8970-3¢ 2.99+0-32
70.002 <0.101 <0.106

wo ~1.57*0-59 -1.04*019

Table B.1: Constraints on the base-ACDM model (68% limits) using only CMB
data and combining with BAO measurements, as reported in [Agh+18]. The mid-
dle part of the table presents some quantities that can be derived from the base
parameters. These include: the fluctuation amplitude at 82~ Mpc (og), the acous-
tic damping scale (kp), the horizon scale and redshift at matter-radiation equality
(kegs Zeq), the redshift, sound horizon and angular scale at decoupling (z«, 7+, 0+).
On the lower part, some one-parameter extensions are included with 95% lim-
its. The equation of state of dark energy (wg) can be further constrained in-

cluding measurements of the expansion history from supernovae.

wo(+SNe) = -1.028 + 0.031 (68% limit).

In this case,
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| 2 a 7[Mpcl tlyear] da[Mpcl |k [Mpc '] kI[h/Mpel low |

Today 0 1 1.4x10* 1.4x101° 0 22x107% 33x107*  OQ1)

M-A eq. 0.29 0.78 1.3x10* 1.0x109 1.2x10% | 20x107% 3.0x107*  O@)

Reio. 7.82 0.11 51x102 6.6x10% 9.1x10% | 3.8x107* 5.6x107*  O()

Dec. 1090 9.2x107* 280 3.7x10° 1.4x10* | 48x103 7.1x1073 33

M-R eq. 3387 3.0x107* 113 5.1 x 10% - 0.010 0.015 72
1.3x10* 7.6x107° 33 4051 = 0.032 0.048 221 CMB 1st peak
3.4x10* 29x1075 13 625 - 0.077 0.12 538 CMB 2nd peak
5.2x10* 1.9x1075 8.7 270 - 0.12 0.17 810 CMB 3rd peak
6.4x10* 1.6x107° 7.2 184 - 0.14 0.21 978 Damp. scale
75x10* 1.3x107° 6.1 133 — 0.17 0.25 1148 || CMB 4th peak
9.1x10* 1.1x1075 5.0 90 - 0.2 0.3 1390 | Nonlin. scale

R. era 107 1077 046 7.6x1073 - 22 32 1.5 x 10°

Table B.2: The first five rows correspond to important periods in the history of the Universe: the present time, matter-cosmological
constant equality, reionization, decoupling and matter-radiation equality. For each of them we indicate the corresponding redshift, scale
factor, time and angular diameter distance. We also include the horizon scale, £ = H, at that time and the CMB multipole that roughly
corresponds to this scale. The following rows are the scales corresponding to the first CMB peaks, the acoustic damping scale and the non-
linearity scale. The final row corresponds to a redshift deep in the radiation-dominated era. Before decoupling, d s remains essentially
constant with da(z > zgec) = 1.4 x 10* and we omit it.



Special functions

Most of the results come from [AWO01].

C.1 Spherical Bessel functions

The spherical Bessel functions are related to the ordinary Bessel functions through

o) =\ =T 1) . (C.1)
2x

Some particular values

sinx

Jo(x) = P (C.2a)
=22 28 (C.2b)
X X
3 1 3
Jolx) = (—3 ——)sinx——Zcosx. (C.20)
x3  x x
Limiting values
xt (20 +2)(2¢ +3)
/ ~ 2 C.3
J= e * +1 (C3a)
) 1 . in
Jo(x)~—sin|x— —|, x>1. (C.3b)
X 2
Recurrence relations
Je(x) _Je1tjen , (C.42)
x 20+1
. Cjo-1—W+1)jra
"(x) = . C.4b
Jet) 20+1 (C4b)
Integrals
i) de = — C
f_oojz(x)m(x) x= 2[+16w , (C.5a)
f Jelar)jobrrdr = ——6(a-b). (C.5b)
0 2a
From equation (6.574.2) in [GR07] we have (A>0, v+ pu+1>0)
-~ INEIN (v+,u;/1+1)
f J ()T, (1)t At = (C.6)
0

AT (u—v;r/lﬂ) I (VW;AH) I (V—#-2F/1+1) ’



212 APPENDIX C. SPECIAL FUNCTIONS

and from this result we get (n < 2)

[T e el

Jox)jp(x)—— = ’ ’ ’

0 Ot 8 r(l—g—n+%)r(!+§—n+2)r(i—(2—n+_
o T T T8I @222 200+1)

Differential equation

5 d? d . .
x @]g+2xajg+[x—€(€+l)]]g—0.

From equation (9.3.1) in [AS72] we have

J(x) ~ \/;T_V (%)V v 1,
Jo(x) ~ % (g)[ (9—;)“1/2, 0>1.

C.2 Legendre polynomials

Some particular values are
1.9
1
Pi(x)=x, Ps(x) = 5(5x3 —3x) .
Recurrence relation

(20 + D)xPy(x) = (0 + 1)Pyy1(x) + L Py()
P, —P,  =@20+1)P,.

Some additional relations that can be derived include

P, =(¢+DP;+xP,, (1-x*)P,=¢P,1-(xP,,

P, ,=—(P;+xP), (1-x®)P, = (€ + D)xP;— (0 + 1)Py41 .

Special values

P,(1)=1,

(-Df@20)
22!(”)2 ’

P3¢41(0)=0.

P5,(0) =

Differential equation

d? d
(1 —xz)@m —2xan +0(0+1)P,=0.

(C.7)

(C.8)

(C.9)

(C.10)

(C.11)

(C.12)

(C.13a)
(C.13b)

(C.14)

(C.15a)

(C.15Db)
(C.15¢)

(C.16)
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Parity
Py(—x) = (-1 Py(x) .
Orthogonality
1 26 ¢
dx PPy = .
f_l YN |
Expansion of the exponential
e k¥ = 3 (—)!(20 +1)j (k)P (k- R) .
=0

C.3 Associated Legendre functions

Definition
dm+n
P,T(x): 2nn!(1—x2)(m/2)dxm(x2—l) , —-n=<=m=<sn
dm
P,rln(x) =(1- xz)(m/Q)dx—mPn(x) )
_ (n—m)!
m —_(_1\n m
P,"(x)=(-1) (n+m)!Pn (x) .
Parity
Pl'(—x)=(-1)"""P"(x) .
Orthogonality
1 2 (g+m)
P™(x)P™ = qTE
f_l o ()P (x)dx 2q+1(q_m)!6pq ;
1 _ (n+m)!
f P™x)PR )1 -x?)tdo = ————6mp .
1 m(n—m)!
Miscellanea

Pox)=P,(x),
P(£1)=0, form #0.

Several recurrence relations can be found in [AWO01, p.774].

C.4 Spherical harmonics

Definition

2n+1(n—-—m)! :
P™(cosO)e™? .
4 (n+m)! n (cosble

Y, (0,4) = (—l)m\/
Relation to Legendre polynomials

4

P(cos0) =
dleos®) =157

Y)0,9) .

(C.17)

(C.18)

(C.19)

(C.20a)

(C.20b)

(C.20c¢)

(C.21)

(C.22)

(C.23)

(C.24)
(C.25)

(C.26)

(C.27)
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Conjugation
Y =(-D"Y, ™. (C.28)

Orthonormality

2m 1
f d¢p f d(cosB) Y™ *(8,$)Y,"2(0, ) = SnynyOmims - (C.29)
0 -1

Specific values with our convention

1 5 (3 1
Y(?:—, Y20: —(—coszﬁ——) ,
Van 47\ 2 2
0 3 +1 S o i¢
Y, = ECOSQ , Yy =- ESSchosH e,
3 ; 5 ~
Y= \/S—Sine e, Y %=y 560 sin?6 &% . (C.30)
/4 T

Addition of angular momenta

cos@ Y, = A} Y,\,+B; Y, , (C.31a)
e¥sing Y' =-A} YL+ By Y (C.31b)
e ¥sing Y = A, Y/ '-B, YL, (C.31c)
where
. (C=m+ D€ +m+1)\? . (C=-m)C+m)\ 2
A[m = ’ Bfm = _ ’
(20 +1)(20 +3) (20-1)(20+1)
. (+m+1)(+m+2)\ . (—m)—m—-1)\"
A[m = ’ Bfm = _ >
(20 +1)(20 +3) (20 -1)(20+1)
A _[EmmrDE—ma2\E (€+m)(€+m—1))1/2 ©32)
fm = (20+1)(20+3) ’ fm = (@20-1)20+1) '
Addition theorem
P b= =T S YmaYrGh (C.33)
n- = n . .
¢ 20+1,=, ¢ "¢

C.5 Proof of some results

Computation of ([1[),(7%, A'). The integral to solve is

7D

LA, A = f Y(h-BY (A k) AE . (C.34)
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Using the addition property (C.33) of the spherical harmonics we have

R V(20+1)(20'+1)
10) (A, 7" = yp

4 L )
\/(2€+1)(2£'+1)f m;[ ¢ ()Y, (k)

f 2EP(A-E)Py(R k)

[l
< Y YR e R
m/'=-¢'

in S "s /A
) \/(2€ + 1)(2[’ + ]_) Z/Y;n(n)Y[r? (n,)6[/[6m,m
m,m

4
= 800 Y YA (!
27+ 1 (!; (Y, TR

=6poPo(A-R).

(2)

+(A,1'). The integral to solve is!

Computation of

7P

M,(ﬁ,ﬁ'):f(/%-/%)Y,?(ﬁ-l%)Yﬁ(ﬁ’-/%)dzk .

First we choose a frame

Z=n,
n i . .
Y:—Z(E+—E_)
1 .
= — (A p),
1_(ﬁ.ﬁ)2
N 1 . N
X:—Z(E++E_)

Then we get the projection

ﬁ.]%:% 1-a-p2h-(By+E_)+ (- P)A-h) .

Our original integral can be splitted in two pieces

. 1 -
If},(ﬁ,ﬁ/) =(A-P)I1+ Em(% +13) ,

(C.35)

(C.36)

(C.37)

(C.38)

(C.39)

(C.40)

(C.41)

Tt is possible to derive the same results in a different way. One can argue that the integral must

be of the form I® = (8-A)A + (B -#/)B. Then we have
dZﬁAAA(z) PN 22 ca v 0ia B\ O0 Al
3[4—(,3-71)1 :A+(n-n)B=fd k(A-R)Y,(A-R)Y (R - k)
T

in
3[%“;"7”(2):(ﬁ'ﬁ')“B:fdzl%m’-i%)Y?(ﬁ-ié)Yﬁ(ﬁ'.ié)

Using the properties of the Legendre polynomials, we can straightforwardly compute the integrals

on the right-hand side and then obtain A and B.
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where
Ti= [ @k Y26 BY G )
=A%, f kY, (WY (R + B, f dRY) YR
= AG Tyl o)+ By L2, )
- (A ¢ Brsie +B;,Oag_1,g,)Pg,(n A, (C.42)
and

Zs :fdQI%(I%-E+)Y,9(ﬁ-l%)Y2(ﬂ’-I%)
471

mi=—¢'

1
~1 0
2€,+1 Z (n)f_ld,uYé(u)

/_ [/
do (,~ Lm-1s — ym-1x
\/_(A[r Y[/_'_ll (IJ,QO)—B[/’mIY[/_ll (/J,(P)) (C43)
(271.)3/2 . ~ ~
= —— ;@) f YW (Ap 1Y (0 -By 1Y ()
20"+ -1
2 . _ _
S Ve @) (A7 180001 -Bp 16001) - (C.44)

In the basis we have chosen

" 20/ +1 1 P;Y(n-A")
Y[{ =
VO +1) \/1-(h-A)2
>< B—(-P)A -7 iﬁ’-(ﬁ/\ﬁ)}. (C.45)
With these results, we have
1(52[)/( A,ﬁ,/) = (ﬂ . ﬁA)P[r(ﬁ, . ﬁ’) (A;’05f+1,[, +B;,+17064’[r+1)
1 P;YA-7) R ,
- ‘ {i B~ pra-a"}
VOW+1)\/1-h-1')2
% (A7 180001~ Byyy c1Ore1er) - (C.46)
Using the properties of the Legendre polynomials
20+ 1)V1-22P} 1 =00+ 1)(Pr-1 - Pys1) (C.47)
P;jl=v1-x2P), (C.48)
P, =(+1)P,+xP), (C.49)
P, | =—0(P,+xP}, (C.50)
we find
196G, 7'y = Hh,#)8 1,0+ Hop (A, 8))8 ¢ 0111 (C.51)

174
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with
+1 . P, . .
H A Al — A _ .t Al (A Al A
o, 7") = \/(2€+1)(2€+3){([3 AP, €+1((ﬁ R — (A" n))}
/+1 1

\/(25 F1D)(©27+3)1-(A-n')?
+((B-A) - G2-AYB-M)Prarf . (C52)

Finally, note that f is an arbitrary vector so we can actually write these equations
in vector form, as in the main text.

Computation of @,,. We need to compute

20+1

0= fdx(l X)P, (x)P(x) . (C.53)

Using the properties of the Legendre polynomials

(1-x)P,=P,+({+1)P,—P),,, (C.54)
=P,—(P,-P)_,, (C.55)
(1-x)P, =P}, —(¢+1)Ps1— P}, (C.56)

we find the recurrence relation
(1—x)P;+1 :(£+1)(P4—Pg+1)—(1—x)P2 ) (C.57)

Then we can prove (by induction) that

/-1
(1-x)P,=-¢P, —(-1)¢ Z (-D*2n+1)P,, . (C.58)
n=0

The coefficients are

20+1 1 ey 1
Q[I[: 2 —glf de[Pg/_(_l) Z(—l)n(Zn-l-l)fldean

Oy — 2n+1
:(2z+1){— -1 Z( "5 el ,M} (C.59)

20 + +1

We can distinguish three cases

Qr¢=0, '<?, (C.60a)
Qer=-1, =1, (C.60b)

Quo=-(-1"20+1), >¢. (C.60¢)
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Metric Formulae

D.1 Definitions

All the conventions follow [Wall0]. The signature of the metric is mostly plus
(—,+,+,+). The metric tensors are defined as

1
rppv = Egpo (augva + 6vg/.w - aagpv) ) (D.1a)
Ry, =0,0%,,-0,I%,,+T%,, %, ~T%,T% (D.1b)
R/JV = Rauav ) (D.lc)
R=g"R,,, (D.1d)
1
Gyv = Ryv - gg,wR ) (D.1e)
1
Cyvcrp = Ruvap - gu[URp]v + gV[O'Rp][J + gg,u[agp]vR . (D.1f)

Two useful expresions relating Christoffel symbols and the metric are

I, =0ulog\/~g, (D.2)
augva = g(xarav” + gavragﬂ . (D3)

In terms of the Christoffel symbols, the covariant derivatives are

Vo' =007 +T7 507, (D.4a)

Vuw,y =0,wy — Fawwg , (D.4b)

The divergence of a vector field can be expressed as

1
Vot =——a,(v/-gvt) . (D.5)
M \/_—g N( )
For a perturbed metric
=g +0 D.6
8w =8uvt08u (D.6)
g" =gy +08", (D.7)
two useful expressions are
5g" =gl g0 08ap (D.8)

det (g(O) + 5g) = (1 + gfov)égw) det (g(O)) . (D.9)
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D.2 Perturbations on a FLRW space-time

D.2.1 Background
The line element for a flat FLRW space-time is
ds? = a?(1) (—d‘[2 + dxidxi) , (D.10)

For the background, we only display the non-zero components and we define H =
ala.

Christoffel symbols
0, =H, (D.11a)
0 =6iM, (D.11b)
Iy, =6"H.. (D.11¢)
Ricci tensor
Roo=—-3H, (D.12a)
Rij=6;;(H+21?) (D.12b)
a’R% =3H , (D.12¢)
a’R'; =5 (7—[ + 2%2) , (D.12d)
R =6q2 (H + 7—[2) . (D.12¢)
Einstein tensor
Goo=3H?, (D.13a)
Gij:—5ij (27"[+H2) 5 (D.13b)
a®’G% =-3H*, (D.13c)
a®G'; = -5! (2% + 7—[2) . (D.13d)
Riemann tensor
a 2Rojo; =6 M , (D.14a)
a2Ro;jr =0, (D.14b)

a 2R;jn = H*(5:161;— 816 1) - (D.14c)
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Weyl tensor
a 2Co;i0; =0, (D.152)
a_zCOijk =0 , (D.15b)
a™2Cijn =0. (D.15c¢)

D.2.2 General perturbations

We define a generic perturbation over the homogeneous RW metric as

ds? = a*(1)( - (1- A)dr? + 2B;drd’ + (5 + Hyj)dx'da? ) (D.16)
that is,
-1+A B 1(-1-A B
=a? ’ o= . 2
Christoffel symbols
0 1.
1
) —50iA+HB; (D.18b)
. . 1 . ..
5FL00 :BLH_EOLA +Bl 5 (D.18C)
1 1.
0
or ij: —5(6J'Bi+aiBj)+§Hij+IHHij+5ijAH y (D.18d)
i 1, i\, Lo
5T Oj:—§(a Bj—ajB)+§Hj, (D.18e)
. 1 . . . .
0Ty = 5 (OwH} +0,H, —0'H |~ HB'6 . (D.18f)
Ricci tensor
1, i Lo i 3;: 1.
8Roo=—-=0'0;A+0;B' —~-H! +H|0,B' — A - -H'| , (D.192)
2 2 2" 27
1. 1 N DR B :
6Roi = ~50/0,B; +50,0;B’ + S0;H] - S0;H,+ Bi(H +2H*) -Ho;A, (D.19b)
1 1. A ,
6Rl-j:EaiajA—E(ajBﬁa,-BjH §Hij+Hij(H+2H2)
1 :
+ §(aiakﬂf +0;0,HY —0;0,H} —"0,.H;;) + H(H;; - 8;B; — 0;B))
e AT 2
815 H (A~ 20,B" + Hy | +6,,A(H +217) (D.19¢)
1._. oo 1. . 3 . A
a®6RY, = 50'0:A=0;B" + H; +3AH +H (EA ~0;B'+ JH |, (D.19d)

1. 1 A TR
2 0
a“0R S EajajBi —éaiaJ-Bl—EGJ-H{+§GZ'H§+’H61'A , (D.19e)
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. 1 . A 01 -1 .. .

2 1 _ _“AJA.RLL “AlA R L —AJITL _ — Al _ 14 242y _ i

a“6R’j = 266]B +260JB +26Hj 26Hj 2B'(H-"H*)-HJ'A , (D.19f)
. 1 . 1 .. 1 o1 ...

2 I _ I3.A__A'R._ _A.Rt o+ _ 11t

a0R';= 20'0;A - 0'B;— 50,8+ H]

L ik 1 ik Lops g Lo ook
+§016 ij+§6j6kHl —56 6kHJL~—§6laij

: . L A b ek
+OLAMH +2H?) + H|H} - 0'B;~0;B' + S0}(A~20,B" + H)| , (D.19g)
a*0R =0'0;A—20,B' + H! +0;0,H" - 6'0;H’,

+6AH +H?) +3H(A-20'B; +H!) . (D.19h)

Einstein tensor

1 o1 ; . .
8Goo = 50;0;H" - 5alaiﬂj +H(H} -20;B"), (D.202)
1. 1 TR PO A S S
6Go; = —56 a]-Bi+§6,-0jB +§6J'Hi —édiHJ.—'HaiA—Q ’H+§’H B, , (D.20b)
1 1 . . 1.. 1
5Gij = éaiajA - 5 (aiBj +ajBi) + §Hij - §6kakHij

1 k r) 1 k
+5 (0:08 HY + 0,0, HE) - 50i0;H]

—2(7—[+E%Z)Hij+H(Hij—aiBj—6jBi)
1

1 ok Lo 1 Rl P
~0ij{50"0nA ~ 4 B" + S Hy + Z040,H" — - 5" 0, H]
. . . 1
+H (A -20,B" + H} +2(H+ 5’Hz)A} : (D.20c)
1 1. . S
a*6G = ~20:0;H" + Z0'0;H} +H (20,8 - H}) 3724, (D.20d)
a25G0i = §6J6jBi - §a,~aJBj - §6J'Hlj. + EaiHj +HOo;A , (D.20e)
026G = —S0i0 B+ 2010/B + 0.1 - Lo E — oA - 2B (H - 7—[2) (D.20f)
07 o7 W 2 T 2 ’ '

. 1 . 1 .. . 1... 1 .
2 i _ i A _ —(A.DL iD. ~fyl Ak i
a’5G' = 20'0;A~ 2 (0;B' +0'B))+ S H} ~ 0" 0,H]
1 1, 1, o
+ 500, H} + 0" 0, H) - 20'0,Hy + M (H-0,B'-9'B,)
1 . . 1 . .
- 84150 0kA 0, B" +24 (7—[ = 57{2) +H (A -20,B" + I}

1

1., 1
+ 51{’,5 + 5akaZH’” - §6k6kH§} . (D.20g)

Riemann tensor

_ 1 1 1. .
a 25R0i0j = —EaiajA+§ (aiBj+ajBi) _éHij_HHij

1 . .
+§H(6iBj+ajBi_Hij_6ijA) , (D.21a)
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a_26R0ijk = aia[jBk] + a[kHj]i + H5i[jak]A + 2H25i[kBj] , (D.21b)
_ 1 .
@ *6Rijp1 = 0,0 Hyyj +0;00 Hnyi — 5 Ho iy (Hiyj + 2HHyj — 0Br) — 0x1B,)

1 :
— 5 Hojte (Hpi +2HHp; — 0By —0nB;) + H?A (861 — 8161, -

(D.21¢)
Weyl tensor
" 1 1. .
a 5C()i()j = —ZaiajA + Z (aiBj +6J'Bi)

1/..

- (Hij+0,0" Hy; +0,0" Hy ;- 0 0. Hy - 0,0, H]
1 L

+ 503 (akakA — 20" B), + HY - 20" Hy,; + 20" alH’,;) , (D.22a)

a 25Co; 1 = 0;0(;Bp) + O H 3, + %5,-[k (OZOZB 1—070'B;—d"H,y +0,H, ) , (D.22b)
a"26Cj; = 0;0u Hpy; + 0,0 Hyy;
+ %&'[z (0k]0jA —0p)Bj — 0;Bpy+ Hpj+ 010" Hpnj + 00" Hym
— 0™ 0mHpyj — 6k]asz)
+ %5 ik (000:A = 0uB; = 9:B1y + Huyi + 000" Hii +0,0™ Hp
~ 0™ 0 Hyy; — 00, Hy

1 L
+ 2001 (070mA 20" By + Hjt +0™0" Hpnp — "0, HJE ) . (D.220)

D.2.3 Scalar perturbations

For scalar perturbations we have

A=-2V¥, B;=0;B,
Hij:—2®6ij+26,~ajE . (D.23)
Christoffel symbols
0
6Ly 00="Y, (D.24a)
or 0 =0;,¥ + Ho,B , (D.24b)
0T 0o =0"Y +0'B+Hd'B, (D.24c)
6T .0, = ~0,0,(B ~B) + 2H(0,0,E — 6,,(® + %)) 6,0, (D.24d)
6Tl = 0'0;E 50, (D.24e)
OT ' ;= 0'0,0,E — 8,3 H0'B +83,0'® —5},0;0 — 5.0, . (D.24)
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Ricci tensor

SR00 =3B +0'0,¥ +0'0,(B-E)+H (3(cb+\if)+aia,~(B —E’)) , (D.25a)
SR0; = 20, + (H + 27{) 0B +2H0,V (D.25b)
6R i = 0:0/(® — )~ 0;0;(B — ) + 2(H + 212) 0,0,E - 2H0,0;(B - E)

_ 5ij{<'1'> — "0, @+ 2(H + 2HY)(D + P)

+H (¥ +50+0*0,B-B))}, (D.25¢)
a?6R %) = -39-0'0;¥ -9'0;(B-E)-6HY¥
~H 3+ ¥ +d'0:B-E) (D.25d)
a®6R°, = -20,0-2Ho; ¥ , (D.25€)
a®6R ' =20'd+2H"Y - 2(H - H*)O'B, (D.25)
a’6R ' =0'0,(®—-¥)-0'0,(B-E)-2H0d'0;(B-E)

—61{® - 0" 0p @+ 2(H + 2HHY + H (W + 50+ 0" 4 (B-E))} , (D.25g)
a%6R g = 60 +40,0' - 20,0"V —20;0' (B - B) - 12(H + H?) ¥
—6H (3ci> +¥ +3;04B —E)) : (D.25h)

Einstein tensor

5G 00 = 20;0'®—2H (30 +0,0'(B-B)) , (D.26a)

8Gs0; =20;D—2

.1

H+ EHZ) 0;B+2Ha;¥ , (D.26b)
. .. . 1 .

8G gij=0;0,(®—W)-0;0;(B —E)—4(H + éﬁz)aiaﬂf ~2H0,0;(B-E)

+ 5ij{2% (20 + ¥ +0,0" (B - E)) + 20 - 0,0" (@ - )

.. .1
+akak(B—E)+4(’H+§H2)(®+\P)}, (D.26¢)
026G . = ~20;0'0+ 6H?¥ + 21 (30 +0,0'B-B)) , (D.26d)
a®6G °; = -20; (d+HVY) , (D.26€)
a%6G o =20 (+H¥)-2(H-H2) B, (D.260)
a’6G ' =0'0;(®—-¥)-0'0;(B-E)-210d'0;(B-E)

+ 5}{2% (2d> +W+0,0"B —E>) +20 - 0,08 (d - )

+6k0k(B—E)+4(H+%H2)‘{’}. (D.26g)
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Riemann tensor

0 26R s0i0; = 0,0, ¥ + 0,;0;(B — E) + 5, {& + H(d + V) + 2H D}

+7H0,0;(B-E)-2H0;0,E , (D.27a)
a_26R(s)0ijk = 25i[k6j] ((D +HWY + HZB) y (D.27b)

a_26R(S)ijkl =2 (5i[k01]aj + 5j[lak]0i) {(I) -H(B —E) + QHZE}
+48;108);H (D + H(Y +20)) . (D.27¢)

Weyl tensor
1 1 -

a"26C s 0i0; = 5 (a,-a i~ 30 0%, [ {0+ P +(B-E)} , (D.28a)
a"26C0ijr =0, (D.28b)

2 ..
a_26C(S)ijkl = (5i[kal]6j +06110r10; + g@i[l(sk]jam@m {(D +¥+(B —E)} . (D.28c¢)

D.2.4 Vector perturbations

For vector perturbations we have

A=0, Bi=-8S;,
H;j=0,;F;+0;F;, 9;8'=0;F' =0. (D.29)
Christoffel symbols
8T 00 =0 (D.30a)
0
6Ty, 0; = —HSi, (D.30b)
6T oo=—S'—HS", (D.30c)
1 . .
6F(V)0ij = 5 (aiSj +ajSi +aiFj +0jFi) +H (aiFj + ajFi) , (D.304d)
. 1, . N P ..
6Ty'0;= 5 (0's;-a;8")+ 5 (0'F;+0;F") (D.30e)
OT i = 0j0RF" + 8, HS" . (D.30f)
Ricci tensor
O0Ry00=0, (D.31a)
1._. . .
6R(V)0i = éajaj (Si +Fi) -8, (H + 27‘[2) s (D.31Db)
1 . . 1 . .. .
ORwij = 2 (0:S;+0;S;) + 3 (0;F;+0,;F;)+(0;F;+0;F;) (7‘[ +27‘[2)
+H(0iSj+0jSi+6iFj+6jFi) , (D.31¢c)
a®R % =0, (D.31d)
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1_. .
a®dR,°; = 509, (S; +F;), (D.31e)
a’6R,,'y = 500 (s"+F)+28! (H-H?), (D.31f)
. 1 .. .. 1 ...
2 —
a’6R,; =3 (0,8 +0'8;) + 5 (0, +0'F)
+H(0;8"+0'S;+0;F +3'F;) (D.31g)
SRy, =0, (D.31h)
Einstein tensor
5G(V)00 =0 , (D.323.)
1._. . .1
6G(V)0i = 56"6] (Si+Fi)+QSi (H+§H2) , (D.32b)
1 . . 1 .. .. 01
6G(V)ij = 5 (aiSj +ajS,-) + 5 (aiFj +ajF,-) —Z(OiFj +ajFi) (7‘[ + 57‘[2)
+H(0;8,;+0,;S; +0;F;+0;F;) , (D.32¢)
a®6G % =0, (D.32d)
1 :
a?6G,°; = —50'0;(Si+Fi) , (D.32e)
0’56, = 50°0; (s'+F)+28! (H-H?), (D.32f)

a®6G.,} —%(ajsi+ais'j)+%(ajiﬁuaiﬁj)

wJj

+H(0;81+3'S;+0;F +3'F;) . (D.32g)
Riemann tensor

0 26R woioj = —0u S+ Fjy + H(S )y + By + 2HF ! (D.33a)
a"26R w0ir = 0:01 (Sj1+ Fj1) + 2H28:1,Sk1 (D.33b)
a 28R wijn1 = HOir 1011 (S +F}) + 0, (Syy + Fp) + 2H (0, F; +0,;F 1)}

+HE 1 {0k (Si + Fi) +0; (Sk1+ Fry) + 2H (0 F; +0;Fry)} . (D.33c)

Weyl tensor

_ 1 . ..

a 250(V)0i0j:_§6(i (Sj)+Fj) , (D.34a)
_ 1 .

a~26Cw0ijk = aia[k_§6i[kalal (Sj+Fj), (D.34b)
_ 1 . .. . ..

0 *6Cuijnr = =50k {00 (Sj + ;) +0; (Sn+ Fu)}

1 . . . ..
— 505 {0r1(Si +Fi) +0; (St + Fry)} - (D.34c)
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D.2.5 Tensor perturbations
For tensor perturbations we have
A=0, B;=0, H;j=h;j,
dik’,=0 R =0 (D.35)
Christoffel symbols
6T 00=0, (D.36a)
0
0Ly 0 =0, (D.36b)
6T 000 =0, (D.36¢)
1.
0
0Ly ;= Ehij +Hhij, (D.36d)
. 1..
61“@)’0]. = Eh; , (D.36e)
ST i = 2ouhi— 26k 4 +20;hi D.36
m jk = 9UkRY Ty jk+§J k- (D-360)
Ricci tensor
5R(T)0() =0 , (D.37a)
OR10i =0, (D.37b)
1.. . . 1
6R(T)ij = éhij + Hhij + (H + 27‘[2) hij - Qakakhij , (D.37¢)
a®sR,% =0, (D.37d)
a®sR,° =0, (D.37e)
a®dR,', =0, (D.379)
A U | .
2 _ k
a 5R(T)LJ- = Eh-l] + Hh; — 56 akhl 5 (D37g)
OR.=0. (D.37h)
Einstein tensor
0G100=0, (D.38a)
6Gm0i=0, (D.38b)
]_ .o . . ]_ 2 ]. k
5G(T)ij=§hij+Hhij—2 'H+§H hij—§6 6khij, (D.38c)
a?6G,% =0, (D.38d)
a®sG,°, =0, (D.38e)
a®6G, 'y =0, (D.389)
A o1 .
2 _ k
a 6G(T)‘j = §h; +?—lh; - 56 6kh; . (D.38g)
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Riemann tensor

1/.. . .
a”*5Rumoi0; =~ iy + Hhsj+2Hhiy) | (D.39a)
_ 1
0 *6Rmoijk = 5 (Okhij—0jhir) . (D.39b)
a 28R )i k1 = 0:01 k) — Oint (Rry + 2H b))
+0;01rhi — 6 (ill]i-i'thl]i) . (D.39c¢)
Weyl tensor
-2 1 . k
a 5C(T)Oi0j:_1(hij+a akhij) , (D.40a)
Y 1. . .
a “6Cuoijr = 2 (Orhij—0jhiz) , (D.40b)

_ 1 .
a " 28C i jr1 = 0;0p P + 551'[1 (Ar1j— 0" Omhr))

1 .
+0;01,hyy; + gﬁj[k (hl]i - amamhl]i) . (D.40c)

D.3 Geodesics

In this appendix we will compute in detail the geodesics for a general perturbed
RW metric (D.16). Defining the proper-time parameter as dA = vV —ds2, the standard
definitions for the four-velocity and four-momentum are

dxH
Ut=— D.41
i’ ( )
P,=mU,, (D.42)
Py=—-e+6Py. (D.43)
The geodesics are given by
dU*
T U =0, (D.44

that can be conveniently rewritten as

dUy _ 198w,

—E_z P
-2 oxn Uur. (D.45)

This last form is especially useful. Since the background metric is homogeneous,
we can keep only the zero order in U, to compute the spatial part. Writing the
evolution in terms of the conformal time we have

dP; m dU; 1

— (e20; jan .. pipkA.I7T.
=T qp = 5 (€°0iA +2cP10;B; + PIP*O;H ) . (D.46)
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The spatial momentum is redefined as
P=(o' + 21 |q, (D.47)
1= i + 5 i qj, .
. : 1.
a’P' = —eB' + (5’” - EH’”) qr (D.48)

where, from now on, every spatial index on a perturbed quantity is assumed to be

raised or lowered using 6;;. From the mass-shell condition, PP, = —m2, we obtain
e =m?a® + q2 , (D.49)
PO:—e(l—%A)+qui, (D.50)
PO::—2(1+%A . (D.51)
The geodesic equation can be written with this parameterization as
‘zqr" - %eaiA +q/0;B; + 2—1€qjqk (0:H 1, — 0 H;;) - %qui ;. (D.52)
Further decomposing g; into direction 72 and magnitude g
gi=qni —  nmbdnj=1, ¢*=6qq;, (D.53)
we have
‘3_3 _ ni% , (D.54a)
‘Z;" :é(éji—njni)%. (D.54b)
Finally, using the following succint redefinition of metric variables
C;j=0,B;- %Hi i (D.55)
D;j, = %(aiHJ’k - 0;H;j) , (D.56)

the final formulae needed to compute the geodesics, with the parameterization
(D.47), are

1

iq;- _ %ediA +q7Cij+ gpﬁk , (D.57Db)
Z—Z = %eniaiA + qninjCij , (D.57¢)
‘Z”;" = (&7, = niny) (%ajA +nkC+ %nknlpjkl . (D.57d)



230 APPENDIX D. METRIC FORMULAE

Some relevant metric quantities, written in terms of the scalar-vector-tensor
decomposition and in Fourier space, are

A=-2V¥, (D.58a)
B;=ik;B-S;, (D.58b)
Hij=—2®5ij—2kikjE+i(kiFj+kjFi)+hij, (D.58C)
. . ] . . 1.
Cij=®6;j—kik;j(B—E)—ik;S; - % (kiF;+kF;) - thj , (D.58d)

D;jr=—-i(k;6p —kpbij)P - (kikij—kjkkFi)+ (kihjk—kkhij) . (D.58e)

1 i
2 2
D.4 Energy-momentum tensor conservation

The conservation of the energy-momentum tensor can be expressed as

v.T", =0,T", +T"0,l0g/-g-17,T", =0, (D.59)
and its perturbed part is
_ 0/—g —
§(V,T",)=0,6T", + T“Vay( Ner 6T ,0,log\/—&
-17,,6T"; —617,,T"; . (D.60)
The components of the energy-momentum tensor are defined as
T%=-p, 8T =-bp, (D.61a)
50 _ 0 _
T",=0, oT", =6Q; , (D.61b)
T,=0, 0Ty =-0Q; +(p+P)B;, (D.61c)
T‘J.:Z)"J.P , 6T‘j:5P6‘j+6H’j . (D.61d)

Then, the continuity equation is
5(V,TH) = - {(a, +3H)8p +0; (5Qi ~(p +P)Bi) +3HOP + %(p +P)Hii}
=—p {5+3’H(c§ —w)6 +(1+w)d;(5v' —B) + %(1 +w)Hii} ,  (D.62)
and the Euler equation is

o1
8 (VuT";) = @ +4H)5Q; +0;0P +0;0TV ;= - (p + P)0; A

w

= (p+ P){80; + H(1 - 8w)5v; + - 0vi+ —0; (¢20)
o1
R
0, S0iA} . (D.63)
The usual set of equations is
§+3H(c2-w)s +(1+w)d —(1+w) (30 -k*(B-E)) =0, (D.64)
: w k2 4k2

6 +H(1-3w)o 60— 25 ~ k¥ =0 D.65
S v 1w T30+ w)’ ’ (D6
Y+ + H(A-3w)y, + w + ik 3+ =0 (D.66)

X+ O T T T e T '
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Sometimes, it is useful to redefine the velocity variable as

1+w
k

u= 0. (D.67)
In terms of u, the Euler equation is

4
u+7—l(1—3w)u—kc§5+gka—(1+w)k‘1’:0. (D.68)



232 APPENDIX D. METRIC FORMULAE




Collision term with bulk flows

In this appendix we will compute the collision term in the presence of cosmolog-
ical bulk flows (6.77). We will compute the results to all orders in  and then partic-
ularize to first order. Since the notation is baroque enough as it stands, throughout
this appendix § will stand for f,, i.e. the bulk velocity of photons. P;; and y are
boost factors defined in (6.32) and computed with £,.

Starting from the collision term (6.77),

cif1= 22 [ 5'ap'ady | s (s — 5y + o™ (5 — )55(17 ,p)
4np op
x (FpAGLB) - FApAGLP)) (E.1)
we need to solve two integrals
= f p'ap'a0s(p - p)(F(ApAs B - FApA p))
= 4mp AN+ [ A0 Gl E2)
5
1= [ pap'acs - 5222 (7 5 - Fingag o)
op’
=—p f dQ’(ﬁ—2ﬁ’)(f(A,3ABelﬁ’)|ﬁ,=ﬁ_ f(AﬁAgelﬁ))
. L OF(AASP)
152 f dQ’(ﬁ—ﬁ')ﬁ—N,ﬁe‘ . (E.3)
0p p'=p

Now, we will integrate out the dependence on the momentum p in the O frame, like
we did with the left-hand side of the Boltzmann equation. First, for simplicity, we
will assume that § and B, point in the same direction, so we have
:6 - ,Be

1- IBIBe .

This assumption simplifies the derivation for arbitrary values of f, but it is not
needed and in fact the first order results are independent of it. Since the expres-
sions are already quite cumbersome, and this will be the only physical configuration

of interest, we will adopt this assumption throughout this appendix. Some prelimi-
nary results and definitions are

(E.4)

ApAgl=Npp,  AP=

- N
3 —
fq dg fo(Apq) = T (E.5a)
g - AB?
f e G fo(Aapq) = NYAﬁ ?) ) (E.5b)
a3q ;- 4 ;
e d' fo (Aapd) =3 Yaghp' (E.5¢0)



234 APPENDIX E. COLLISION TERM WITH BULK FLOWS

where N is defined in (6.60) and 73’ Ye correspond to (6.32), evaluated with S,.

We can proceed now to compute the 1ntegrals term by term. First for I,

)
1—-A- ﬁ)4 >
. - e 4N 2
quq2qfdﬂf(AﬁAﬁ:q): y3(1—ﬂﬁ.ﬂ )3.[(1 5 )YAﬁ

dQ
+Y§fE(1_2ﬁ'ﬁe+(ﬁ'ﬁe)2)‘F

quq Gf(ApA; @) =Ny (1-7-B,) (]'"y

And for I

- _Pl.nl—y.p.
2 ~1 ~\ _ eJ
fq dgq fO(AAﬁq)_N—y4(1—ﬁ-ﬁ)4 :

. L _ P .nj—yeﬂé AB?
2 ~1 N eJj 2

fq dqq fdeO(AAﬁq)_LLnNWYAﬁ(l-FT) y

2

~ i = 16 Y

f ¢%dq f A0 Fohapd =GN A

"’ 6 A ~ Pe nJ_)/e'Bé 2

_n.

0fo(Aasq) 64 Y
deqqfdQ~l fo fﬁq "Nap
aq 3 Ye(l_n'ﬁe)

Finally, for the electron quantities,

a3
=2 [ CPef (5 )= e+ o

¢ (2n)3
. &pe Pe ;- Phe Pe ozony o sn
full e e e e
=2 —== =2 —=—96 =700, ,
neu, (27_[)3 Epe fe(pe) (271_)3 Epe fe(pe) NeOV,

(E.6a)

(E.6b)

(E.7)

(E.8)

(E.9)

(E.10)

(E.11)

(E.12a)

(E.12b)

where 7, is the physical background electron number density, computed in its co-
moving frame as every other background quantity. Using the Lorentz transforma-

tion properties
87te = e (ne —02Be ) ,
50, =Pl 5v] —yepLon. .
The final results, to first order in S, are
9 - ) ) . dQ
¢*dq Ty = —4n N ((1-7-B)Fy + 47 AB—(1+37-B,) =5
dQ
+2ﬁe.fan]‘—y) ,
~( 8
fqquIg = 4nN(—§Aﬁ +4n(A-AP)+4 (A - B, +4ﬁ(ﬁ-ﬁe))) ,

O6ne=06n,— ﬁejévg )
50 = vl — BLén, .

(E.13a)
(E.13b)

(E.14a)

(E.14b)

(E.14¢)
(E.144d)



Electrodynamics in a perturbed
FLRW universe

F.1 Lorentz force in General Relativity

In this section we will study how the geodesics of charged particles are affected
by the presence of an electromagnetic field. The conventions for the momentum
variables are the same as in the main text and we will follow the same steps as in
the Appendix D. The Lorentz force acting on a particle with charge @ is [Wal10]

dU*
T ', U'Ur = %g”vvaUp . (F.1)
We will focus on the electromagnetic part
dU, Q
—_— =—F,,U". F.2
( da )EM m " 2
Introducing the new definitions
. 1 _ 1.
J = 5J J J — 57 J
Pl=6/-cH], Pl=0]+ H], (F.3)

and using the redefinition of momentum (3.35, 3.23), the new term that we must
include in the Liouville operator (3.50) is

(in
dr

j dxk
= QPL Fj() +ij— . (F.4)
EM dr

We can split it into an ‘electric’ and ‘magnetic’ component!

((il?)EMZQ{ei-FEijkq?ka}, (F.5)
where

e;=P!/Fjo—¢;3B bk, (F.6a)
b= % (1 - %A) e PLP Fip . (F.6b)

These relations can be recast into?
bl = % (1 - %A - %Hj) emhpiE,, (F.7a)
Fio="Plej+e;sBb" (F.7b)
Fj, = (1+%A+%Hf)£jkl73,lnbm. (F.7¢)

IIn Section F.4 we relate these variables with the physical electric and magnetic fields.
2Using &, P, Pre™™ =2(1- 3H) P,
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F.2 Electric current

The flux of particles (2.109) has been previously defined as

g. [ d°P Pt a g,
N =) " )3““2 )dsq pol (8)

with components
0_ -1 1
N =a (1+§A) (n+dn), (F.9a)
Ni=a'PY (nB;+6V;)—a 'nB" . (F.9b)

As usual, the perturbations are defined in the cosmic center of mass frame. The
electric current of a single species s is defined as

Jy =Q:NY, (F.10)
and the total electric current is

JH=) Qs;N¥ . (F.11)

F.3 Maxwell equations

The free Maxwell equations in curved space-time have been already presented in
(2.38) and (2.41). Here we will source them with an electric current. The Maxwell
equations are3 [Wal10]

L (F.12)
Vi Fvo1=0. (F.13)

In order to write them in terms of their components, the following alternative form
is easier to handle

0u(v—gF"")=—-y-gJ", (F.14)
a/JFVO' + aaFuv + avFUu =0. (F.15)

We will expand them now with the perturbed RW metric (3.33), the field redefinition
(F.6) and the electric current (F.11). Then we will particularize the results to the
simplified version we will be interested in.

F.3.1 Full Maxwell equations

The first Maxwell equation is

0, (v—8F")=-y=gJ°, (F.16)

3We use different charge conventions from [Wal10], hence the 47 factor difference.
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where
) 1 Lo k) pij
0, (v—8F*’) = -0; 1+§A+§Hk Pje , (F.17)
1
—/—gJ° = —a3(1+§H,}: Y Qs(ns+0ny) . (F.18)
S
The second Maxwell equation is
ou(v=gF")=-y=gJ', (F.19)

where
ui\ — 1 1 k i J ipJ ipi ijlpm
0, (v=gF") =3 L+ A+ Hy|Pie ~0;{e'B — /B + £ P"by ), (F20)

. 1 1 . . .
—/—gJ'= —a® (1 - §A + EH]]:) P}ZQsﬁ‘gns —a3ZQsc‘5Vsl
S S
+a®B"Y Qns . (F.21)
S

The third Maxwell equation is
1 Lok pirg ijk Pl inj . nini
00y|1+ A+ ZHE | Pib) +aj{gf Ple;—b'B/+b/B }:0. (F.22)
The fourth Maxwell equation is

1 1 ) pmiil
ai{(1+§A+§Hk)7?ij}—0. (F.23)

F.3.2 Simplified Maxwell equations

The Maxwell equations can be simplified if we assume that there are no background
fields and that we can write

b'=6b", e =ely+oe’, (F.24)

where eé 5) is a homogeneous contribution O(f), Se’ is first order in cosmological

perturbations and b’ is first order in cosmological perturbations and f (since we
know that there is no magnetic field production in ACDM). Under these conditions,
the first Maxwell equation for the evolution of the perturbations is

o1 o 1 . 1 .
. Z J _ = J — 43 - J
al{(sewz(A +H)e s, 2H;e(ﬁ)}_a ;Qs{6ns+2nsﬂj} : (F.25)

The second Maxwell equation is

i 1 i Lo i i J pi k
60{6e +§(A+Hj)e(ﬁ)—§Hje(ﬁ)}—Oj{e(ﬁ)BJ—e(ﬁ)B +e00*)
sVEio .1 1
:—aSEans{ v _Bz_§(A—H§)ﬁ§+§H;ﬂ§} . (F.26)

S
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The third Maxwell equation is
co 1
5b‘+gl~'kaj{5ek+§ﬂkle§ﬁ)} =0. (F.27)

The fourth Maxwell equation is .
0;6b'=0. (F.28)

Using the fact that we have neutrality of charge at the background level, > ;Qns =
0, the only relevant equation at this level is

ép=-a’) Qsnsp . (F.29)

S

The whole set of Maxwell equations for the perturbations can be rewritten as*

V-6e=a) Qs0ns+See (F.30a)

S
§e—-VASb=-a®) Qsnsdvs+8,, (F.30Db)

S

Sb+VAde=S;, (F.30c)
V-6b=0. (F.30d)

We find the standard Maxwell equations for de and 6b, plus external sources pro-
portional to

1 . , .
Sae = ~5 €0 {(A +H’,§>5;—H;} , (F.31a)
Se = 2 {(A +Hll:)5§' ‘Hj}e{m +0; (eEmBJ ‘e{mBl) +a’A} Qsnsfy,  (F31D)
S

. 1 »
Sy = =5 OH - (F:31c)

F.4 Physical fields and gauge transformations

The physical strength tensor, that would be measured by a locally inertial observer,

1S
FO = ok eV, Fy . (F.32)

The physical electric and magnetic fields that would be observed by a comoving
observer are

1
Eiphys) = Fl(.ghys) = a_ze(ﬁ)i + a_26e,~ + Ea_zA epi » (F.33a)
1. .
BN = URFENY = a25b! (F.33b)

Finally, we can compute the gauge-transformation properties of the fields. Follow-
ing the analysis of Section 3.5.2, after an infinitesimal gauge transformation we
have

AF,, =€P0,F 1y + Fp0,€” + Fpp0,€° . (F.34)

4Since we will apply them only to NR particles, we use the definition (6.70) of the velocity as
0V =ndv.
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This translates into

Ade’ = Té(y +Tely —HTel, , (F.35a)
AEPY) =T, (a%e(p;) | (F.35b)
A6, = a?ABP™ = —¢, 3/ Tek (F.35¢)

F.5 Liouville operator with electromagnetic fields

The presence of electromagnetic fields modifies the trajectories of charged parti-
cles through (F.5). This new force must be included in the left-hand side of the
Boltzmann equation. Since the only charged particles in our analysis (protons and
electrons) are non-relativistic throughout the period of interest, in what follows we
will take the NR limit. In particular, we have the results

d’q (dg'\ of
" -=0 F.36
&) @ny ( dr )EM 0q* (1-362)
d3q (dq! of 3 ; .
" —=— i 6v'), F.36b
&) @ay ( dr )EMeaql Qatnei(frov) (1560)
d3q (dg’ . of . . .
8+ @3 (E)EMCIL 6_qJ =-Qa®n(1+6,)é" —Qa?’neijk(ﬁj +6v)b* . (F.360¢)

Assuming that the zero-order Boltzmann equation is satisfied, expanding to first
NR order and to first order in § we have:

* Number density.

3¢ Df 5 (. D
el Sl Svl— 5. —

& | Grpar =9n (80 + a8, +ai0" -6V Cij= Mg) . (®3D)
where a = d;(a®n)/(a®n) takes into account possible variations in the comoving
number of particles, e.g. due to recombination. The metric-related variable is

1 . .
Mp=5B'0:A+D; w6 B (F.38)

e Momentum.

3
D N - |
* (3,53 q' d_f = 0410{,3’ +(H+a)p' +60" +(H + a)dv’

g
(5] + pI61)a;00" -~ A~ M
~Qa’n(1+68,)e' —Qa’ne (B +6v))by,,  (F.39)
where the metric-related variable is
M =" +67C . (F.40)
It is worth keeping in mind that for non-relativistic particles we also have

n=t  §5,=8-ppov". (F.41)
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Abstract

The main task of cosmology is to understand both the current state of the Uni-
verse and its past history. It aims to answer fundamental questions like how has
the Universe evolved or what are its constituents. Even though cosmology has de-
veloped over the last century, the last two decades have witnessed a revolution.
During the XX century, there were many competing cosmological models with very
definite observational predictions. However, the observations were not good enough
to test these predictions. During the last twenty years the situation has been re-
versed. The amount and quality of empirical data have increased to the point where
cosmology has become an observationally driven science.

These observations have also revealed unexpected (and puzzling) features of our
Universe. In particular, they point towards the existence of a dark sector. The dark
sector in cosmology gathers all the components that do not belong to the Standard
Model of particle physics and whose only observed effects are gravitational. The
standard model of cosmology, the ACDM model, assumes that the dark sector is
composed of a cosmological constant (A) and cold dark matter (CDM). This simple
choice allows to explain the current accelerated expansion (due to A) and the galaxy
distribution (mainly due to CDM).

The A+CDM dark sector provides an excellent fit to many independent observa-
tions over a wide range of scales, but it lacks a solid theoretical motivation. More-
over, there are some observations that seem difficult to accomodate within the stan-
dard framework. Motivated by these facts, in this thesis we have explored models
beyond the simplest A+CDM dark sector. In order to modify the dark sector, we
have proceeded in three different ways:

I) Adding new species. Since the standard A+CDM dark sector is already a two-
component fluid, it seems natural to generalize it adding more fluids. In this
thesis, we have analyzed the observational impact of an additional massive
spin-2 field: a hidden graviton. In the first place, we used fifth-force tests to
constrain its parameter space. Later on, we studied the production rate of
these hypothetical new particles in stars. Using astrophysical observations,
we were able to set bounds on the mass and coupling of hidden gravitons.

II) Changing the simplest paradigm. A and CDM are the simplest examples of
models of dark energy and dark matter, respectively. In this thesis, we have
analyzed a dark-matter model beyond the CDM paradigm: repulsive fuzzy
dark matter. Fuzzy dark matter is usually modelled as an ultralight scalar
field, that can mimic CDM on cosmological scales while showing a distinc-
tive behaviour on sub-galactic scales. We considered the implications of an
additional (repulsive) self-interaction in the fuzzy dark matter model. After
studying its phenomelogy, we constrained the model parameters, mass and
self-coupling, using cosmological information from the CMB and LSS.



ITII) Modifying a fundamental assumption. An important hypothesis underlying
ACDM, that usually goes by unnoticed, is that the background velocities of the
fluids (bulk flows) are negligible. In this thesis, we have studied in detail the
consequences of such cosmological bulk flows on the evolution of the Universe.
At the background level, we first showed that the existence of sizeable bulk
flows is compatible with the usual notion of an isotropic Universe. We then
moved on to study the behaviour of the perturbations, retracing all the steps
of standard cosmological perturbation theory and readressing many of its un-
derlying assumptions. Among the observable effects, we found violations of
statistical isotropy that may be large enough to be measured in the foreseable
future. We also found that associated with the existence of large-scale bulk
flows comes the creation of cosmological magnetic fields. The magnetic fields
produced in this scenario are large enough to explain the origin of the galactic
magnetic fields, a long-standing problem in cosmology and astrophysics.
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Resumen

El principal objetivo de la cosmologia es llegar a conocer la situacion actual del
Universo y su historia, tratando de desvelar como ha evolucionado y cudl es su
composicion. Aunque la cosmologia moderna se ha venido desarrollando durante
el ultimo siglo, las ultimas dos décadas han presenciado una auténtica revolucion.
Durante el siglo XX se propusieron diferentes modelos cosmolégicos, con predic-
ciones observacionales concretas, pero la precision de las observaciones no era lo
bastante alta para discriminar entre ellos. Sin embargo, la situaciéon ha cambiado
radicalmente en los dltimos veinte afios. La calidad y cantidad de datos empiricos
ha aumentado drasticamente, hasta el punto en el que, hoy por hoy, las nuevas vias
de investigacion en cosmologia se nutren de los ultimos hallazgos observacionales.

Las recientes observaciones también han revelado sorprendentes (y hasta cierto
punto desconcertantes) aspectos de nuestro Universo. En particular, todas apuntan
a la existencia de un sector oscuro. El sector oscuro en cosmologia aglutina todos
los componentes que no pertencen al Modelo Estandar de fisica de particulas y cuya
presencia sélo es detectable por sus efectos gravitatorios. El modelo estandar de
la cosmologia, el modelo ACDM, asume que el sector oscuro se compone de una
constante cosmologica (A) y materia oscura fria (CDM). Esta eleccion tan sencilla
permite explicar la reciente expansion acelerada del Universo (debida a A) y las
propiedades de la distribuciéon de galaxias (principalmente debidas a la materia
oscura).

Este sector oscuro A + CDM ajusta exitosamente un gran nimero de observa-
ciones a diferentes escalas. Adolece no obstante de una falta de motivacién tedrica
y, ademas, aunque el acuerdo general es excelente, tiene dificultades para acomodar
algunas observaciones. Estos motivos nos han llevado en esta tesis a estudiar difer-
entes alternativas al sector oscuro estandar A + CDM. Para modificar el sector
oscuro, hemos explorado cada uno de los tres caminos posibles:

1) Afiadir nuevas especies. Dado que el sector oscuro estandar A + CDM ya es
un fluido compuesto, parece natural extender el modelo afiadiendo mas flui-
dos. En esta tesis hemos analizado las consecuencias observacionales de la
existencia de una nueva particula de espin 2 con masa: un gravitén oculto.
En primer lugar, hemos utilizado tests de quintas fuerzas para restringir una
parte del espacio de parametros. Una vez hecho esto, hemos estudiado el ritmo
de produccion de estas nuevas particulas en estrellas. Usando observaciones
astrofisicas, ha sido posible restringir atin mas la masa y constante de acoplo
de los gravitones ocultos.

IT) Cambiar los paradigmas mds simples. A y la materia oscura fria son los ejem-
plos mas sencillos de modelos mas generales de energia y materia oscura, re-
spectivamente. En esta tesis, hemos analizado un modelo de materia oscura
alternativo: materia oscura fuzzy repulsiva. La materia oscura fuzzy se de-



scribe mediante un campo escalar ultraligero, que puede reproducir el com-
portamiento de la materia oscura fria a escalas cosmolégicas pero que mues-
tra caracteristicas distintivas en escalas sub-galacticas. En particular, hemos
considerado las implicaciones de una interaccién adicional (repulsiva) en un
modelo de materia oscura fuzzy. Tras estudiar su fenomenologia, hemos en-
contrado cotas sobre los parametros principales del modelo (la masa y la in-
tensidad de la interaccion repulsiva) comparando con datos observacionales
del fondo de microondas y estructura a gran escala.

ITI) Modificar suposiciones fundamentales. Una importante hipétesis del modelo
ACDM, que normalmente pasa desapercibida, es que las velocidades globales
de los fluidos (flujos cosmolégicos) son despreciables. En esta tesis, hemos
estudiado en detalle los efectos de estos flujos cosmoldgicos sobre la evolu-
ci6n del Universo. Hemos estudiado primero la evolucién de un universo sin
perturbaciones, demostrando que la existencia de flujos cosmolégicos con una
amplitud considerable es compatible con las nociones usuales de homogenei-
dad e isotropia del Universo observable. Tras este analisis, hemos incluido
las perturbaciones, reelaborando la teoria de perturbaciones cosmolédgicas y
examinando criticamente muchas de sus suposiciones implicitas. Entre los
efectos observables, hemos encontrado violaciones de la isotropia estadistica
que podrian llegar a ser detectadas en experimentos futuros. Uno de los resul-
tados principales es que la existencia de movimientos a gran escala conduce a
la produccion de campos magnéticos cosmolégicos. Los campos producidos en
este escenario son lo bastante grandes para explicar la aparicién de los campos
magnéticos galacticos observados, cuyo origen ha supuesto un interrogante en
cosmologia y astrofisica durante anos.
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