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Abstract

In this work, we study the impact of a non-comoving observer measuring the anisotropies
of the Cosmic Microwave Background (CMB). We recover the cross-correlation signal
appearing in neighboring multipoles, as a consequence of the statistical isotropy viola-
tion, caused by the observer’s movement. It is also presented the impact of this effect
over the temperature and polarization power spectra. We tested the impact of the sta-
tistical isotropy violation on cosmological parameters using three different likelihood
estimators, which combine temperature and polarization measurements. These esti-
mators were used to restrict a sub-set of cosmological parameters of the ACDM model
(more precisely, 7% Q.h%, 1000 ¢, 7, In(10'°A,), n,) obtaining constraints on the pa-
rameters using CMB anisotropy measurements compatible with a Planck-like satellite.
No significant systematic effects were found in this subset of ACDM parameters in-
duced by the kinematic effects of an observer with peculiar velocity 8 = 1.23 x 1073, at
least using full-sky CMB maps, in both temperature and polarization. Finally, we built
a maximum likelihood estimator based on the combined effects of Doppler modulation
and relativistic aberration. This estimator was applied to determine the peculiar veloc-
ity B using full-sky CMB synthetic maps as input data, as well as Bayesian analysis
techniques using Markov chains for reconstructing the posterior probability distribu-
tions. During the consistency tests performed, we did not detect any significant bias in
the estimator. On the other hand, its precision on the magnitude of peculiar velocity
was estimated to be 84 km s ~! and an angular resolution of 11.5°, comparable, there-
fore, to those obtained, via the quadratic estimator, by the Planck collaboration of 78
km s™! and 14°, respectively.

Keywords: Cosmic Microwave Background; cosmological observations; cosmological
parameters.
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Resumo

Neste trabalho, estudamos o impacto de um observador ndo-comével nas anisotropias
da Radiacdo Césmica de Fundo (RCF). Recuperamos o sinal de correlacdo cruzada
aparecendo em multipolos vizinhos como consequéncia da violagdo da isotropia es-
tatistica originada pelo movimento do observador. E apresentado o impacto desse
efeito, ao nivel do espectro de poténcia das anisotropias tanto para a temperatura como
a polarizacdo. Testamos o impacto da violacdo de isotropia estatistica em paramet-
ros cosmolégicos, usando trés estimadores diferentes, que combinam tanto medidas
de temperatura como de polarizagdo. Estes estimadores foram usados para restringir
um conjunto de pardmetros cosmolégicos do modelo ACDM (mais precisamente, 2,12,
Q.h%, 1000 yrc,7, In(10'0 Ay), ns) obtendo vinculos nestes parametros quando sio usadas
medicdes das anisotropias na RCF compativeis com um satélite do tipo Planck. Ndo
foram encontrados efeitos sisteméticos significativos nos paradmetros cosmolégicos do
modelo ACDM, induzidos pelos efeitos cineméticos de um observador com velocidade
peculiar 3 = 1.23 x 1073, pelo menos usando mapas sintéticos ao cet inteiro, tanto de
temperatura como de polarizagdo. Finalmente, construimos um estimador de maxima
verosimilhanca baseado nos efeitos combinados de modulagdo Doppler e aberragao
relativistica. Tal estimador foi aplicado na determinacdo da velocidade peculiar 3 us-
ando mapas sintéticos como dados de entrada, bem como técnicas de andlise Bayesiana
utilizando cadeias de Markov para a reconstrugdo das distribui¢des de probabilidade
a posteriori. Nos testes de consisténcia realizados, ndo detectamos a presenga de um
viés significativo no estimador. Por outro lado, sua precisdo foi estimada em 84 km s™*
na magnitude da velocidade peculiar e uma resolucdo angular de 11.5°, comparéaveis,
portanto, aquelas obtidas via estimador quadratico pela colaboragado Planck, de 78 km
s~! e 14°, respectivamente.

Palavras-chave: Radiacdo césmica de fundo, observagdes cosmolégicas, parametros
cosmologicos.
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1 Introduction

Since the work of Arno Penzias and Robert Woodrow Wilson in 1964 [1], the
Cosmic Microwave Background (CMB) has provided invaluable data for testing the
foundations of cosmology. According to the standard cosmological model (known as
ACDM), the CMB is the radiation released after the decoupling of photons from elec-
trons and protons in late radiation dominance era [2—4]. Assuming General Relativity
as the correct theory of gravitation at cosmological scales, in combination with the stan-
dard model of particle physics, it is possible to consistently derive a radiation field of
photons propagating to lower redshift or late times. This radiation field, as the COBE
satellite showed with astonishingly accuracy, has a black body spectrum with a tem-
perature of 2.7260 £ 0.0013 K [5]. This measurement is currently considered one of the
strongest evidence supporting the Big Bang theory of the origin of the universe.

According to the ACDM model, the CMB is expected to contain fluctuations with
respect to the smooth black body temperature measured by COBE [2,6]. The exis-
tence of these anisotropies gives strong support to the ACDM model, the perturba-
tions are extremely useful in constraining the parameters of the model in combination
with other data sets [7]. Indeed, these fluctuations in black body temperature were
confirmed by the COBE satellite in addition to its temperature, being denoted as the
monopole of the CMB [8]. The first dipolar moment of the anisotropies is known as the
kinematic dipole of the CMB, that by assuming only kinematic motion of the observer,
a boost velocity is obtained from this dipole. COBE estimated this peculiar velocity of
the observer with respect to the CMB, obtaining a value of: 369.0 £ 2.5 km s™! towards
the direction ({44, bgar) = (264°.31 &= 0°.044, £ 0°.16, +48°.05 &= 0°.02,,, & 0°.09,,). [9].

The fluctuations in the radiation temperature were confirmed later in the 2000s by
the WMAP satellite. With improved resolution, WMAP probed angular scales as small
as 0.3°, much better than the 7° reached by COBE. In addition to the dipole, several
other predicted effects expected from the ACDM model were confirmed by the probe
due to the improved resolution of the satellite. Among the most important effects, one
can mention the Sachs-Wolfe effect, due to the evolution of the gravitational potentials
along the photon’s path all the way from the last scattering surface to us, and the detec-
tion of the acoustic peaks in the anisotropies spectrum, explained from the dynamics
of photons, electrons, protons and dark matter before the recombination (i.e. baryon
acoustic oscillations). In addition to accessing smaller scales in the anisotropies, this
satellite was able to confirm that CMB photons were polarized, adding further valu-
able data supporting the ACDM model. Recently, the resolution of the CMB probes
improved by the launch of Planck satellite, a probe that was able to produce the clear-
est maps of the CMB anisotropies with the angular resolution of 5’ [10] accessing the
smallest CMB scales to date. Figure (1.1) shows this improvement in the detection of
the CMB anisotropies from COBE to the WMAP to the Planck satellite.
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Figure 1.1: Improvement in angular resolution for observing the CMB anisotropies
by COBE, WMAP and Planck satellites observing a 10° degrees square of the CMB
anisotropies(Extracted from: NASA /JPL-Caltech/ESA).

The improvements in resolution allowed the Planck collaboration to measure the
solar system peculiar velocity by using a bigger multipolar region than from COBE
measurement, due to the availability of high resolution maps. By using tempera-
ture maps the collaboration reported a value of (384 km s™! + 78 km s™! (stat.) =+
115 km s™! (syst.)) towards direction (I, b) = (264°,48°). This is currently the best mea-
surement using small scale effects (i.e. relativistic aberration to be discussed in chapter
3) [11].

By using high resolution maps, the data showed a few sources of statistical isotropy
breaking in the sky, the most significant being the one interpreted as the peculiar mo-
tion of the observer with respect to the CMB [12]. It was argued in [13] and in [11], that
this velocity can be measured by using the resulting cross-correlation between nearby
multipoles (¢, ¢ + 1) of the CMB temperature in harmonic space. In addition to that,
it was shown in [14] that boost effects can actually modify the power spectrum of the
anisotropies in the absence of a mask, introducing second order effects in peculiar ve-
locity (i.e. O(83%)). As a consequence, the resultant bias in this spectrum, widely used
for testing ACDM, could in principle impact further analysis in other cosmological ob-
servables.

In this work, we focus on the understanding and disentanglement of kinematic
(i.e. due to the observer’s relative motion) and primordial CMB anisotropies using
Monte Carlo simulations. Our goal is to understand the possible impact of kinematic
effects on cosmological parameter estimations and to develop an unbiased method to
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determine the solar system velocity in the CMB rest frame based on their imprints
(aberration and modulation) in the CMB temperature.

This thesis is organized as follows:

In chapter 2, we show a few properties of the ACDM model like its energy den-
sity content, geometry and thermal history. Later, we present the Boltzmann equation
governing the evolution of photons, and the underlying equations from which CMB
temperature anisotropies are derived. In this chapter polarization anisotropies are also
reviewed, concentrating in the correlation functions and their parity restrictions. At
the end of this chapter the dependence on cosmological parameters of the CMB power
spectra is presented to the reader showing how sensitive is the temperature power
spectrum under changes in a set of cosmological parameters.

In chapter 3, we define the frames relevant for boosting the anisotropies, quantify-
ing the impact on the primordial fluctuations by having pixelized CMB maps boosted
with a given velocity 3. The signatures of both Doppler modulation and aberration ef-
fects were explored in this chapter by computing the theoretical cross-correlation func-
tion (ama;,,,,) and comparing the results with the corresponding correlation from
synthetic CMB maps containing boost effects. At the end of this chapter we show
the impact of a moving observer in temperature and polarization CMB anisotropies
power spectra (i.e. CI'T CTP CFE) showing the sensitivity of these quantities under
an applied boost.

In chapter 4, by using MCMC methods, we make a set of tests showing that
the systematic shifts induced onto cosmological parameters extracted via the usual
CMB power spectra (C}7, CF¥ and C}*) when kinematic effects are present are sub-
dominant with respect to the statistical uncertainties for a Planck-like satellite resolu-
tion and boost velocities 3 ~ 1073.

In chapter 5 we present an extension of the method described in [15], which was
originally developed for detecting signals of statistical isotropy breaking of dipolar
type through modulaton-like terms in the CMB covariance matrix. Our extension al-
lowed for the estimator to incorporate also relativistic aberration effects which, in turn,
were used to determine the velocity of the solar system. Both the accuracy and the pre-
cision of the estimator were carefully studied, showing that it is unbiased and that its
precision is comparable to the current quadratic estimator employed by Planck in its
aberration dominated measurement of the solar system barycenter velocity.

Finally, in chapter 6 a summary of the results is shown in addition to future per-
spective for extensions of the current work.
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According to our current knowledge of the evolution of the universe, the cosmos
is filled with a radiation field, known as the CMB, whose maximum spectral intensity
is nowadays in the microwave region. The perturbative form of Einstein’s equations
of General Relativity applied to our universe predicts that this radiation field should
present anisotropies, whose statistical properties are uniform across the sky, that is, we
say that it is statistically isotropic. In the following, we focus on introducing the reader
to the main features of the standard cosmological model relevant in the context of the
CMB. We revisit in a nutshell the ACDM model and its thermal history as starting point
for obtaining the properties of the CMB, we show Boltzmann equations used to derive
the anisotropies detected, both in the intensity and in the polarization, along the last
three decades by the COBE, WMAP and Planck satellites, and the dependence of the
power spectrum of these anisotropies with a minimum set of parameters of the ACDM
model.

2.1 The ACDM model

By analogy with the standard model of particle physics, cosmology has its own
standard model, known as ACDM or concordance model. It is currently the best de-
scription of the Universe compatible with most of the observational data. In the fol-
lowing, we present the most relevant features of the model, that consistently lead into
a decoupling of photons from electrons and protons at redshift z ~ 1100, detected as
black body radiation by COBE, WMAP and Planck satellites.

2.1.1 Energy content

The ACDM model specifies a few physical sources of the energy density budget
of the cosmos. In the model, fluids are distinguished by their equation of state (given
by the pressure to energy density ratio), in the form of pressure-less matter, radiation,
and a pure cosmological constant. The equations of state w associated to each of these
components and the way their energy density p evolve with the scale factor of the
universe a is shown in table (2.1). Since in Einstein’s equations of General Relativity,
spatial curvature plays a role in the evolution of the universe [16], it is possible to
associate an effective equation of state to this component which is also shown in table
(2.1).
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Component p(a) w

Matter poa® 0

Radiation — ppa™* 3
Dark energy  py  —1
Curvature ppa? —3

Table 2.1: Energy density p(a), and the equation of state for the fluid components as
well as for the effective energy density associated to curvature, py denotes the energy
density today. (Adapted from [16]).

Additionally, the model distinguishes between the normal baryonic matter (lep-
tons and barions described by the Standard Model of particles) and the non-interacting
cold dark matter, both having the same energy density evolution with the scale factor.
The relative percentage between baryonic and dark matter have a relation of 1 to 5,
approximately [17,18]. The true nature of dark matter present in the ACDM model,
however, is yet to be understood. The energy budget contemplated in the model can
be summarized as follows:

1) Baryonic matter: it represents around 5% of the total energy density in the
model, containing all the baryons and leptons of the standard model of particle physics.

2) Dark Matter: it represents roughly 25% of the total energy density, the true na-
ture of these particles is still unknown due mainly to the lack of statistically significant
signals by direct detection experiments. However, indirect evidence nowadays comes
from: rotational curves of galaxies [19], the level of fluctuations observed in the 3D
matter power spectrum [20], the offset identified between the amount of mass esti-
mated through X-ray and optical observation and that reconstructed via gravitational
lensing in the bullet cluster [21], the mass-luminosity ratio in clusters [22], the fact that
dark matter is an important ingredient of the model to correctly describe the CMB
anisotropies [23,24] .

3) Dark Energy: this ACDM energy density is not well-understood yet, it repre-
sents nearly 70% of the total energy budget in the Universe. According to the model,
this form of energy density is constant in time. It is believed that it drives the current
accelerated phase of the Universe as inferred from type Ia supernovae (SNla) lumi-
nosity distance measurements. SNIa is a special type of star explosion whose intrinsic
luminosity is well understood, so that apparent magnitude measurements can be used
to infer the supernova distance [25].

4) Radiation: in the concordance model, relativistic species (matter and radiation)
contribute with less than 1% in the total energy density today. It gathers all relativistic
degrees of freedom. Today one of the known contributions comes from photons, with
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a number density of roughly 411 photons cm ™.

5) Neutrinos: Neutrinos are also taken into account inside the ACDM model as
relativistic species, except at low redshift z, their total mass and the number of effective
species are observable quantities constrained from data [26].

Dark
Matter
63%

Neutrinos
10%

Atoms Dark

4.6% ENGr

72%
Dark ’

Matter
23%

Photons
15%

Atoms
12%

13.7 BILLION YEARS AGO
TODAY (Universe 380,000 years old)

Figure 2.1: Energy density pie chart for the ACMD model according to WMAP data-set,
with today energy densities (left) and during the decoupling (right). (Extracted from:
https:/ /map.gsfc.nasa.gov/media/080998 /index.html).

2.1.2 Thermal history

According to the ACDM model, the very early universe experienced a period of
time when particle species were in thermal equilibrium with each other, maintained
by the scattering of particles [27,28]. This thermal bath cools down as the Universe ex-
pands, while the interaction rate of a given species, i.e. I', diminishes. It turns out that,
when the temperature of the Universe reaches a sufficiently low value, this interaction
rate falls below a certain threshold, provided by the Hubble rate # when I' < H, and
after that the particle stops interacting and decouples from the thermal bath.

For most of the particles, after decoupling from the thermal bath its contribution
is transferred from radiation energy density to the matter-energy density.

The radiation density of all relativistic species obeys the Stefan-Boltzmann law:

pr = o g(T)T, (2.1)

where ¢(T) is the total number of relativistic degrees of freedom at temperature 7" con-
tributing to the fluid. Since bosons contribute differently from fermions to the effective
number of degrees of freedom at a given temperature 7', one has:

o)=Y M+ 3 g 22)

bosons fermions
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where ¢,(7") counts the number of bosonic degrees of freedom in the thermal bath and
g7(T") counts the number of fermionic degrees of freedom present in the same thermal
bath at temperature 7. Notice that fermions contribute less than bosons. Besides,
matter and radiation evolve differently with scale factor:

pm = poa”> . pr=poa (2.3)
and, therefore, there is a point in the evolution of the Universe when both quantities are
comparable, this period in the cosmological evolution is known as the matter-radiation
equivalence era. For the ACDM model, using present values of matter and radiation
energy densities [7], the scale factor at this period of time is given by:

Q,
Gog = 5~ & 3x 1071, (2.4)

happening shortly before the decoupling of photons [29].

Depending on the strength of the interaction, particles will decouple sooner or
later from the thermal bath. Therefore, the thermal history for a ACDM universe will
be strongly influenced by its underlying particle interaction model. As figure (2.2)
shows, assuming the standard model of particle physics, the relativistic degrees of
freedom from the thermal bath taken into account inside the ¢(7") function decreases
with temperature.

- H H-'i,ZO,HO B
bb
106.75 96.95

100

86.25

EW

g*(T)
10

| | | 1 | L | | | 1
10° 10* 103 10? 10 1 0.1

T [MeV]

Figure 2.2: Effective number of degrees of freedom contributing as radiation in the
thermal bath assuming the standard model for interaction. The plot shows the typical
energy scale for electroweak symmetry breaking and the QCD phase transition. At the
end of the plot the photon decoupling is shown. Dotted line denotes the number of
degrees of freedom contributing to entropy. (Extracted from [27]).
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Notice that as the Universe cools down, some particles are no longer relativistic.
In the Standard Model of particle physics, weakly interacting particles and their medi-
ator bosons decouple first, later QCD phase transition occurs and baryons are created.
Finally, electromagnetically interacting particles do the same, leaving photons free to
propagate. As an example, a typical reaction involving electron-positron annihilation:

e +et oyt (2.5)

stops being a reversible process, that normally keeps both particles in equilibrium,
when temperature cools down below the electron mass:

T <<m,— T <<0.51 MeV. (2.6)

The thermal history of the Universe is relevant to predict the relic densities due
to Big Bang nucleosynthesis. The resulting abundances for Helium, for example, and
heavier elements is a reflection of the thermal history followed by the Universe imme-
diately after the Big Bang. As a summary, table (2.2) and figure (2.3), both summa-
rize thermal history of the Universe, including the photon decoupling happening at
z ~ 1100.

Event Time Redshift z Temperature
Singularity Os 00 00

Inflation >10"%s - -
Baryogensis < 20 ps > 10" > 100 GeV
Electro-weak phase transition 20 ps 10%° 100 GeV
QCD phase transition 20us 1012 150 MeV
Neutrino decoupling ls 6 x 10° 1 MeV
Nucleosynthesis 3 min 4 x 108 100 keV
Matter-radiation equality 60 kyr 3400 0.75 eV
Photon decoupling 380 kyr 1100 0.26 eV
Reionization 100 — 400 Myr 10 — 30 2.6 — 7.0 meV
Dark energy matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV

Table 2.2: Summary of the most relevant dynamical events before and after the photon
decoupling, the temperature scale assuming the Standard Model of particle physics.
(Extracted and adapted from [27]).



2. Foundations

(Axa1re8-01n301d /3durerd / gam /juresasowsodrmmm / /:sdyy swoxy
pajoenxy) ‘yoode jussaid ay} 03 UOTR[FUI YIIM PajeIdosse suorendnyy wnjuenb ayj WOoIj 9SISATU() S[qRAIISAO 3} JO
uonN[oAa Ted110301d © sMoys wierderp oy, ‘9[eds SWI) PIJRIdOSSE S} PUE ISISATU( 9} JO UOYN]OAD DI RUIdYDSG €7 9IN3L]

asJaniuf ayy
130s1iDjod « .Sasiuojal, pup 1odo
SU0493[3 yum uIpbD  SWoID SYDaIq Salxojpb
12043301 UDI Y617 pup sip3s 351y wouf 1ybi7

GaM 1WS0)
3y} Jo sjouy| Isasuap
3y} ur wioy saixejeh

pue siejs 1s1y ay|

asianlup Juasaid ay| uonnjons Axejeg sie}s )sii4

sieah uol||iq g€ sieaA jo suolj|ig

wiof 03 334
aIp saixojpb puo sip)s
S0 YJDp S| 3SIaAIUf Ay

1amew

JIep Jo gam J1wsod
a3 Jo Ayinesb ayy
Buijaay 1eys swoy

sabe yieq

sieak uoyjjiw 005-00€

uoj3OSD[Od «

suo0J333f JJo 146y
Jo buanois 3507

() punoibyieg
AABMO. J1Wso)

3y} awodaq ||Im 1 :AjRaly
Buijjanesy sueis Jybi «
swioje wioj

SU0.1I3|9 pue suojoid -
ajeiedas

Japew pue yby

s1eak 000 08€

Apuanbaif
ssaf apljjo3 sapiiod
‘spupdxa asJanluf) ayl sy

S3IN1INIIS JO GaM e
Buiwioy pue buidwnp
Suels 3 :Ajuapuadapul
SBA0A3 Janiew yeq
pajdnod ae
Japew pue yb

spuodas pgT

16y puo
JaoW [DULIOU U3IMIB]
suojsijjos Juanbai{

1ap3ew pue 3y6y|
J0 uonew.og

puodas T

(SIADM [DUOHDIADID
sainpniis
ainnf Jo spaas ayy
:suononyany Aurj -

3sIBAIUN 3Y) JO
uoisuedxa pajessRIy

uopepux

ayj jo
bujuuibag

Spu0d3s ,. 0T



2. Foundations 10

2.2 Anisotropies

Over the years, several surveys have demonstrated that cosmic microwave back-
ground radiation is nearly isotropic, with fluctuations five orders of magnitudes be-
low the black body radiation temperature accurately measured by COBE [30]. The
same probe showed that a typical magnitude for temperature fluctuations of the CMB
is about 107°K, measuring them at large scales. The probe performed the first mea-
surements of the CMB anisotropies [8] beyond the monopole, measuring dipolar and
quadrupolar moments [31]. Several years later, WMAP was able to map the anisotropies
with increased resolution, measuring the CMB angular power spectrum with signal-
to-noise exceeding unity for multipoles ¢ < 1060'. Lastly, the Planck satellite showed
the clearest view of temperature anisotropies accessing multipoles ¢ < 2508%. These
data sets together have been used to improve the constraints on cosmological param-
eters [34], as well as their combination with other data sets, such as the measured
distribution of galaxies [35] and supernovae data [36]. In fact, current data support the
idea of fluctuations in the early universe that evolved into clumps of matter at very
different size scales. In the following pages we summarize the most important aspects
from perturbation theory needed to derive the CMB anisotropies.

221 Gravitational perturbations

The most general perturbation approach that can be used implies a gauge invari-
ant scalar, vector, tensor decomposition (SVT) [4,27,28]. To linearize Einstein’s field
equations, a given set of fields is introduced in the Friedmann-Lemaitre-Robertson-
Walker (FLRW) metric [16]. Writing this metric in conformal coordinates, one has:

ds? = a®(n)[—(1 + 2¢)dn? + 2A,dx’dn + ((1 — 2¢)6;; + hyj)da'da], (2.7)

where ¢, A;, h;;, are the scalar, vector and tensor perturbations, respectively. However,
some fields are spurious and can be eliminated through an appropriate choice of gauge.
An example of choice of gauge is the Newtonian one [4,27] which allows to write the
perturbed line element as:

ds®> = a®(n)[— (1 + 2®)dn* + (1 — 2V)dz?], (2.8)

where a is the scale factor, ¥ is the spatial metric perturbation, and ¢ is the Newtonian
potential (commonly seen in the weak gravity regime). By analogy with the metric
perturbations in equation (2.8), an SVT decomposition can be introduced in the stress-
energy tensor 7),,. Separating components, the perturbed stress-energy tensor [4,29] is
written as:

5T00 = —5p, 5TOZ = (,54— P)Ui, (5sz = —(SP(SZJ - Hij, (29)

IThe upper limit on ¢ corresponds to that of reference [32]
2The upper limit on ¢ corresponds to that of reference [33]



2. Foundations 11

where fluctuations over pressure and energy density are labeled as dp and J P respec-
tively, v; is the bulk velocity of the fluid and IT’; the stress-anisotropy tensor. Usu-
ally perturbations are set in such a way that stress anisotropies are null>. Using the
perturbed metric in the Newtonian gauge, together with the perturbed stress-energy
tensor, evolution equations for ¥ and ® are derived [4]:

V32U — 3H(V + HP) = —4nGa*dp, (2.10)

(V' + H®) = 4nGa’*(p + Py, (2.11)

VL OHQV + @)+ (2H 4 H)D 4 VAW — @) = AnGa’oP, (212)
1 .

— 50:0;(2 - V) = ArGa’ll;, (2.13)

This set of coupled differential equations establish the dynamics in the primordial uni-
verse.

2.2.2 Boltzmann equations for photons

For a complete derivation of the anisotropies in the CMB, we need also to take
into account the evolution of their probability density distribution. Since photons are
propagating in a time evolving gravitational potential, it is expected that photon paths
are modified by this gravitational potential. In the context of linear perturbation theory,
the temperature of the CMB can be written as follows:

O(z,p,n) = By + O(x, |p|,n), (2.14)

where O, is the black body temperature, and ©(x, |p|,n) are the anisotropies in the
photon radiation distribution.

Another feature from the Boltzmann equation comes from CMB photons interact-
ing with electrons after the recombination epoch. These scatterings are another source
of distortion for the Boltzmann distribution being important in the context of CMB
polarization. The process is driven by the Thomsom scattering amplitude [4, 28]:

IM? = 6morm?(1 4+ cos® [p - p']), (2.15)

where o7 is the Thomson scattering cross section describing the efficiency of the pro-
cess, p is the incident collision momentum, p’ the momentum of the photon after col-
lision with electrons. In Fourier space, Boltzmann’s equation leads into an evolution
equation that depends on the temperature perturbations:

O + iku® = - — ikl — T {@ — 0y — z‘,uve] : (2.16)

*Neutrinos modify this assumption [4].
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where i is the cosine of the angle between p and p’, ¥, is the velocity of the electrons
in the comoving frame, k is the wave-vector used in Fourier transformations, and I is
the scattering rate of the photons off the electrons.

Accordingly, CMB fluctuations © can be fully integrated by specifying the po-
tentials and the baryon fluid velocity: ®, ¥, and v.*; however, baryons evolve in the
perturbed background, and the gravitational potential is a function that depends on
the matter density contrast generated by gravitational potential. As a consequence, a
few more equations are needed to fully describe the dynamics of the CMB photons.
These equations can be derived from the Boltzmann equations for other components
evolving with the CMB obtaining a system of coupled differential equations [4]. The
relevant equations for computing the CMB anisotropies are given by:

. . 1
O +ikpu® = =@ — iku¥ — 70y — O + vy, + 57?2(;0(@2 +Op, + Op,)], (2.17)
6 +ikv = —3, (2.18)
o+ o= —ikv, (2.19)
a
oy + ikvy, = —3®, (2.20)
0y + Luy = —ik W + L [u, + 3i04], 2.21)
a R
N +ikpN = - — ikp®, (2.22)
‘ , 1
@P + Zk,u@p = —T[—@P + 5(1 - PQ([L))(@Q + @p2 + @Po)]’ (223)

where 0 and J;, are density contrast for matter and baryons, and ©; is the dipole of the
CMB; v and v, are the bulk velocities of the fluids in the stress-energy tensor, equation
(2.9), for matter and baryons respectively; N is the neutrino energy density perturba-
tion, and 7 is the optical depth. Equation (2.23) is the dynamical equation for strength
of the polarization field ©p [4].

The set of equations (2.17)- (2.22) are used to evolve the dynamics of the universe
for: matter density perturbation, CMB anisotropies, gravitational potentials, and neu-
trinos simultaneously. It is worth to mention that several codes perform this task,
for example, CLASS [37] and CAMB [38]. In the next chapters, CAMB is used to evolve
anisotropies and calculate the CMB 2-point correlation function, or the angular power
spectrum Cy, from the cosmological parameters.

%9, is equal to vy, (the velocity of baryons in the fluid)
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2.3 The CMB power spectra

As it was discussed in the last section, temperature and polarization anisotropies
are described by equations (2.17)-(2.23). By writing the CMB anisotropies in Fourier
space, © can be expanded by using Legendre polynomials P(u) [29]:

= i 20+ 1 O(k) Py(p), (2.24)

where 0, (k) coefficients are given by:

~ £ 1 ~
Oulk) = & / el P, (2.25)

notice that using this decomposition one can write:
(00(k)O; (k")) = O4(k|)(21)*0® (k — K')due, (2.26)

and this specific property translates into statistical isotropic and homogeneous anisotropies
in the CMB temperature. By applying an inverse Fourier transform over the modes for
O©(k, i), the real space anisotropies are recovered [29]. From this equation we can cal-

T
culate the cross-correlation of the temperature fluctuation T

<ATT(ﬁ’)ATT > on? Z ( / dkk* O ))(2H 1) Py(p), (2.27)

where the angular temperature power spectrum C/7is derived”:
2 ~
cIt == / dkk?0,(k). (2.28)
™

If recombination can be considered as instantaneous, we can see that temperature
fluctuations in the CMB are dominated by three main contributions [4]:

AT oo
Tz\lf—i—®0+2/ dn(®+ V) —n - (vg — v,), (2.29)
0

containing the Sachs-Wolfe (SW) effect due to the additional redshift that photons
experience when climbing gravitational potentials; the integrated Sachs-Wolfe effect
(ISW), which considers all the contributions from time-varying gravitational potential
along the line of sight; and the Doppler effect originated from the baryon-photon fluid.

>Where the relation <AT () ATT (n' )> = % > (20 +1)CyP (7 - 1) has been used.
Y.
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Each of these terms contributes to the total measured spectrum in all scales, as can
be seen in figure (2.4).

1+ 1)C;
A

oe———— Sachs-Wolfe: Oy + ¥ Late ISW
——— Doppler: ©, Early ISW
Potential: ¥

Figure 2.4: Main contributions for the temperature power spectra for the Sachs-Wolfe
effect (SW: red), Integrated Sachs-Wolfe effect (ISW: green and orange), and Doppler
effect: (blue). The pure gravitational contribution is also showed (gray). (Extracted
from [39]).

2.3.1 Polarization Anisotropies

In addition to scalar perturbations characterized by ¥ and ¢ increasing evidence
in CMB supports the existence of polarized anisotropies [40—42]. These tensor pertur-
bations leave characteristic imprints in the CMB anisotropies, that are used as indepen-
dent data in addition to the temperature anisotropies with a similar formalism used to
derive the temperature power spectrum [43]. In principle any electromagnetic signal
can be described by a Stokes vector, containing the intensity and the polarization of the
signal. Starting from the polarization tensor [44], we have:

P(a) = I(A)I + U(R)o, + V(R)oy, + Q(R)o-, (2.30)

where I(n), Q(7), U(n), V(7), are the Stokes parameters for the signal in P(7), the
representation basis of P(7) is the Pauli basis: (I, o;), where o;, are the Pauli matri-
ces [44,45].

Stokes parameters describe the electromagnetic wave: I corresponds to the to-
tal intensity, ) is the vertical polarization in a reference frame fixed by the observer,
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and U the horizontal polarization relative to the same reference frame used for U°®,
and V denotes the circular polarization. Photon polarization states are generated from
anisotropic differences in the temperature of the baryon-photon fluid, creating an ad-
ditional source of anisotropies in the CMB from Thomson scattering, the effect is ac-
counted in a polarization dependent term in Thomson scattering differential cross-
section [4, 6]:

do

dQ
where ¢; is the polarization of the incoming photon, and é; the polarization of the out-
going photon, the most efficient scattering correspond to an incoming polarization par-
allel to the outgoing one [6].

x |é - &?, (231)

From the linear perturbation theory one expects that CMB photons are roughly
10% polarized [29]. Figure (2.5) shows an example of the CMB map, after proper clean-
ing of the foreground sources, containing non-null Stokes parameters associated to
polarization (i.e. Q(72) and U (n2) ).

®We adopt the frame used in HEALP i x projection maps (see Appendix A)
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(c) Stokes parameter: U

Figure 2.5: High resolution sky map Commander in Galactic coordinates showing
anisotropies in all of the Stokes parameters. Notice that the scale for Intensity map
is dominant (a) being 10 times bigger than for polarization maps (b) and (c). The maps
also show remaining polarized galaxy emission at the center of each plot. (Reproduced
from: https://pla.esac.esa.int)
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Another feature from polarization is that, as for the temperature, it is possible to
define a power spectrum from the Stoke’s parameters (see [29] for a detailed deriva-
tion). In order to define their power spectra, careful attention is needed in order to take
into account the fact that ) and U are not rotational invariant quantities. In contrast
with the intensity they depend on the observer’s frame, and a specific combination of
() and U is needed to calculate the spectra. This decomposition on as, coefficients leads
into the E-mode and B-mode polarization coefficients [29,45]. The Stokes parameter
combination () & iU transforms as follows :

(Q £iU) (R) = eT#°(Q +iU)(n), (2.32)

where ¢ is the phase observed in polarization after a rotation. This transformation
property is used to project the polarization parameters in a different spherical har-
monic basis [43,45,46]. This projection is given by:

(Q(R) +iU(n Z Z asom Y, (M) (2.33)
=0 m=—¢
(Q(R) —iU(n)) Z Z A gpm 2Y(R) (2.34)
=0 m=—¢

where the functions ﬂYm( ) are the spin-weighted spherlcal harmonics’, from where
we define the electric, af,, and magnetic coefficients af [29]:

afm = —(agm + a—2m)/2 ,afm = —(agm — a—a,m)/2i. (2.35)

Using these coefficients the following set of spectra can be formed:
(@G @) = 000G CEE (Al ag) = 00 0mmCPT (@G @G) = OO CT, (2.36)

<aZr]n3a£m ) = Oe 5mm’Cva <az<r£a£m ) = Oe (Smm’CéTEa (a?nigazmﬁ = 5%’5mm/ch (2.37)

where C/7 is the temperature power spectrum, CF¥ the electric power spectrum, CF?
the magnetic power spectrum, CP¥ the magnetic to electric power spectrum, C7 ¥ the
temperature to electric power spectrum, and C] ¥ the temperature to magnetic power
spectrum. By symmetry considerations CP¥ and CP* are zero [43]. Figure (2.6) shows
the 5 non-zero power spectra, notice that due to the low polarization fraction in the
CMB anisotropies, near 10%, temperature spectrum has the dominant signal.

’See Appendix in [43] for discussion of properties of spin-weighted spherical harmonics.



2. Foundations 18

10.”- .

—

=
—
I

£+ 1)CTT (3K
=
-

10! 107 10°

Figure 2.6: Power spectra from CAMB code. The hierarchy in the power ordering gives
a bigger signal for temperature C/” and its correlation function with modulus of the
polarization component C/ ¥. Polarization spectra (i.e. CF¥ and CP?) are always sub-
dominant in comparison with the temperature in all the scales.

2.3.2 Cosmological parameters dependence

The ACDM model as the standard model of cosmology has a set of relevant pa-
rameters. Although, there are several competing theories from where ACDM model
is a limit case, the model is still phenomenologically successful. In the following we
consider the minimal set of relevant constants that fully parameterize a given universe,
this set of cosmological parameters is used by Planck collaboration as the minimal set
of parameters that best fits the measured CMB anisotropies [7, 33], known as the base
ACDM model. They are summarized in table (2.3). Two types of parameters are shown:
those used as input for solving the perturbation equations (upper part of the table) and
those derived from the obtained solution.
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Parameter Name Fiducial value
Qph? Physical baryon energy density 0.02237
Q.h? Physical cold dark matter energy density 0.1200

1000 ¢ Acoustic horizon scale 1.04092
T Optical depth due to reionization 0.0544
In(10'0Ay) Primordial scalar amplitude 3.044
Ng Spectral scalar index 0.9649
Q Curvature energy density fraction 0.0
Hy Hubble constant 67.36 km s~ 'Mpc ™!
Qp, Matter energy density fraction 0.3153
o Galaxy clustering at 8h™'Mpc 0.8111

Table 2.3: Summary of the base-ACDM + (2, parameters and their used values in CAMB.
Fiducial values are the ones reported in the best fit Planck collaboration analysis from
the TT+TE+EE+1lowE+lensing likelihood combination [7]. Curvature energy density

(1), is added, and assumed zero by construction. Derived parameters are in the lower
half of the table.

Figures (2.7) and (2.8) show the dependence of the temperature power spectrum
with the parameters of the base ACDM model.
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Figure 2.7: Variation of curvature energy density fraction 2, showing the shift expected
in acoustic peaks in the CMB temperature power spectrum.
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Figure 2.8: Temperature power spectrum variation by evolving Boltzmann equations
with slightly modifications in fiduciary cosmological parameters values in table (2.3).
The set of cosmological parameters (2,12, Q.h?%, O e ,7, In(10'°A;),n,) varied here are
those refereed as a sampled parameters in the context of chapter 4.
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2.4 Summary

We have presented in this chapter an introduction to the CMB anisotropies by
revisiting the thermal history predicted by the ACDM model. From Boltzmann equa-
tions, we summarized the calculation of the anisotropies, within the linear perturba-
tion theory, used by codes as CAMB. We have shown the formalism needed to derive
the dynamics of the photons for both temperature and polarization. We show the rele-
vance properties needed from polarization data to be used in other chapters.

We finished this chapter, by showing the dependence on the cosmological param-
eters of the CMB temperature power spectrum. We computed the Boltzmann equa-
tions for CMB temperature spectrum by varying the best-fit base-ACDM cosmological
parameters (i.e a subset of cosmological parameters, in addition to the curvature en-
ergy density, studied by Planck collaboration [33] in a six-dimensional parameter space
given by: (Q,h2, Q.h?, Oy 7, In(10'°4;),ns) ) to show how sensitive the temperature
power spectrum is under variations of these parameters. We used this subset of cosmo-
logical parameters as a reference in chapter 4 for cosmological parameters estimation.



3 ' Modeling kinematic effects

The first evidence that our solar system is not at rest comes from Jacobus Kapteyn
in 1904, showing that the solar system is moving with respect to the nearby stars [47].
Later, as astrophysicists were able to probe larger scales in the universe, increased evi-
dence suggested that even the Milky Way was moving with respect to nearby galaxies
(i.e. the blue-shift measurement from the Andromeda galaxy or the detected move-
ment towards Virgo super-cluster by using redshift measurements from nearby galax-
ies [48,49]). These work proved that observers on Earth (and even in the local group)
are not comoving observers and, consequently, they are not able to measure statisti-
cally isotropic CMB anisotropies. With satellites measuring the anisotropies (i.e. COBE,
WMAP and Planck), kinematic effects started to appear in data showing the signatures
expected from the Doppler dipole (detected first in full sky mode by COBE, then by
WMAP and Planck), and Doppler modulation and relativistic aberration (both detected
by Planck). It is argued in [50], that this relative motion of the solar system appears
to be important in the context of supernovae data as a potential source of systematic
effects. In this chapter, we focus on defining the theoretical background behind rela-
tivist effects in the CMB. The relevant frames used to interpret the CMB dipole due to
the solar system peculiar velocity is presented. We discuss the appearance of a non-
vanishing cross-correlation, in nearby multipoles, by relativistic Doppler modulation
and aberration effects. The use of this correlation in determining the relative velocity
of the solar system with respect to the CMB comoving frame is shown. Lastly, we show
the changes in the CMB power spectra due to kinematic effects associated to observers
moving at different velocities with respect to the CMB frame.

3.1 Frames

In this chapter, we adopt the interpretation given by Planck collaboration in deal-
ing with the solar dipole in the CMB. This interpretation is that the power observed in
the dipole is coming mostly from the Doppler boost of the monopole [11] due to the
peculiar velocity of the solar system with respect to the CMB, neglecting intrinsic con-
tributions from the ACDM model. By assuming this interpretation we identify three
relevant frames, used by the collaboration and in this work, for measuring the solar
system peculiar velocity 3, these are:

o CMB comoving frame: It is the frame defined as the one where the CMB anisotropies
are statistically isotropic [4,29]. Observers in this frame will not measure any
Doppler effect, neither any relativistic aberration effects, except those expected
from the gravitational potential described in the linear perturbation theory [4]
(i.e. Sachs-Wolfe effect).

e Satellite reference frame: The satellite is placed orbiting (and spinning) around
the Lagrange point L2 [10]. It is one of the five equilibrium points in terms of

22
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gravitational force of the Sun-Earth system. This point has been used along the
time to perform measurements concerning the CMB (i.e. WMAP and Planck)'.
The relative motion of the satellite with respect to the Sun generates an additional
dipolar contribution to the CMB called the orbit dipole that is subdominant with
respect to the solar dipole [12,52]. The orbit dipole has a velocity of 5., = 1.0 X
107, one order of magnitude less than the solar dipole f4;, = 1.23 x 1072 [53].

e Solar system barycenter frame: It is the frame centered at the barycenter of the
solar system. This frame is defined by the International Earth Rotation Service
(IERS) using measurements of distant extragalactic radio sources [54].

Figure (3.1) illustrates the relative position of the Planck satellite, at the Lagrange
point L2 in motion with respect to the sun, in addition to the spinning of the satellite
in its reference frame used to scan the sky. The observational point is located at 1.5 x
10° km beyond the Earth'’s orbit.

Figure 3.1: Relative position of the Planck satellite in the L2 point in the solar system
(left) and an illustration of scanning strategy employed by the satellite (right). The
spacecraft relative orientation is transformed into Equatorial (J2000) coordinates on
Earth, and later in galactic coordinates centered at the sun. (Extracted from [10])

In all the analyses performed here, we have, therefore, neglected a possible in-
trinsic (i.e. cosmological) dipole. Further information concerning the impact of the
intrinsic dipole contribution can be found in [55].

ICOBE satellite was not placed in the L2 point but rather in a Sun-synchronous orbit [51].
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3.2 Kinematic effects

We start modeling kinematic effects in the CMB anisotropies by showing the trans-
formation rule connecting measurements from the observer in a moving frame with
respect to the CMB comoving frame. The transformation rule is driven by Lorentz
transformations over the Planck distribution for photons [11,14]. For the temperature
of the photons, we have:

(@)
y(1—n-B)
where T'(72) is the observed temperature in the moving frame, 7"(72’) is the CMB tem-
perature measured by a comoving observer, 8 = v/c is the velocity of the observer in
units of the speed of light, 7 is the photon direction in the sky measured by the ob-
server in the moving frame, and 7’ is the direction in the sky measured by a comoving
observer. Additionally, the shift in direction is given by [11,14]:

T(h) = (3.1)

' + (v = DA’ - B +5]8

N o= 3.2
" Y(1+A-B) ’ 62
where v is the usual relativistic factor given by:
1
(3.3)

The notation used in equations (3.1) and (3.2) has been chosen to be consistent
with the one used in [11]. As it is stated in [31], and according to the independent
measurements of the peculiar velocity of the solar system [49], the Doppler shift in
photon’s temperature in equation (3.1) can be linearized. The expansion leads to a
separation of the kinematic effects affecting the anisotropies, showing the contributions
to the observed temperature 7'(72) in the moving frame:

T(h)= 1T, + To(B - 1) + 60T (h) +
~—~ —— ——
Monopole Doppler Dipole Anisotropies (3 4)
0T'(R)(B-n) — VI'(R)-V(B-A) +  O(F) | '
(. ~~ > - ~~ N’
Doppler modulation Relativistic aberration Higher order corrections

which is a Taylor expansion in 3 for equation (3.1), from where equation (3.2) has been
linearized in what it is called the weak lensing approximation for relativistic aberration
effects (see section 3.2.2) [11,13,56].

Notice that in the perturbative expansion used to derive equation (3.4), the monopole
contribution corresponds to the black body radiation temperature. One can also see the
dipole due to the Doppler shift of the photon’s frequency, as well as terms associated
to Doppler modulation and relativistic aberration on the photon direction. Figure (3.2)
shows two sky maps measured by different observers: one in a comoving frame and
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another that moves with a certain velocity with respect to the CMB. The relative motion
between the observer and the CMB generates a dipole anisotropy in the direction of the
motion (second term in equation (3.4)) superimposed to the monopole. According to
equation (3.4), additional kinematic effects are present in all angular scales (modula-
tion and aberration), but are not visible in the plot at the top of figure (3.2), because
they are much smaller in amplitude in comparison to the monopole and dipole terms.

In figures (3.2), (3.3), and (3.4), in order to model the impact of the boost on the
anisotropies, we have used HEALPix C++ libraries to change the temperature and/or
the direction of the photons according to equations (3.1) and (3.2).

2.72636e+06 H" K 2.73378e+06

-580.761 UK 515.64

Figure 3.2: CMB sky maps measured by two observers: CMB detected by an observer
moving with a velocity of 369 km s~! towards (1,b) = (264°,48°) (top), against the same
CMB anisotropies measured by a comoving observer (bottom). Notice a dipole appear-
ing in large scales as a consequence of the Doppler effect in the direction of motion of
the observer.
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3.2.1 Relativistic Doppler modulation

According to [11], the Doppler modulation effect is expected to affect all the CMB
anisotropies multipoles. The main effect associated to Doppler modulation is to in-
crease the power of the anisotropies in the direction of movement. Figure (3.3) shows
the impact of this effect in full-sky synthetic CMB maps for an applied boost of 90%
of the speed of light. Doppler modulation is separated from relativistic aberration, by
setting no change in photons direction (i.e 7 = 7’ in equation (3.2)), the same figure
shows the temperature map measured by a comoving observer (i.e. 8 = 0).

-580.761 uK 515.64

(a) Doppler only (5 = 0)

-1645.72 uK 142383
(b) Doppler only (3 = 0.9)

Figure 3.3: CMB anisotropies with Doppler modulation only effects with no boost ve-
locity (top), and an applied boost of 90% of the speed of light (bottom), towards the
north pole (1,b) = (0°,90°) (bottom left). Notice that anisotropies are fixed in position
with strong modulation appearing towards the direction of motion of the observer.
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According to [13,14], the Doppler modulation is expected to modify the polariza-
tion parameters (i.e. Q(n) and U(n)). In appendix B, you can find a more detailed
discussion, based on reference [14], of the transformation properties of all three Stokes
parameters /, ) and U relevant for cosmology.

3.2.2 Relativistic aberration

As stated in the previous section, Taylor expansion of equation (3.1) requires an
additional assumption on the relative angular shift in the relativistic aberration for-
mula (see equation (3.2)). This approximation states that it is possible to model the
aberration deflection angles through an effective weak-lensing-like potential [11, 57].
By using this approximation we can write equation (3.2) as follows:

A=7 + Vo, (3.5)

with ¢ as the "lensing potential" for boost effects, which to first order in 3 can be written
as:

) (3.6)

The approximation is justified by the typical deflection angle due to relativistic
effects. According to [11], this angle is around ~ 3’ comparable with the gravitational
lensing effects from the large scale structure from CMB data [57]. Therefore, according
to equation (3.6), the effective potential to be used here, when transformed to harmonic
space, only has a dipole component.

Notice that this treatment of relativistic aberration is considered a first order ap-
proximation and in principle the full aberration potential could have several harmonic
multipoles (as the standard large scale weak lensing potential derived from the CMB).
However, the approximation fully captures the relativistic aberration effects as it is
mentioned in [11,13,58]. As we will present in figure (3.7), relativistic aberration dom-
inates the small scales in the CMB by inducing correlation between mutipoles ¢, ¢ + 1
for angular scales ¢ > 400 (the typical scale expected for weak lensing effects [29]). Its
most significant footprint in the anisotropies is inducing a deflection in the direction
of the photons and an enhancement of the anisotropies towards the direction of mo-
tion of the observer [11]. Figure (3.4) illustrates the effect induced in pixelized CMB
anisotropies by having relativistic aberration effects for the case of an applied boost
velocity of 3 = 0.9, when only equation (3.2) is applied to pixelized CMB maps.

By using the same effective lensing potential, one can model to first order in 3, at
least part of the aberration effects that appear into the polarization parameters ¢ and
U. Due to the nature of the polarization parameters, this constitutes an approximation
due to the fact the polarization basis is also changing under the boost, however as it
is shown in [59], for the large scale gravitational weak lensing, these effects can be
neglected at first order.
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-523.688 UK 495,871

(a) Aberration only (8 = 0)

-533.357 uK 554,108

(b) Aberration only (5 = 0.9)

Figure 3.4: CMB anisotropies with aberration only effects with no boost velocity (top),
and an applied boost of 90% of the speed of light (bottom), towards the north pole (1,b)
= (0°,90°) (bottom left). Under a Lorentz boost the relative position of the anisotropies
changes due to relativistic aberration effects towards the velocity direction (bottom).
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3.2.3 The boost cross-correlation function

As it is discussed in [11, 58], boost effects (Doppler modulation and relativistic
aberration) induce an effective cross-correlation in nearby multipoles (i.e. £ and ¢ + 1).
Within the weak lensing approximation, the cross-correlation can be calculated ex-
actly [14]. This theoretical cross-correlation function is linearly dependent on 3, ap-
plied for 3 << 1. As [13] shows, this cross-correlation can be used to determine the
boost velocity sourcing the correlation for a CMB experiment like Planck.

In this section, we show several features of the boost cross-correlation function
when Doppler modulation and relativistic aberration are treated separately. Figure
(3.5) shows the first-neighbor cross-correlation function for a pure Doppler modulation
associated to a boost 3 = 1.23 x 10~% along the Z direction and applied directly over a
pixelized map (HEALP ix nside=1024).
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Figure 3.5: Extracted cross-correlation function for an ensemble of 1000 randomly gen-
erated full-sky CMB temperature maps containing Doppler modulation only effects
with # = 1.23 x 107? applied in 2 direction (red), against the theoretical prediction
from equation (D.37) within the weak lensing approximation (blue). The extracted cor-
relation has been binned with a multipole band of A¢ = 20 for visualization purposes.



3. Modeling kinematic effects 30

The red bins shows the cross-correlation obtained directly from the map, after de-
composing it into spherical harmonics using HEALP i x routines. The blue curve is the
theoretical model based on the first order calculation of the effect presented in Ap-
pendix D. To mitigate the effect of cosmic variance, for each multipole ¢, the red bins
represents an average over 1000 sky map realizations as well as over the 2/ + 1 har-
monic coefficient a,, available, each bin contains an average of the recovered power
for a bandwidth of A/ = 20. As can be seen from the plot, Doppler modulation is
dominant at large scales (small ¢’s).

On the other hand, it is known that relativistic aberration is a dominant small
scale effect [11], with enhanced cross-correlation in the region of higher ¢s. Similar to
the case of Doppler modulation, we considered relativistic aberration effect separately,
by calculating the shift in the direction of photons following equation (3.2) for a set of
1000 synthetic full-sky CMB maps. Figure (3.6) shows the average over this sample of
synthetic full-sky CMB maps for the cross-correlation function (asmay,,,)-
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Figure 3.6: Extracted cross-correlation function for an ensemble of 1000 randomly gen-
erated full-sky CMB temperature maps containing relativistic aberration only effects
with 8 = 1.23 x 107® applied in 2 direction (red), against the theoretical prediction
derived in Appendix D (see equation D.37) within the weak lensing approximation
(blue). The extracted correlation has been binned with a multipole band of A¢ = 20 for
visualization purposes.
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From figure (3.6), we conclude that first neighbor cross-correlation due to relativis-
tic aberration is the dominant boost effect at small scales and it is well described by the
weak lensing approximation.

By employing equation (3.4), we show in Appendix D that the expected cross-
correlation function, at first order in 3, is the sum of the combined Doppler modulation
and relativistic aberration correlations. Figure (3.7) shows this calculated combined
cross-correlation, again for the averaged over an ensemble of 1000 synthetic full-sky
CMB temperature maps generated through the boost of statistically isotropic maps
using equation (3.1). By combining both effects, we see that the cross-correlation is
dominated by relativistic aberration.
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Figure 3.7: Extracted cross-correlation function for an ensemble of 1000 randomly
generated full-sky CMB temperature maps containing Doppler modulation and rel-
ativistic aberration effects with 5 = 1.23 x 107% applied in 2 direction (red), against
the theoretical prediction from equation (D.37) within the weak lensing approximation

(blue). The extracted correlation has been binned with a multipole band of A¢ = 20 for
visualization purposes.
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In [11] and [14], arguments were shown that the weak lensing approximation
would only be valid in the region 5¢ < 1. We see from figure (3.7), however, that for a
boost velocity 8 = 1.23 x 107 and £,,,, = 2048 (i.e. f¢ < 2.5), the weak lensing is still a
good approximation to model the first neighbor cross-correlation. For the considered
case, the calculated cross-correlation function extracted from full-sky synthetic CMB
maps using a boost velocity 52, shows little to no impact in the small scale regime (i.e.
lmax > 1000) due to second order effects in 3. Additionally, The recent determination of
the solar system velocity by the Planck collaboration using aberration effects modeled
through a weak lensing approximation and ¢,,,,, = 2000 [11] gives us confidence to use
this approximation in chapter 5 to extract 5 using a maximum likelihood estimator.
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3.3 Determination of 3 for Planck

As it was discussed in previous sections, the first neighbors cross-correlation in-
duce by boost is the most relevant characteristic of relativistic effects. In [11], the cross-
correlation function was shown to be useful to estimate the solar system peculiar ve-
locity. As it is shown by [14], polarization parameters (i.e. Q(72) and U (#2)) are also
correlated by relativistic effects, and within the resolution of polarization experiments,
these data could be useful for constraining 3 as well. According to [58], this is possible
by using current resolution of polarization data from the Planck satellite in addition
to intensity maps. Figure (3.8) shows the expected signal to noise ratio from an ex-
periment with the resolution of the Planck satellite, for both temperature and crossed
temperature to polarization data with a partial sky coverage of 85%.

i ---- Planck TT (fs, = 0.85) |
-------- Planck EE (fg, = 0.85)
—-—- planck TE (fsy = 0.85)
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Figure 3.8: Signal to noise ratio for determining 3 as a function of the maximum
multipoles for temperature C;/” and temperature to polarization spectra C/'*. The
result is valid for a telescope with the resolution of the Planck satellite.(Extracted from
[58]).

Such a determination of 3 was indeed achieved by the Planck collaboration in [11]
using cross-correlation functions for Intensity maps (I) only. The multipole region used
in that work considered an interval 500 < ¢ < 2000.
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3.4 Impact on the CMB power spectra

In this analysis, we have extracted the CMB power spectra for an ensemble of
1000 independently generated full-sky CMB maps with relativistic effects given by
equations (3.1, B.6 and B.7). We have chosen three velocities (v = (0, 369, 3690) km s™*)
applied directly over pixelized maps. Figure (3.9) shows the ensemble average of the
intensity power spectrum for each of the 3 boost velocities considered (top), as well as
the difference of 3 # 0 cases with respect to the 5 = 0 case.
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Figure 3.9: Ensemble average of the temperature power spectrum D} = ¢(¢ + 1)Cf™
for each velocity: v = 0 km s (blue), v = 369 km s™! (green) and v = 3690 km s™! (red)
(top part of the plot). Difference of 5 # 0 cases with respect to the 3 = 0 case (bottom).
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An ensemble of 2000 independently generated polarization maps (1000 maps for
Q (7)) parameters and 1000 maps for U (71) parameters ) were used to extract the polar-
ization E-modes shown in chapter 2. Figure (3.10) shows the resultant averaged power
spectrum C}# for each velocity.
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Figure 3.10: Ensemble average of the temperature to polarization power spectrum
DIE = (¢ + 1)CTF for each velocity : v = 0 km s™! (blue), v = 369 km s~! (green) and
v = 3690 km s~ (red) (top part of the plot). Difference of 3 # 0 cases with respect to
the § = 0 case (bottom).



3. Modeling kinematic effects 36

Finally, the CF¥ power spectrum was extracted from the two ensemble of CMB
polarization maps (i.e. Q(7) and U(n)). Figure (3.11) shows the resultant power
spectrum for CFF for each velocity.
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Figure 3.11: Ensemble average of the polarization power spectrum Df* = (({+1)CF*
for each velocity : v = 0 km s™* (blue), v = 369 km s~! (green) and v = 3690 km s~*
(red) (top part of the plot). Difference of 5 # 0 cases with respect to the 5 = 0 case
(bottom).
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3.5 Summary

We have discussed in this chapter the appearance of a cross-correlation function
in nearby multipoles (asn,a;,,,). The cross-correlation signal has been extracted us-
ing synthetic temperature CMB maps containing Doppler modulation and relativistic
aberration effects. For a boost velocity 8 = 1.23 x 1073, the cross-correlation extracted
directly from an ensemble of pixelized maps was shown to be well described by a first
order expansion on 3 together with the weak lensing approximation.

Additionally, we have shown that relativistic effects are present in the CMB power
spectra for both temperature and polarization. The simulations showed that the change
of frame for aboost 8 = 1.23x10~?, small perturbations are introduced into the 3 power
spectra (CTT, CFE and CTF) with respect to the statistically isotropic case (see figures
(3.9), (3.10) and (3.11)). In this analysis we have considered the most idealized situation
where relativistic effects were treated alone without any consideration of the observer
resolution limitations in measuring the anisotropies.



4 | Impact of boost effects on cosmological pa-
rameters

In the previous chapter, we have presented the anisotropies in the CMB temper-
ature associated to the velocity of the observer in the CMB rest frame. Except for the
Doppler dipole, these non-primordial anisotropies are difficult to distinguish at the
map level, being only evident for higher boosting velocities, but they are, however, still
imprinted in the power spectra extracted from sky maps. At first order, the observer
motion through the CMB modifies the anisotropies by coupling adjacent multipoles in
all scales, breaking the statistical isotropy seen by a comoving observer. Therefore, it is
important to check if cosmological parameters estimation based on the hypothesis of
statistical isotropy is robust enough when boosting effects are present in the input CMB
sky maps. In this chapter, we show that the systematic uncertainty introduced in the
determination of cosmological parameters when boost anisotropies are not accounted
for is sub-dominant when compared to the statistical one, for solar system velocities
B = ve/c ~ 1073 in full-sky coverage [60]. In order to do that, we have built an ad-hoc
likelihood for the CMB temperature and polarization consistent with the resolution of
a satellite like Planck. ACDM has been taken as the base cosmological model and its
parameters were estimated through sampling of the posterior probability distribution
using an MCMC (Monte Carlo Markov Chain) sampler.

4.1 Markov Chain Monte Carlo

An MCMC is a Monte Carlo method based in Markov Chains, in order to sample
from a given probability distribution, usually applied for integration or calculation of
expectation values, by generating points following defined probability distributions.
As a traditional example, in order to calculate the expectation value E[g] of a quantity
g(x) when z is a random variable, we evaluate:

Elg) = / g(z)p(a)dr, 1)

where p(x) is the probability distribution function of z. The method works by gener-
ating a finite number of points following the p(z) distribution [61]. The expectation
value is obtained by evaluating the function in those points:

N
1
E(g(@)) ~ 5 D o), (4.2)
i=1
where z; are the points generated from p(x). Depending on the particular form of the

pdf p(x), the sampling process, especially in the multi-dimensional case, can be dif-
ticult as well as inefficient. For those cases, MCMC algorithms are based on sets of

38
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points X; belonging to a Markov Chain whose equilibrium distribution is the desired
pdf p(z). In a Markov chain, the probability for transition X; — X,;; can only de-
pend on the previous state of the chain. Such a lack of long-term memory is called the
Markov property [61,62]:

Pix,ex|x0,x1,Xxi-1) = Pxiex|xi_1) (4.3)

notice that as the X, are generated, the conditional probabilities satisfy:

Pix,ex) = Pxex)xi1) * Pxaex|x) Pxiex|xo)- (4.4)

Indeed, probabilities evolve in time after n iterations of the Markov chain, pa-
rameterized by the "time" ¢ of a given update. After a sufficiently large number of
steps, the probability distribution should reach an asymptotic form. The existence of
this asymptotic distribution can be proved [63] and is crucial for the method to work
as a sampling algorithm associated to a given p(z). In order for the equilibrium state
to be reached, criteria for accepting or rejecting samples along the chain need to be
adopted, like those associated to the Metropolis-Hastings algorithm. It was first used
as a method to investigate properties of the equation of state for interacting molecules
in spherically symmetric potentials [64] and later generalized by Hasting in 1970 [65].

4.2 Planck’s Likelihoods

In principle, cosmological parameters can be estimated by using CMB multipoles
in combination with other data sets. The Planck Collaboration has developed sev-
eral codes that organize the measured data facilitating cosmological calculations us-
ing these data products. The preprocessed likelihoods use temperature measurements
together with polarization maps, separating the power spectra into different regions
for different cosmological studies. These likelihoods have the useful characteristic of
being easily implemented through the CosmoMC code [66]. A detailed discussion of
these likelihoods can be found in: [33, 67].

In general, there are two groups of likelihoods depending on the interval of mul-
tipoles being considered, ¢ = 30 being the multipole value for separating the large and
small scales in CMB sky maps. In the following, we briefly summarize the likelihoods
used in the 2018 release [7,33].

e Likelihoods for low multipoles ¢ < 29:

- Commander: This likelihood is based on the CMB sky map' called Commander
that uses a specific component separation technique for map projection and
foreground subtraction [68, 69].

1Several sky maps have been produced by Planck collaboration for cosmological studies [7, 68, 69]
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- LowTEB: This is a pixel-based likelihood for the temperature and polariza-
tion maps. Commander is used as temperature map, whereas for polariza-
tion, the 70 GHz map is used and a marginalization over the 30 GHz and
353 GHz maps is performed and taken as tracers for synchrotron and dust
emission, respectively [33,69].

- LowE: This likelihood uses polarization multipoles in the range 2 < ¢ < 29
from the sima11 likelihood [70]. It uses the high frequency maps at 100 GHz
and 143 GHz, for constraining the optical depth parameter 7, polarization
maps at 30 and 353 GHz are used for foreground emission subtraction. [70].

e Likelihoods for high multipoles ¢ > 30:

— TT-P1lik: This likelihood uses a combination of CMB sky maps at 100, 143,
and 217 GHz, together with the other component separation map called
SMICA at 353 GHz, and templates of the nuisance parameters associated
with galactic dust emission [33,69].

— TE-P1lik: It uses combined temperature and polarizations maps between
2 < ¢ < 1996 multipoles, and averages over the extracted power spectra
from CMB maps in the frequencies: 100, 143, 217 GHz [33,69].

- EE-Plik: It uses only polarization maps in the same multipole range and
frequency maps as in the TE-P 11k likelihood.

— TT-TE-EE-P1lik: Thisis a combined likelihood that uses: TT-P1ik, TE-P1ik,
EE-P1ik together to sample the parameter space [33,69]. Figure (4.4) shows
the best fit for a ACDM model based on this likelihood in combination with
LowE and lensing.

— TT-PlikLite and EE-PlikLite : These likelihoods are the marginalized
version of the TT-P1ik and EE-P1ik likelihoods. The marginalization is
performed over the nuisance parameters associated with foreground con-
tamination from the galactic plane [68, 69].

e Other multipole ranges: 4 < ¢ < 400:

- Lensing: This likelihood uses lensing signatures in the CMB, deflection in
photons path due to inhomogeneities in the universe, by reconstructing the
lensing potential from foreground-cleaned SMICA maps. The likelihood is
used as a consistency check with previous measurements for: og, 2,,,, Ho,
obtained from direct measurements of the Hubble constant or galaxy shear
surveys [7,67].

Barion Acoustic Oscilations (BAO) provide important constraints on some cosmo-
logical parameters. CosmoMC allows for this piece of information to be included in
the likelihood, using a combination of data from the 6dF [71] and Sloan Digital Sky
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Survey [72] galaxy surveys. Figure (4.1) shows the constraints at 68% and 95% confi-
dence level for the base ACDM using some of the mentioned likelihoods.

It is worth mentioning that, even though they are not shown in the plot of figure
(4.1), there are extra parameters that are sampled along the MCMC chain. However, we
only concentrate in the same parameter space used in [67] to show the reproductibility
of their results by using Planck’s likelihoods in CosmoMC. Table (4.1) shows the best fit
values for this set of cosmological parameters by combining four different likelihoods.
These results are consistent with those reported in [67] including lensing.

I Planck EE+HlowE+BAO B Planck TE+lowE I Planck TT+lowE B Planck TT, TE, EE + lowE
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Figure 4.1: Base-ACDM parameters at 68% and 95% confidence level. Posterior dis-
tributions were calculated using GetDist [73] for 4 x 10° samples (Reproduced from
[70]).

Parameter EE-Plik+1lowE+BAO TT-Plik+lowE TE-Plik+lowE TT+TE+EE-Plik+lowE

Qh? 0.02343 4 0.00064  0.02203 4 0.00022  0.02248 + 0.00025 0.02236 + 0.00015
Q.h? 0.1177 4 0.0014 0.1218 £ 0.0022  0.1177 4 0.0020 0.1205 + 0.0014
1000as¢ 1.03990 + 0.00080  1.04060 + 0.00048  1.04141 4 0.00049 1.04086 + 0.00030
T 0.051075 0055 0.0512 4 0.0071  0.0501 4 0.0082 0.0553 = 0.0074
In(1010A,) 3.048 £ 0.022 3.042 £ 0.015 3.018 4+ 0.020 3.048 +0.015
ns 0.9748 + 0.0095 0.9587 4 0.0058 0.967 +0.011 0.9630 + 0.0044
H, 68.69 +0.83 66.35 + 0.95 68.44 +0.89 67.15 4+ 0.62
QU 0.3007 4 0.0088 0.328 +0.014 0.301 £ 0.012 0.3184F0052

o8 0.802 + 0.010 0.8151 = 0.0089 0.793 4+ 0.011 0.8135 + 0.0074

Table 4.1: Summary of our results for the best fit base ACDM parameters by using
Planck Collaboration likelihoods in CosmoMC sampler. Sampled parameters are shown
in the upper half of the table in addition to derived parameters in the lower half of the
table.
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4.3 Ad-hoc likelihood implementation

In this section, we focus on the construction of a likelihood for cosmological pa-
rameters inference that is supposed to emulate the properties of some of Planck’s
likelihoods after marginalization over all nuisance parameters. More precisely, the
likelihood will use harmonic space information on the CMB intensity (i.e. TT) and
E-mode polarization autocorrelation (i.e. EE), as well as Temperature-E mode cross-
correlation (i.e. TE), as input data. The final likelihood should be regarded as the
result of marginalization over all Planck’s nuisance parameters that are taken into ac-
count in the construction of likelihoods as P1ik-Lite, for example. Such an effective
likelihood will later be used for quantifying the systematic uncertainty on cosmologi-
cal parameters associated to the presence of statistically anisotropic signals in the input
sky maps due to boost effects.

4.3.1 The likelihood model

The effective likelihood to be used in the determination of ACDM cosmological
parameters is given by:

—2In(£(D|D™)) = (D — D)'s"Y(D - D), (4.5)
where D is a vector containing the theoretical weighted CMB power spectra:
DY =t +1)CrY )2, (4.6)

computed from CAMB, and D is the extracted power spectrum from a given sky map
realization, 3 is the covariance matrix of the model that for this implementation has
the form:

Y = Diag(o} 07 -+ ,0, .0, ), 4.7)

min min—+1

where ¢, represents the statistical uncertainty in the value of D, for Planck’s best fit
power spectrum for the 2018 data release. The uncertainties are dominated by noise
at small scales and by cosmic variance at large scales. They are asymmetric in the low
¢ region (¢ < 10), as can be seen in figure (4.4), following a x* distribution with low

number of degrees of freedom. We have symmetrized them when calculating the like-
lihood (4.5).

Next, we have implemented this custom made likelihood into the CosmoMC code
in order to obtain Bayesian estimates for ACDM parameters. As input synthetic datasets,
we have used the power spectra of full sky maps (i.e. no mask has been applied) gen-
erated both with and without boost effects. The main idea here is to show that in this
optimal situation, corresponding to a scenario where one has full sky coverage and
foregrounds have been fully subtracted, the systematic shifts introduced into the cos-
mological parameters due to statistically anisotropic boost effects, are already small
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compared to the statistical uncertainties (these uncertainties correspond to the error
propagation from the diagonal covariance matrix of equation (4.7) into the cosmolog-
ical parameters). The work flow adopted in this part of the analysis is represented in
tigure (4.2).

The synthetic power spectra were taken as the average over an ensemble of 1000
independent realizations of the CMB sky. It is worth mentioning that even though the
synthetic maps were decomposed into spherical harmonics at full sky mode, likelihood
(4.5) retains, at least partially, some information on partial sky coverage encoded into
the covariance matrix (4.7), since it was obtained from cut sky maps. In addition to
that:

e Priors are set to be flat for all the cosmological parameters sampled in CosmoMC.

e Temperature and polarization multipole ranges correspond to the ones imple-
mented inside the TT, TE, EE+1lowE+lensing likelihood: 2 < ¢ < 2500 for tem-
perature maps, and 2 < ¢ < 1996 for polarization maps.

This procedure should provide a direct way to probe potential biases on cosmo-
logical parameters induced by boost effects when the likelihood used for cosmological
parameters estimation does not take into account modulation and aberration effects.
The statistical uncertainty, given by the size of the regions in parameter space at a
given confidence level will be our ruler to define whether or not the cosmological pa-
rameters are biased.

4.3.2 Comparing with Planck’s likelihoods

In this section, we make some comparisons between Planck’s and our effective
likelihood implementation in terms of cosmological parameters in order to guarantee
that out implementation is working properly and is consistent with Planck’s published
results. Table (4.2) contains a dictionary for each of the likelihoods built by using tem-
perature and polarization power spectra.

Likelihood Nickname in CosmoMC
L(CFT) TT

L(CFF) TE

L(CFF) EE

LIt ol CFF) TT + TE + EE

Table 4.2: Dictionary of labels for the likelihood sets implemented in CosmoMC, the
labels are used to distinguish the different power spectrum combinations.
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Figure 4.2: Schematic description of the simulation flow: power spectra from Planck’s
best fit is taken along with the error bars, the spectra are used to generate synthetic
maps where a boosting effect (i.e. modulation, Doppler and aberration) are specified
with 3, this "boosted" map is decomposed into spherical harmonic coefficients to build
the correlations functions: (asya;,,), (amaj,,,). Iterations in the pipeline to reduce
cosmic variance are specified in i.
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Figure (4.3) shows the contours at 68% and 95% confidence level for 9 ACDM pa-
rameters obtained with our effective likelihoods of table (4.2), as well as Planck TT
+ TE +EE-Plik+lowE likelihood, the estimated parameters from the posteriors are
shown in table (4.3) showing agreement between the likelihoods. One can clearly see
the increase in constraining power as the CMB intensity and polarization are com-
bined. One can also see a nice agreement between the contours of the effective likeli-
hood and those coming from the Planck implementation.
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Figure 4.3: Base-ACDM parameters at 68% and 95% confidence level showing compat-
ibility in all cosmological parameters for each likelihood combination from Table (4.2).
All the likelihood combinations are plotted in addition to TT+TE+EE-P1lik+1owE.

Parameter TT TE EE TT+TE+EE TT+TE+EE-Plik+1lowE
Qh? 0.02234 4 0.00022  0.02250 #+ 0.00028 0.0238 4 0.0015  0.02239 + 0.00015 0.02236 4 0.00015
Q.h? 0.11814£0.0024  0.1175+£0.0024  0.1164759%  0.1188 & 0.0014 0.1205 £ 0.0014
1000¢ 1.04110 4 0.00053  1.04135 4 0.00061  1.0401 4 0.0011  1.04094 + 0.00035 1.04086 + 0.00030

T 0.076 + 0.028 0.0477591 0.057970:509% 0.057110-90m1 0.0553 4 0.0074
In(10°4,)  3.082+0.053 3.01570038 3.06570 058 3.04610010 3.048 +0.015

n, 0.9724 =+ 0.0060 0.968 £ 0.012 0.977+0.017  0.9703 4 0.0040 0.9630 £ 0.0044

Hy 68.1+ 1.1 68.5+ 1.1 69.7 + 3.3 67.80 + 0.63 67.15+0.62

Q 0.3057001 0.300 + 0.014 0.29370:0% 0.3086 + 0.0084 0.3184+0:0082

o8 0.823 + 0.021 0.792 4 0.016 0.802+0.021  0.8094 + 0.0065 0.8135 4 0.0074

Table 4.3: Estimated values for the base-ACDM parameters with 1o errors using the
likelihoods in table (4.2) and TT+EE+TE-Plik+lowE from Planck. A comparison be-
tween the last 2 columns shows a nice agreement between them. Sampled parameters

are shown in the upper half of the table in addition to derived parameters in the lower
half of the table.
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4.4 Impact on the derived cosmology of breaking the sta-
tistical isotropy

As shown in the last chapter, in harmonic space, boost effects induce distortions
in the spherical harmonics correlations, due to the combined effects of Doppler boost,
modulation and aberration. Here we probe the impact of estimating cosmological pa-
rameters using a likelihood based on statistical isotropy, when boost effects, like mod-
ulation and aberration are present in the input sky maps. Two scenarios will be investi-
gated: (a) the nominal one associated to a boost velocity of magnitude 8 = 1.23 x 107%,
that is, consistent both with the Doppler boost based COBE measurement [8] and the
aberration dominated measurement from Planck [11]; (b) an extreme scenario where
the effects are magnified by applying a factor 10 over the nominal boost velocity. In
both cases, the direction of the boost applied over input statistically isotropic synthetic
maps (i.e. Monte Carlo) containing the primordial CMB fluctuations is consistent with
previous measurements, that is, in galactic coordinates we have:

(Igat. bgat) = (264°, 48°). (48)

In order to probe for potential biases, three sets of power spectra were extracted
from the synthetic sky maps: C77, C7'F, CFF. Next, these spectra were used to feed the
likelihood shown in equation (4.5) in addition to the error bars from Planck collabora-
tion best fit [34]. In our analysis we show the resulting 68% and 95% confidence level
2-dimensional regions for the base-ACDM parameter space for each data set extracted
from the synthetic maps. Three sets of contours are shown: the statistically isotropic
case (i.e. no boost), the nominal case (i.e. 3 = 1.23 x 107?), and an extreme case (i.e.
B = 1.23 x 107?) representing a control sample where we know the bias should be
detectable.

In addition to constraining regions, we compute the residuals, for two sets of sim-
ulations (i.e. 8 = 0 and B = 1.23 x 107?), by using posterior information (i.e. the
estimated value and the statistical error derived from the posteriors at 10). Therefore,
we define the fit residual A for each of the 9 parameters of the base-ACDM model as :

Texp — &
A — exp true’ (49)
Oy
where 7 is the true value of the parameter as given by CAMB, z.y its estimated value
and o, the corresponding uncertainty. In the absence of biases and assuming Gaussian
errors, A should follow a normal distribution with zero mean and unit variance.

In addition to the systematic estimation performed by using the residuals, we re-
fer the reader for details of the MCMC chains to Appendix C, where we show the per-
formed statistical tests for separating the burn-in phase from the convergence phase
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and the auto-correlation length in MCMC samples. The criteria used to establish con-
vergence of the chain is the Gelman-Rubin test [74] to ensure that the posterior dis-
tribution is achieving the target probability distribution. In addition to convergence
tests, the lag factor for each chain is determined through the auto-correlation function.
The lag is the distance between a pair of samples along the chain, so the amount of
auto-correlation at a given lag gives us information on how correlated two samples
are. Therefore, for statistical analyses, given a pair of samples separated by a given lag
whose auto-correlation is at the predefined threshold, one should discard all samples
in between.

In the following, we discuss the results obtained from the proposed statistically
isotropic likelihood in equation (4.5). Each dataset (TT, EE and TE) is first explored
separately, followed by a combined analysis (TT+EE+TE).

44.1 Temperature

For likelihood sampling inside the CosmoMC environment (see Appendix C), we
first implemented the temperature likelihood £(C77), that uses temperature only power
spectrum in its weighted form: ((¢ + 1)C}” /2r. The considered multipole range for
building the covariance matrix ¥ includes the interval 2 < ¢ < 2508 from the best-fit
Planck collaboration power spectrum (See Figure (4.4)).
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Figure 4.4: Planck collaboration best fit power spectrum for the CMB temperature
intensity maps using P1ik TT+TE+EE likelihood (i.e. (¢ 4+ 1)C{ " /27). The error bars
correspond to +10; these error bars contain the statistical error (cosmic variance +
noise) inherent to the measurement. (Extracted from: [7]).

After carefully discarding samples within the burn-in phase and correcting the
residual auto-correlation of the samples (see Appendix C), base-ACDM posterior dis-
tributions were obtained by using the effective likelihood method (4.5). Figure (4.5)
shows contour regions for the three boost velocities mentioned at the beginning of this
section.

From the contours of figure (4.5) the impact of the breaking of statistical isotropy
in the input sky maps when = 1.23 x 10? for the base-ACDM parameters is small
compared to the statistical error in the cosmological parameters for a satellite with a
resolution on the TT-spectrum similar to Planck’s. However, the biases in the 5 = 0 and
B = 1.23 x 1073 cases are better quantified by using the residuals defined in equation
(4.9).
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Figure 4.5: Base-ACDM parameters at 68% and 95% confidence level from MCMC
chains sampled for the likelihood model (4.5) by using the cross-correlation spectrum
C7™. Null velocity case and the solar dipole one 3, are superimposed.

Sampled posteriors are used to estimate the statistical error in measuring the se-
lected ACDM parameters. Table (4.4) summarizes the relevant information showing
the best fit for each parameter calculated by using the TT-only likelihood with its cor-
responding residual. Additionally, table (4.4) shows these residuals for the 3 = 0 and
the solar dipole cases. From this table, we notice that for the nominal boost the bias is
always sub-dominant with respect to the statistical uncertainty o (A < 1).
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Parameter True value B=0 A (B =0) Baip A (Baip)
Qyh? 0.02237  0.02241 +0.00022  0.16  0.02240 +0.00022  0.12
Qch? 0.1200 0.1198 + 0.0025 —0.10 0.1198 £0.0026  -0.09
10060y, 1.04092  1.04097 & 0.00056  0.08 1.04091 + 0.00056  -0.02
T 0.0544 0.0621993% 0.30 0.075%003% 0.74
In(10'°A,) 3.044 3.059199%2 0.35 3.086100% 0.39
ng 0.9649 0.9670 =+ 0.0060 0.31 0.9673 & 0.0063 0.78
H, 67.36 67.5+1.1 0.12 67.5+1.1 0.09
O 0.3153 0.314 £ 0.015 —0.09 0.314 + 0.016 -0.07
o8 0.8111 0.8174505% 0.31 0.82810:9%0 0.82

Table 4.4: Summary of the ACDM parameters estimated for the temperature TT likeli-
hood for § = 0 and = 1.23 x 107°. Sampled parameters are shown in the upper half
of the table and derived parameters in the lower half of the table.
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4.4.2 Polarization

In this section, we study the bias using the E-mode power spectrum. As for tem-
perature we use its weighted spectrum: ((¢ + 1)CF¥ /2r. The multipoles considered
here go from ¢ = 2 up to ¢ = 1996 (see Figure (4.6)).
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Figure 4.6: Planck collaboration best fit E-mode polarization in its un-weighted form
(i.e. CFF). (Extracted from: [7]).

As in the previous MCMC runs the parameters used for posterior distribution for
the base-ACDM are the same (i.e. no priors in cosmological parameters, convergence
criteria using the Gelman-Rubin test, correlation length of ~ 20 steps). In this analy-
sis, we use full-sky CMB polarization synthetic maps for the same boosting velocities
considered in the temperature only analysis. Figure (4.7) shows the 2-dimensional con-
tours for the ACDM parameters.
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Figure 4.7: Base-ACDM parameters at 68% and 95% confidence level from MCMC
chains sampled for the likelihood model (4.5) by using the CF* power spectrum. Red
contours (8 = 0), green (8 = 1.23 x 107?, i.e. nominal) and blue (8 = 1.23 x 1072, i.e.
the extreme case).

Table (4.5) summarizes the results of the fits and also presents the values of the
bias A for the EE-only case. As in the TT-only case, we see no significant bias in the
values of the cosmological parameters introduced by the break of statistical isotropy in
the input EE-power spectrum.
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Parameter True value B=0 A (B =0) Baip A (Bup)
Qph? 0.02237 0.022510 0015 0.06 0.0224 +£0.0013  0.01
Q.h? 0.1200  0.1201 £ 0.0058 0.01 0.1203 150023 0.06
10065;¢ 1.04092  1.0410£0.0010  0.03 1.0409 +0.0010  0.03
T 0.0544 0.051510 008 -0.31 0.051373950% -0.34
In(10'°A,) 3.044 3.039790% 0.16 3.03810 0% 0.10
ng 0.9649 0.968 + 0.016 -0.21 0.966 +0.016  -0.26
Hy 67.36 67.5 + 3.2 0.04 67.3+3.1 -0.01
Qe 0.3153 0.31710:932 0.05 0.31910:032 0.10
o3 0.8111 0.80875-022 -0.14 0.80970 055 -0.12

Table 4.5: Summary of the ACDM parameters estimated for the EE likelihood from
sky maps for non-applied boost velocity 8 = 0 and the solar dipole B4ip. Sampled
parameters are shown in the upper half of the table in addition to derived parameters
in the lower half of the table.

The results obtained from the polarization analysis show a different effect in cos-
mological parameters in contrast with temperature, obtaining considerably smaller
residuals for polarization-only data. Since it is known from chapter (3) that polar-
ization and temperature are differently affected by boosting effects, a cross-correlation
between these two synthetic maps represents a consistency check point of the analysis.

443 Temperature - Polarization

In addition to the temperature- and polarization-only best fit power spectra, Planck
collaboration provides the cross correlation spectra for the temperature and the electric
modes up to multipoles ¢ < 1996, see Figure (4.8). This additional dataset can be used
as an independent set for constraining cosmological parameters.

Although these data are not commonly employed separately in cosmological pa-
rameters estimation, it is still useful for consistency checks against temperature- and
polarization-only cases. Figure (4.9) shows the constraint regions from cross-correlating
temperature sky maps with polarization (here only one polarization denoted as E-
mode) for the same boosting velocities considered in the temperature-only case.
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Figure 4.8: Planck collaboration best fit power spectrum for the CMB temperature
and polarization maps from P1ik TT+TE+EE likelihood (i.e. ¢(¢ + 1)CI'*/27). The
error bars correspond to +1o; these error bars contain the statistical error inherent
to the telescope from cross-correlating the polarization with temperature. (Extracted
from: [7]).

The most important aspect of the analysis using C7 ¥ comes from the explicit sta-
tistical isotropy breaking that boosting effects induces in this spectrum, where a com-
bination between the Doppler modulation in temperature maps together with boost
modulation in polarization (see last chapter) is present in the data.

The specific parameters concerning this MCMC are the same as those considered
in the temperature case except for the maximum multipole used in the analysis. As
can be seen from figure (4.8), the TE multipole range used is 2 < ¢ < 1996. Table (4.6)
quantifies the bias in base-ACDM parameters by using multipoles from C}*.
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Figure 4.9: Base-ACDM parameters at 68% and 95% confidence level from MCMC
chains sampled for the likelihood model (4.5) by using only C7* power spectrum.
Notice the overlapping within the null velocity case and the solar dipole one 3,,,.

As in the previous cases (TT and EE), table (4.6) shows a subdominant effect of
statistical isotropy breaking by boosting effects and therefore does not introduce sig-
nificant bias into estimated cosmological parameters.
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Parameter True value B=0 A (B =0) Baip A (Buip)
Quh? 0.02237 0.02239 4+ 0.00029 0.07 0.02233 4+ 0.00029 -0.13
Q.h? 0.1200 0.1200 4 0.0023 0.02 0.1204 4+ 0.0024 0.16
1000,¢ 1.04092 1.04090 <+ 0.00059 -0.03 1.04088 £ 0.00060 -0.07
T 0.0544 0.053 £0.015 -0.07 0.053 £0.014 -0.11
In(101°A4,) 3.044 3.043 £ 0.032 0.14 3.039 £ 0.031 -0.15
N 0.9649 0.967 £0.013 -0.04 0.963 £0.013 -0.15
H, 67.36 67.44 1.0 -0.01 67.2+ 1.0 -0.16
O 0.3153 0.316 £0.014 0.03 0.318 £0.015 0.18
os 0.8111 0.811 £0.016 -0.01 0.810 £0.015 -0.08

Table 4.6: Summary of the ACDM parameters estimated for the TE likelihood from sky
maps with three multiples of the solar dipole 3 = 0, B4;p. The true value used is the
best fit from Planck collaboration best fit [70]. Sampled parameters are shown in the
upper half of the table in addition to derived parameters in the lower half of the table.

444 Combined analysis

For improving the constraining power, an additional test using all data informa-
tion from Planck collaboration is performed. Figure (4.10) shows the posteriors by us-
ing the likelihood combination TT+TE+EE, with multipoles in the interval 2 < ¢ <
1996.

We first point out that constraint regions from the full TT+TE+EE analysis in Fig-
ure (4.10) clearly differ from the individual data sets analyses. Despite the increase in
the constraining power, there is still no statisticaly significant shift for the no-boost and
the solar dipole cases. Table (4.7) quantify better this effect by using the residuals for
these two cases.
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Figure 4.10: 2-Dimensional constrain regions for the base-ACDM cosmological pa-
rameters, estimated from the likelihood combination TT+TE+EE. The CMB data (green
contours) compatible with 3 = 3,,, overlaps the no boosting case (red contours).

Parameter True value B=0 A(B=0) Baip A (Baip) 10 X By A (10 x Byy)
Quh? 0.02237  0.02238+£0.00016  0.07  0.02235+0.00015  -0.10  0.02208 + 0.00015 -1.90
Q.h? 0.1200 0.1202 + 0.0015 0.11 0.1205 + 0.0015 0.35 0.1247 + 0.0015 3.07
10065 1.04092  1.04090 +0.00037  -0.04  1.04084 4 0.00037 -0.22  1.04030 % 0.00038 -1.62
T 0.0544 0.052715.9078 -0.24 0.053625- 9078 -0.11 0.060479:9951 1.25
In(10'0A,) 3.044 3.0427501% 0.27 3.0447901 0.13 3.0671 00007 -1.28
ng 0.9649 0.9660 = 0.0040 -0.17 0.9654 + 0.0041 0.02 0.9597 + 0.0040 2.39
Hy 67.36 67.31 4 0.65 -0.08 67.14 + 0.65 -0.34 65.31 & 0.65 -3.16
Qun 0.3153 0.3162 =+ 0.0091 0.10 0.3186 + 0.0092 0.36 0.346 + 0.010 3.01
s 0.8111 0.8108+307 -0.04 0.8130 + 0.0071 027  0.8342+ 0.0061 3.81

Table 4.7: Summary of the ACDM parameters estimated for temperature and polar-
ization spectra by using the combined likelihood TT+TE+EE. The spectra are extracted
from sky maps with three multiples of the solar dipole B4,: 3 = 0, 8 = Baip, and
B = 10 X Bqip. Sampled parameters are shown in the upper half of the table in addition

to derived parameters in the lower half of the table.

Figure (4.11) shows also, in addition to the 2-dimensional contour plots, 1-dimensional
marginalized distributions in its diagonal for the sampled ACDM from the TT+TE+EE
likelihood combination (H,, os and 2, are not present because these are derived pa-
rameters and to improve the aspect ratio of the plot).
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Figure 4.11: Triangle plots extracted from the TT+TE+EE likelihood combination for
the base-ACDM parameters. The marginal probability distributions are shown in the
diagonal part of the plot. The contours contain 68% and 95% confidence level proba-

bilities.

The extreme case of 3 = 1.23 x 1072 helps us to understand how the bias appear
in the cosmological parameters. Table (4.7) shows four parameters (€, €2,,, Hy and o5)
affected at the 30 level by the boost. Three of them are derived parameters (€2,,, Hy and
0s). An analysis of the correlation between the fit parameters in figure (4.13) helps us
to interpret the origin of the biases on these 3 derived parameters.
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The change in the acoustic peaks induced by Doppler modulation (see figure (3.3))
and especially by relativistic aberration (see figure (3.4)) changes the value of (2, (at the
20 level) and (). (at the 30 level). Due to the strong correlation between €. and €2, this
last parameter is shifted at the 30 level.

In a similar way, the strong correlation between H, and (2,, ends up reducing the
Hubble parameter by 30. Finally, o is known to be strongly correlated to €2, [75] and
such a correlation clearly shows up in figure (4.13) and also explain its almost 40 bias

in table (4.7). For completeness, we also show in figure (4.12) the fit correlations for the
nominal case.
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Figure 4.12: Correlation matrix for the base-ACDM parameters extracted from the
TT+TE+EE likelihood combination for the solar dipole case 8 = Bq;p.
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As a final check, we have repeated the analysis for 3 = 1.23 x 10~ using a smaller
multipole range (¢ > 30) where the hypothesis of symmetrical error bars certainly ap-
ply for the likelihood of equation (4.5) due to the presence of more degrees of freedom
in the probability distribution and the dominance of noise over cosmic variance in this
region of the spectrum. As can be seen in table (4.8), the residuals are still fluctuating
within the 1o region and, as already expected, the parameters with the largest values of
residuals are 7 and n,. These two parameters depend on information coming from the
large scale region of the spectrum (¢ < 30), where for 7, it is known that large scale po-
larization anisotropies play an important role for constraining such parameter [7,34].
On the other hand, the optical depth to the last scattering surface has a strong correla-
tion with the amplitude of scalar perturbations A;, due to the fact that CMB is sensitive
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to the combination Ase™*" [7], impacting the A, parameter.

Parameter True value 2 <0 <1996 A(2 < £ <1996) 30 < ¢ <1996 A(30 < ¢ < 1996)

Qh? 0.02237  0.02235 4 0.00015 -0.10 0.02239 + 0.00016 0.12
Q.h? 0.1200 0.1205 4 0.0015 0.35 0.1200 4 0.0016 0.00
1000 1.04092  1.04084 + 0.00037 -0.22 1.04090 =+ 0.00038 -0.05
T 0.0544 0.05367 00578 -0.11 0.076109% 0.85
In(10'°A,) 3.044 3.0441001° 0.26 3.089 £ 0.050 0.38
ns 0.9649 0.9654 + 0.0041 0.13 0.9666 + 0.0045 0.89
H, 67.36 67.14 4+ 0.65 -0.34 67.37 £ 0.72 0.01
Q. 0.3153 0.3186 + 0.0092 0.36 0.3154 4 0.0099 0.01
o3 0.8111 0.8130 + 0.0071 0.27 0.8301 005 0.94

Table 4.8: Summary of the ACDM parameters sampled for temperature and polariza-
tion spectra by using the combined likelihood TT+TE+EE. The cosmological param-
eters are estimated from a boost velocity compatible with solar dipole 8 = Baip, by
using multipole regions between 2 < ¢ < 1996 and 30 < ¢ < 1996 for testing the
simetrization in error bars at large scales in CMB sky maps. Sampled parameters are
shown in the upper half of the table in addition to derived parameters in the lower half
of the table.

4.5 Summary

We have shown in this chapter that the systematical uncertainty introduced into
cosmological parameters, when their values are estimated using a likelihood based on
statistical isotropy, is sub-dominant compared to the statistical one for a satellite like
Planck. This has been verified in different situations: 3 fits performed using temperature-
only (TT), polarization-only (EE) and temperature-polarization cross-spectrum (TE), as
well as a combined fit (TT+EE+TE). For a boost velocity 3 = 1.23 x 107?, the typical
values of fit residuals A defined in equation (4.9) in all four analyses have fluctuated
below 1o (see tables 4.4, 4.5, 4.6 and 4.7).

The resolution of a satellite like Planck was incorporated into the likelihood through
the error bars of the respective TT, EE and TE spectra measured by these satellite (see
figures 4.4, 4.6 and 4.8). A break in the statistical isotropy of the input sky maps from
which the power spectra were extracted was introduced by boosting all Stokes param-
eters (I, @ and U), an operation performed in pixel space. In addition to the nominal
scenario (3 = 1.23 x 10~%), we have also analyzed control samples with 5 = 1.23 x 1072,
where the boost is large enough for its bias to be clearly detectable.

The conclusions drawn are robust, since the inclusion of additional data process-
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ing and cleaning like those present in the Planck cosmological analysis pipeline (fore-
ground cleaning, marginalization over nuisance parameters, etc) are expected to de-
grade the resolution o on the cosmological parameters and, therefore, further decrease
the values of A. Therefore, we conclude that the breaking of statistical isotropy in-
troduced by boosting effects of order 5 = 1.23 x 10~? are not significant compared to
the current resolution on cosmological parameters achieved by a satellite like Planck.
This, in turn, allows us to safely fix the parameters of the cosmological model while
estimating the boost velocity through modulation and aberration effects introduced in
harmonic space. That is the subject of the following chapter.
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As seen in chapter 3, footprints of the break of CMB statistical isotropy show up
with a signal to noise ratio above 3 for ¢ 2 1000 when the cross-correlation between
neighboring multipoles is analyzed [58]. Measurements of the solar system velocity
with respect to the CMB rest frame have been performed since the early 1990’s when
the COBE satellite first made a full sky detection of the dipole induced into CMB tem-
perature, a direct consequence of the Doppler effect. In the last decade, an indepen-
dent determination of this velocity has been performed by the Planck satellite through
the aberration effects on the directions of the CMB photons [11], as well as through
modulation of the Sunyaev-Zeldovich effect [76]. In this chapter, we extend a max-
imum likelihood estimator previously employed in the detection of the CMB dipole
anomaly [15], by incorporating also aberration effects. We show that such an extended
estimator is unbiased and is able to detect both modulation and aberration effects in-
duced by the boost. The resolution of the estimator is determined using full sky syn-
thetic CMB maps.

5.1 A maximum likelihood estimator

We start from equation (3.4) which relates (to first order) the CMB temperature
in the two frames of interest in this dissertation. The beginning of this derivation was
already performed in section 3.2, but we shall repeat it here by using a slightly different
notation to facilitate the comparison with the literature. Written in harmonic space,
equation (3.4) takes the form:

i = [ 4 (To+ To(8 - ) 46T (3)+ 5T"(7) (- B) — 9 (87)- VT (R) (- B) Y (r),

(5.1)
where T is the monopole, and §7"(72) are the CMB anisotropies in the comoving frame.
The perturbative expansion is separated into five contributions of the form:

Total Monopole Dlpole IsotrOplc Modulation Aberration
Aoy = aﬁm +a +a + Ao + Qpm,

: (5.2)

For purposes of building a covariance matrix ahead, we shall drop completely the
terms identified as "Monopole" and ""Doppler" (of order 10~?), because our final anal-
ysis, similar to what is done by WMAP and Planck, will be performed over maps where
the monopole and the dipole induced by Doppler effect over the original monopole
have been subtracted. Decomposing the anisotropies §7”(#2) into spherical harmonics

mdx

(5T’ _ Z Z Isotroplc ) (53)

=2 m=—{
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and
1

Z Bin YT ( (54)

we have:

_ iiitroplc+ Z 5“\’2@5' //d'ﬁ,Y (’fI,)YZn’(ﬁ)Y‘Zm*<ﬁ)

N=——1
- Z 51Nzawm/ /dﬁ VYN (R) - VY () Y™ (7). (5.5)
N=—1 o'm/

Therefore, at first order in ;,,, we notice that we can write:

sotropic =" -
o = ap" P (=1) Z (=D Biw Zaf'm'\/(% + 120 4+ 1)ClopoCl

S VB S a2 0+ 1) — (4 DT DEE F DCC,

vAS v Om/

(5.6)
where C;-%, , and C}9,, are Clebsch-Gordan coefficients. By computing the cross-
correlation (ag,m,aj,,,,), at first order in 3,y the covariance matrix is obtained:

Sflmlégmg - C£15£1£25m1m2
He ¢
—= Z ﬁlNC& Z1+£2+1 + /BlNCEQ)C£1OKQOCZ1m1£2m2
II
= Z (BinCer (~1)15% 4 By Cy) (5.7)

\/487r
[2 + 44 (f1 + ) - EQ(EQ + 1)]06106200617711527%2’

where Iy = /(20 + 1)(2¢' + 1). This expression can be separated into two contribu-
tions, a diagonal part setting ¢, = ¢; containing the power spectrum of the anisotropies:

1
1
S€1m1€2m2 = Cfl (1 + E Z |61N|2) 541526m1m27 (58)
N=1

and an off-diagonal part, containing the first order perturbation in 3, 5, with ¢, = ¢, +1:

m H :
S€m1€+1mz = (_1> 2\/% E BIN(CF“Cé+1)Ceoe+1OCemle+1 ma (5-9)
-1

I
— ()= Z Bin(Co = Con) [0+ 1) = (€ + 1)(€ + 2)]Co00110Comye41-ma-

VAT

m’
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From equation (5.7), which is valid for first order in 3, we notice that for ¢, > ¢, +2
the covariance is identically zero, and there is no mixture for m; and m. if ¢; and ¢,
are equal. However, if O(3%) corrections are taken into account these correlations are
expected to be non-zero. Figure (5.1) shows the structure of this matrix in m; x m, sub-
space where one can see sub-matrices in the form of off-diagonal blocks of dimension
(204+1) x (20 +1).
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100

Figure 5.1: Matrix shape for the covariance in equation (5.7) with /,,,, = 10 with the
diagonal and band-shaped matrix contributions, each off-diagonal square corresponds
to a given ¢ multipole with a dimension 2/ + 1.

As one can see from figure (5.1), the covariance matrix can be divided into a diag-
onal part D and an off-diagonal matrix O*:

S£1m1€2m2 = Dflmlfzmg + 01[1m1£2m27 (5'10)

where the superscript (1) denotes the first order contribution of the expansion in /5.
This splitting in the covariance matrix is performed to match the notation in [15] for
the Joint-Bayesian likelihood estimator. In addition, we notice from equation (5.7) that
at first order in S this matrix can be further separated into two different contributions
containing Doppler modulation and aberrations effects respectively:
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o Aberr
Sﬁm1@+1m2 Sé\;[nldf+l7n2 S££1£+1m2 ) (5'11)
where the Doppler modulation covariance S})°7,,,,, is given by:
Mod mo ey
S€m1€+1m2 - (_1) Z BlN Co+ C£+1)Ceoe+1ocemle+1 —ma) (5.12)

V127w N1

and the aberration covariance S;>97 .. follows:

err H
Simtitmy = —(=1)™ \/% Z Bin (Co=Co)[0(0+1) = (L+1) (04+2)]Ciors10Cmy e41-ma-

(5.13)

For the construction of a maximum likelihood estimator, we shall work in har-

monic space. In that space, the probability to measure a certain CMB sky temperature,

represented by a set of harmonic coefficients d', when the covariance of the primordial

signal a is given by S from equation (5.9) and the telescope induces into the measure-
ment a certain amount of noise with covariance IV, is given by:

~
Primordial fluctuations

m exp < - %((a —d)'N(a- d))) |

~
Detector

J

Marginalization over the true primordial signal a allows to combine the primor-
dial covariance matrix S together with /N in a compact form:

1
VIN T 5](2m)?

Notice that after this marginalization an effective covariance matrix of the data d
that combines the primordial and detector fluctuations appears S + N. In order to
efficiently evaluate this matrix inversion, a very smart perturbative expansion in 3 has
been derived in [15], by exploiting the diagonal/off-diagonal decomposition of S of
equation (5.10). To second order in 3, such an expansion lead to [15]:

P(S|d) = exp | - %dT(SJrN)ld]. (5.15)

— 2In(P(Cy, fin|d)) = n1n(27) + In|D| + d'D~'d
— d'D7'0,D7'd - %Tr[(D_lOlf] +d'(D7'0,)’D7d. (5.16)

IThe input maps are storaged in an array d with length n.



5. Reconstructing the peculiar velocity 3 67

Here in this analysis, we are interested in testing the accuracy and efficiency of
this estimator in synthetic Monte Carlo generated CMB maps with boosting effects.
We will not assume any prior information on f;y. Consequently, according to the
Bayes theorem, the posterior probability P(S|d) should be proportional to the likeli-
hood P(d|S). Therefore, in the following, we shall use the expressions posterior and
likelihood interchangeably. Figure (5.2) shows slices of the likelihood (5.15) obtained
from the expansion (5.16) using different covariance matrices: taking into account only
modulation effects (see equation 5.12), only aberration effects (see equation 5.13) or the
combination of both (see equation 5.11). In this chapter, the cosmological parameters
are all fixed, so the likelihood is seen as a function of 3 variables (n = 3), corresponding
to the 3 components of the boost velocity in harmonic space: 8,,, Re(3,,) and Im(3,,).
For figure (5.2), the input CMB sky map was boosted in pixel space using a boost ve-
locity 8 = 1.23 x 107 in the direction given by equation (4.8), therefore, it contains
both effects: modulation and aberration.
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Figure 5.2: Normalized likelihood slices, i.e., the likelihood is conditioned to the values
of the two harmonic components of 3, while the third value is varied along the x-
axis. The CMB input map (with ngqe = 1024) contains both effects (modulation +
aberration), whereas the likelihood is calculated with only modulation effects (blue),
only aberration (green) or both effects (red).
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The agreement between the true values of 5,y and the maximum of the posterior
seen in figure (5.2) shows the reliability of the calculated covariance for detecting ;s
in the synthetic maps. An additional test to probe for possible systematic effects in the
likelihood (5.16) can be seen in figure (5.3), where the full boost case is compared for
two input boost velocities different by an order of magnitude: 8 = 1.23 x 10* and
B = 1.23 x 1072 In both cases, the linear approximation behind equations (5.12) and
(5.13) is still valid. The case of 3 = 1.23 x 1072 is again meant to provide a situation
where 3,y is sufficiently large to avoid complete overlap with the 3 = 0 case.
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Figure 5.3: Normalized likelihood slices for modulation and aberration effects in full
sky CMB map for two different velocities 3 = 1.23 x 1072 (red) and 8 = 1.23 x 10?
(blue) at /,,.x = 1024. Shaded regions show the 1o confidence interval centered around
the fiducial input value (dashed line).

Figure (5.3) shows that the expansion (5.16) combined with the weak lensing ap-
proximation for the aberration kernel are still applicable for the case 3 ~ 1072 and
lmax = 1024. However, increasing the resolution should allow to test the validity
of this approximation. Figure (5.4) shows this test by augmenting the resolution to
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lmax = 2048 for three different boosting velocities: 3 = By;,,5 X Bqip; 10 X Bg;p- One
can see in this figure the progressive systematic error in ;y coming from ignoring
higher order corrections in equation (5.9). Despite the fact that calculating the nor-
malized probability for only one sky realization for f = 1.23 x 107? is not enough for
completely ruling out systematic effects appearing in the likelihood, all the considered
additional tests in this section, using independent realizations of full-sky CMB syn-
thetic maps, points towards the same interpretation as the one given in figures (5.3 ),
and (5.4).
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Figure 5.4: Normalized likelihood slices for three different input velocities 3 =
(Baip> 5 X Baip, 10 X Byj,) at liax = 2048 resolution. Shaded regions show the 1o confi-
dence interval centered around the fiducial input value (dashed line).

As one can see from figure (5.2), the aberration effect dominates at small scales
(large /), so the inclusion of multipoles at large ¢ values should improve the resolu-
tion of the likelihood (5.16). Figure (5.5) clearly shows this reduction of the full boost
conditioned likelihood width for increasing /,,.x = 512, 1024, 2048.
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Figure 5.5: Normalized likelihood slices for full boosting likelihood using full sky
CMB maps for three different maximum multipole ¢,,,,, used inside S. Shaded regions
(blue, green and red) show the corresponding 1o interval for each case centered at the

true input value in Monte Carlo simulations (dashed line).

A final plot useful for understanding the statistical power contained in different
multipole ranges can be seen in figure (5.6). In this plot, the likelihood has been cal-
culated using non-overlapping multipole ranges 0 < ¢ < 1024 and 1024 < ¢ < 2048.
As one can see, the resolution of the maximum likelihood estimator presented here is
dominated by higher multipoles due, of course, to the combination of the rapid in-

crease in their number o /2

max

and the presence of aberration signal at small scales.
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Figure 5.6: Normalized likelihood slices for full boosting likelihood using two disjoint
multipolar regions in the interval 2 < ¢ < 1024 (red) and 1024 < ¢ < 2048 (blue). The
light regions corresponds to 1o interval for each case centered at the true input value
in Monte Carlo simulations (dashed line).

At this point, likelihood slices show reliability for a further MCMC analysis by
using the likelihood proposed in equation (5.16). As it has been shown in the normal-
ized slices, they appear Gaussian distributed in all of the presented cases, this property
will be used to build a consistent proposal matrix for the Metropolis-Hasting sampler
described in the next section. A further additional test by using isotropic noise, and a
discussion of their impact in the likelihood slices, can be found in Appendix E. In that
section, the equivalence between auto-correlation and cross-correlation modes in the
MCMC is shown.
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5.2 MCMC estimations of 3

In this section, we apply MCMC techniques based on the likelihood estimator
shown in equation (5.16). A Metropolis-Hastings algorithm [64] has been adopted as
sampling method and implemented in a custom made code. MCMC samples obtained
with this code were used to constrain the cartesian components of the boost velocity
B previously used to boost statistically isotropic CMB maps. As mentioned before,
the cosmological model was assumed to be known, therefore, the statistically isotropic
power spectrum C; was kept fixed during the sampling.

521 MCMC estimation of 3,y components

We start the MCMC analysis by using full sky CMB synthetic maps with full boost-
ing effects described in chapter 3. The data processing is similar to the one presented in
in chapter 4. As it was mentioned before, the starting point of the Metropolis-Hastings
algorithm employs a proposal covariance matrix, that for this particular case is as-
sumed to be diagonal:

Y = Diag(o’gw, U%{B(BH)’ O-IQm(ﬁH))7 (517)

where the matrix elements 03, , 03 (5,1, Tim(s,,) are the corresponding variances from
the likelihood slices in figure (5.5) for the £, = 2048.

The likelihood to be sampled in this pipeline is given by equation (5.16), with
CMB covariance matrix given by (5.11), (5.12) and (5.13). This Joint-Bayesian likeli-
hood is implemented manually in a C++ code linked against HEALPix C++ libraries
for harmonic decomposition and manipulation of the synthetic CMB sky maps. The
employed sampler in this chapter is limited to a three dimensional parameter space
containing the harmonic components of 3: (10, Re(f11) and Im(/5;) with fixed power
spectrum C,. Although ¢ = 2048 is the preferred resolution for CMB sky maps, we
also work with a lower resolution for showing properties of the posterior distributions
for f1y (i.e. ¢ = 1024). Figure (5.7) shows a diagrammatic description of the data
simulation and analysis, starting from CMB synthetic maps generation, following the
likelihood slicing for estimating the proposal covariance matrix, and Markov chains
extraction.
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Figure 5.7: Schematic description of the simulation and analysis pipeline employed
for an MCMC-based estimation of the boost velocity. Normalized likelihood slices are
used to construct the covariance matrix proposal ¥ for the MCMC Metropolis-Hasting

sampler and obtain the Markov Chains for f;y.
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After following a similar sample cleaning and decorrelation on the Markov chains
as the one in chapter 4 for cosmological parameters analysis (see Appendix C), pos-
terior distributions are obtained from likelihood (5.16). Figure (5.8) shows the pos-
terior distributions for the harmonic space components of 3, depicting the increase
in constraining power as one probes smaller angular scales going from ¢,,,,, = 1024
to lnee = 2048. As discussed before, this can be explained by the fact that, from
the statistical point of view, there is significant information contained in the region
1024 < ¢ < 2048 due to aberration effects in this multipole range.
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Figure 5.8: Posterior distributions for the harmonic space components of boost velocity
B. Two values of maximum multipoles are shown: ¢,,,,, = 1024 (green) and /,,,, =
2048 (blue). The true value is represented by the black dotted line corresponding to
B = 1.23 x 1072 in the direction of equation (4.8). An approximation to the maximum
likelihood solution is shown in blue and green dotted lines corresponding to the mean
of the posterior distribution.
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Table (5.1) summarizes the results for these two cases ({,,,. = 1024, 2048), show-
ing maximum likelihood estimates for the components of 3, as well as residuals, with
respect to the true values in the direction given by equation (4.8). The maximum like-
lihood solution in this table is taken as the mean value of the posterior of figure (5.8).
This is an approximation, it is clearly a good one, given the symmetric shape of the
posteriors and the small level of correlations between the parameters as can be seen in
tigure (5.9).

Parameter True value /(0 = 1024 A (Upge = 1024)  lpge = 2048 A (Liar = 2048)

Bio x 10 1.85 351002 1.06 2.55 £ 0.58 1.20
Re(f11) x 10* 1.22 21758 0.09 ~1.6+3.9 -0.71
Im(fy;) x 10 —1.16 —0.1+1.2 1.03 -1.1+04 0.29

Table 5.1: Observed mean values for the boosting harmonic parameters at ¢,,,, =
1024, 2048 for the TT Joint-Bayesian likelihood.

The resulting correlation matrix for these paramaters is shown in figure (5.9),
where negligible correlation between the parameters is appearing. One can conclude,
therefore, that the full posteriors can be approximated by a product of marginalized
posteriors. Moreover, using the marginalized posteriors to extract the maximum like-
lihood values of /3, is also a safe procedure.
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Figure 5.9: Correlation matrix for the boosting parameters in harmonic space 3;n. The
samples used in this calculation were obtained from the posterior distribution sampled
with a covariance matrix including ¢y, = 2048 multipoles.
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5.3 Derived angular resolution

In this section we obtain the angular resolution of our maximum likelihood esti-
mator by looking at the posterior distributions of the opening angle:

_ -1 B ) IBtrue ) 5.18
7 o <|B|‘Btrue| ' ( . )

In addition to solid angle effects due to the definition of the random variables 7,
we assume that 7 is affected by Gaussian fluctuations. Therefore, our model for the
PDF of 7 is given by:

P(n) = N sin(n) exp(—n?/20?), (5.19)

where N is a normalization constant, o is the standard deviation of the Gaussian fluc-
tuation on 7, therefore, o is what we shall compare with previous estimates in the
literature. Figure (5.10) shows the posterior distribution of 7 for the MCMC samples
shown in figure (5.8). The best fit curves to each maximum multipole case are also
shown.
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Figure 5.10: Posterior distributions for the opening angle 7, given by equation (5.18),
compared to the best fit curves of the model, given by equation (5.19). Two cases are
shown: /o = 1024 (green) and {max = 2048 (blue).

From the histogram in figure (5.10), the n distribution allows to constrain solid
angle regions in the sky. By using the variance o in equation (5.19) all sampled vectors
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B within 1o correspond to 68% uncertainity in the estimated most likely direction 3,,,,
defining a 1o confidence circle in the sky. As it is shown in figure (5.10), this variance
depends on the resolution of the CMB maps from where the MCMC samples were ex-

tracted.

As a final step for the presented MCMC analysis, we compare the obtained results
for (. = 2048 with the Planck collaboration analysis in [11]. For the Planck telescope it
is reported a confidence circle at 68% of 14° and 26° for the 2o case. Figure (5.11) shows
these two measurements and their confidence circles centered in the corresponding
maximum likelihood estimated values.
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Figure 5.11: 10 and 20 C.L. regions around their corresponding best fit directions for
this work (green) and for Planck (black) [11]. The system of reference is adapted to be
centered at (L, B) = (360°,0°) in galactic coordinates.

As final result, table (5.2) shows the set of real space components of 3 at {;,,x =
2048 in galactic coordinates extracted from the MCMC chains in figure (5.8) compared
to that reported by the Planck collaboration in [11].

Parameter This work (full sky)  Planck (cut sky) [11]

Vdip 433+ 84kms! 384478+ 115kms!
n (10) 11.5° +0.5° 14°
n (20) 23.0° + 1.0° 26°

Table 5.2: Summary of the obtained results for the ¢,,,, = 2048 Joint-Bayesian likeli-
hood estimator. Both the magnitude and 1o uncertainty for 3 as well as the 10 and 20
confidence regions for the opening angle 7 are shown.
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It is worth mentioning a few technical details involved in the extraction of MCMC
chains based on the likelihood (5.16). The matrix multiplications appearing in this
equation were optimized to take advantage of the fact that the matrices are sparse.
Nevertheless, they still contain typically a total of ~ 10° elements for /,,,, = 2048. On
the other hand, for the Gellman-Rubin criterion adopted here (1 — R < 0.01), about
8 x 10* samples are required before achieving convergence. This implies that a full
chain for statistical analyses takes about 8 days running in a parallelized environment
with 8 cores and 48 Gb of RAM memory. Therefore, we have been unable to generate
a sufficiently large ensemble of skies required to properly assess potentially small sys-
tematic effects. However, for the few independent skies generated in this chapter, we
have not observed any indication of bias in the estimator and we hope that in the limit
of a large number of sky realizations, the parameters shown in table (5.1) converge to
their true values.

Since the analysis was performed in full sky mode, therefore there are no artifacts
introduced by a mask; The sky maps used as input to the MCMC code were free from
foregrounds, containing only the cosmic signal, therefore residual galactic contamina-
tion is not an issue. Candidates that could contribute to the systematic uncertainty
were the expansion on 3 shown in equation (5.16) and the weak lensing approxima-
tion to the aberration covariance matrix implicit in equation (5.13). However, we have
shown in this chapter, using synthetic sky maps fully boosted in pixel space (i.e. no
approximation), that in the multipole range 2 < ¢ < 2048, these are perfectly good
approximations for 3 ~ 1073.

54 Summary

We have presented in this chapter an MCMC estimation via a Joint-Bayesian like-
lihood estimator of the solar system velocity with respect to the CMB rest frame using
the break of statistical isotropy at first order in the boost velocity introduced by the
change of frame. The implemented likelihood method was adapted from the cosmic
hemispherical asymmetry (CHA) study elaborated in [15], where we have included, in
addition to the modulation term, a corresponding contribution associated to relativis-
tic aberration. This formalism was applied for reconstructing the boost velocity 3 and
comparing it to the Planck collaboration results in [11].

Within the weak lensing approximation, the covariance matrices for Doppler mod-
ulation (see equation (5.12)) and aberration (see equation (5.13)) show that modula-
tion effects are negligible at small scales (¢ > 1000), an angular region dominated by
small deflections in the photon directions due to aberration. This had already been
previously discussed in chapter 3 (see figure 3.7). On the other hand, the aberration
effects completely dominate the likelihood for high resolution experiments as figure
(5.2) shows, an effect also predicted in the cross-correlation function calculated in fig-
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ure (3.7). In all of the situations considered in section 5.1 (i.e. higher multipoles, differ-
ent input velocities) the likelihood successfully estimated the harmonic components of
B showing consistency in less than 1o with respect to the input value in simulations.

From the MCMC analysis, conclusions are drawn from the posterior distributions
in harmonic space, where an agreement is shown in less than 1o with respect to the
true boost velocity 8 value for the highest resolution case with /., = 2048. An-
other interesting result, is the little correlation between the parameters (see figure (5.9))
that allows to conclude that the posterior can be approximated by a product of the

marginalized individual posteriors. However, this might not work when mask effects
are added.

Once the accuracy of the method has been addressed, by showing that our Joint-
Bayesian estimator is unbiased, we have made a final comparison of the resolution
achieved by this estimator with a previous result in the literature, that is, the Planck
aberration dominated measurement of 8 using quadratic estimators [11]. The esti-
mator of this dissertation is competitive in terms of resolution, leading to a statistical
uncertainty just 7% higher than the one from the Planck Collaboration (84 km s~ for
2 < [ <2048 versus 78 km s~! for 500 < ¢ < 2000).



6 = Conclusions

In this work, we have presented the effects induced by peculiar motion of the so-
lar system with respect to the CMB reference frame. Firstly by studying its impact in
the underlying cosmological parameters, then estimating the boost velocity itself using
standard MCMC techniques. The problem is presented in three different levels of com-
plexity starting from Monte Carlo generated synthetic sky maps, from where Doppler
modulation and aberration signals in the cross-correlation function (asn,a;,,,) were
retrieved, in agreement with previously described effects in the literature [12,13,58].
Then, the impact of neglecting local kinematic effects when estimating cosmological
parameters has been quantified and shown to be negligible compared to the current
resolution provided by satellites like Planck. Finally, we extended and tested the likeli-
hood estimator presented in [15] by adding the aberration effects.

In chapter 3, using full sky CMB synthetic maps, we have shown that the boosting
signal appears in all the power spectra (i.e. C/7, C}* and CFF) in addition to induc-
ing correlations in the (asna;,,,,) cross-correlation function. All the signal extractions
were compatible with previous results reported in the literature that support the weak
lensing approximation for modeling aberration effects in the anisotropies [13, 14, 58]
(see figure (3.7)). In addition, it was observed by the good agreement between the
extracted cross-correlation functions from full-sky simulated CMB maps fully boosted
in pixel space (see figure (3.7)), that the approximation is sufficiently good to model
this effect. This figure was produced after cosmic variance reduction, showing a good
agreement between the exact cross-correlation extracted from the pixelized maps and
the corresponding weak lensing-based theoretical curve [13].

We have tested the reliability of cosmological parameters extracted in the pres-
ence of uncorrected local kinematic effects. The question of whether these parameters
may be affected by boosting effects was addressed by using the 2018 CMB temperature
and polarization power spectrum error bars from Planck collaboration. MCMC chains
were constructed from different sets of likelihoods using temperature and polarization
power spectra (see figure (4.2)). Markov chains based on these likelihoods were fed
with sky maps where the primordial statistically isotropic CMB Stokes parameters /,
@ and U were transformed into a moving frame with velocity consistent with that of
our solar system. The cosmological parameters extracted from the posterior distribu-
tions were then compared to those extracted from statistically isotropic maps as well
as to the ones obtained by the Planck collaboration, showing an agreement within 1o
in all the cases. The likelihoods allowed us to conclude that there is no significant
change in the base-ACDM parameters for a boost velocity 8 = 1.23 x 107? in the direc-
tion given by equation (4.8) and three different data sets: intensity-only TT (see table
4.4), polarization-only EE (see table 4.5) and temperature-polarization TE (4.6) spec-
tra. The same conclusion is also drawn in the highest constraining case of a combined
TT+EE+TE likelihood (see figure 4.11 and table 4.8).

80
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In the Bayesian estimation of 3, we have employed the weak lensing approxima-
tion for the aberration effects, together with a very useful expansion in /3 of the likeli-
hood (see equation (5.16)). Except for the pixelized input sky maps, all the subsequent
analysis steps were performed in harmonic space. At the level of map generation, all
boost effects were introduced without any approximation and are only limited by the
computer’s double precision. The analysis presented here differ from that used by
the Planck collaboration in a few aspects: the estimator used and the lack of real data
complications like partial sky coverage, residual foregrounds and not fully understood
large scale anomalies. Regarding the estimator, we have extended the one presented
in [15] for studying the CHA, and that perfectly describes the Doppler modulation
contribution (see equation (5.12)). The extension was performed by adding an extra
term dealing with relativistic aberration (see equation (5.13)). The range of applicabil-
ity of the weak lensing approximation has been studied by considering different boost
velocity magnitudes and angular resolutions in harmonic space (i.e. different /iay).
The study showed the break of the approximation when one probes regions where
Blmax > 1 (see figure (5.4)).

We have also highlighted intrinsic properties of the estimator in order to validate
the technique for measuring 3, i.e variance reduction by including higher multipoles
(see figure (5.5)), the role played in the likelihood by Doppler modulation and aber-
ration effects (see figure (5.2)), and the dominance (from the statistical point of view)
of the small scales over the large ones (see figure (5.6)). The estimator successfully re-
covered the input velocity in full sky CMB maps, with a resolution compatible to the
Planck estimator. The final accuracy and resolution of our Joint-Bayesian estimator can
be seen in table (5.2) and sky map of figure (5.11).

It is worth mentioning that we have also extended the Joint-Bayesian estimator
presented in this dissertation to also include information on polarization. More pre-
cisely, the boosting effects on all three cosmologically relevant Stokes parameters /, ()
and U have been calculated. These effects have been used for cosmological studies in
chapter 4, but still need to be fully validated when incorporated in the covariance ma-
trices of chapter 5. Such a validation is an ongoing work, but will certainly improve
the final resolution on 3. The use of polarized anisotropies is motivated by recent
works using this kind of data in [55] where an independent measurement of 3, using
EE modes polarization, is presented.

Although we have presented the Doppler modulation and aberration detection in
full-sky synthetic CMB maps, the work is perfectly extendable to a more general situ-
ation where an extended data processing pipeline is considered. For example, we no-
tice that all presented results were robust and consistent in a full sky coverage regime;
however, it is known that in order to work with real CMB sky maps, a masking pro-
cedure over the galactic plane is needed. Even though these effects are not considered
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here, they represent an important source of systematic effects in the obtained posterior
distributions for 8 [11]. These sources of systematic uncertainty must be studied and
taken into account inside the estimator before treating real CMB sky maps.

We mention at least two ways to deal with partial sky coverage effects in our es-
timator: 1. the use of marginalization over the signal in the masked region like that
implemented in [15] through the combination of MCMC techniques and Hamiltonian
Monte Carlo methods (HMC) [77-79] or 2. the incorporation of the additional mask
mixing on top of that induced by the boost as presented in [80]. The first option above
is the one currently under implementation by us.



A | Healpix polarization conventions

A.1 Polarization conventions

As it is shown in [81], polarization field is a second rank symmetric trace-free
tensor, that can be written in the following way:

where the quantity ;,.4(7) as:

2A(R) = Q(R) £iU(A). (A.2)

In order to specify the basis in which the tensor is written, the two linear-independent
vectors: m and m; are written explicitly in a coordinate basis form (later on specify-
ing the coordinate system itself i.e. spherical coordinates (within the Healpix conven-
tions)):

(61 +iés) = —=(ég +iéy), (A.3)

1 1
" V2
. 1 . a 1. A
m”* = E(el —iég) = E(eg —1é4), (A.4)
by setting the basis: é; = ég, é1 = €4, as is specified in [81], under a local, right-
handed rotation of the basis é;, é; by an angle 1), complex stokes parameters 1, A(72),
by convention we can specify the quantity 4,.4(7) in the basis [43]:

0o l
pAR) = Z Z Ayoom +2Y;" (1), (A.5)

=0 m=—¢

which allows to write the definitions of Q(72) and U(7):

(Q(A) +iUR) =D Y azum 2" (1), (A.6)
0o l

(Q(A) —iUA) =D Y a_gm Y (n), (A7)
=0 m=—/¢

from where we obtain the following definitions:

afm = —(agm +a—am)/2 , afm = —(ag.m — a—a2,m)/2i. (A.8)

These coefficients are used to compute the polarization power spectra CF¥ and
CTE used in this work. We adopt the HEALPix convention in polarization for all the
calculations concerning polarization spectra.
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B | The black body spectrum under a Lorentz
boost

The intensity measured for the CMB is given by:

2h"3
2

-1

I'(V,n) = (exp(hi//k:BT(ﬁ)) — 1) : (B.1)

the measured photon frequencies are Doppler shifted by an amount:
V=uvy(1-p08-n). (B.2)

in the moving frame the intensity is given by:

2h(vy(1 - B - 7))°

c?

'V, n)=

(exp[h(wy(l — B 1)) /ksT(R)] — 1)_1, (B.3)

with the appearance of the frequency-depended modulation, as it is shown in [14].
Using the properties of the Poincare sphere for Stokes parameters, the same property
can be mapped from the intensity to the polarization parameters:

I’ =Q?+ U~ (B.4)

The last equation is rotational invariant, which means, that we can fix U = 0, and
get the same properties for Intensity but for parameter (), and then rotate, and fix U,
performing these, the law of transformations under a Lorentz transformation behaves
as:

N\ 3
'/, 7)) = I, n)(%) , (B.5)
~ ~ ]// 3
'V, 1) = Qv, ) (7) , (B.6)
~ ~ I// 3
U'W,n)=U(,n) (;) , (B.7)

where the tick quantities refers to the Stokes parameters per unit of solid angle,
measured in the moving frame, in agreement with [14]. The vector 7 is the same used
in chapter 3.
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C  MCMC chains

In this appendix we show the details behind the employed MCMC chains for cos-
mological parameters analysis and the joint-Bayesian likelihood estimator for 3. We
employed the statistical python package GetDist [73] for plotting, testing and check-
ing statistical consistency in all the MCMC chains obtained in this work. Convergence
test are based in the Gelman-Rubin test for showing whether the chain has reached its
asymptotic probability distribution [64].

C.1 MCMC samplers

For the cosmological parameters analysis we were interested in sampling base-
ACDM parameters. In the chains we sampled 6 of the 9 paremeters used by Planck
collaboration in [70]. We employed the sampling code CosmoMC [82] for this part of
the analysis due its performance in multi-core and multi-node environments and its
adaptability in using Planck likelihood products. Table (C.1) shows the configuration
details used in the sampler for all the chains considered in this work.

Parameter Value Description
Boltzmann Equation Integrator CAMB Solver for Boltzmann differential equations [38].
CPUs 16 Number of CPUs used bythe MPI multiprocessor framework.
Sampling method Draggin method Default method used for sampling slow parameters [82].
Chains step 4 x 108 Total number of steps in the chain.
Priors Flat No prior information used in the chains.

Table C.1: Configuration details used in CosmoMC sampler.

In addition to cosmological parameters we have implemented a custom-made
sampler based on the Metropolis-Hastings algorithm [64] to sample the posterior dis-
tributions in the estimation of the velocity vector 3. This code was implemented in
C++ to sample boosting parameter space by employing the likelihood method of chap-
ter 5. Table (C.2) presents the software configuration used for this specific likelihood
presented in chapter 5.

Parameter Value Description
Synthetic map decomposition HEALPix libraries for harmonic decompostion.
Fiducial model generator CAMB  Fiducial power spectrum in the likelihood.
Priors Flat No prior information used in the chains

Table C.2: Configuration details used in the Metropolis-Hastings sampler.
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C.2 Auto-correlation

As it is expected from MCMC methods, samples are in principle correlated with
their neighbors. In order to obtain truly independent samples the lag factor (also
known as autocorrelation time) of the chain is estimated by calculating correlations
between the samples along the chain by using the following equation:

N—I
A = 5 3 (X = X) (X — X), (1)

where X is the sample average, X; is the sample at a given step ¢, N is the total
number of samples in the chain, and [ is the lag factor.

C.2.1 Combined analysis: TT+TE+EE likelihood
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Figure C.1: Auto-correlation for the combined likelihood TT+TE+EE as a function of
the lag for each considered boosting velocity 8 = (0, By, 10 X Byj,)-



C. MCMC chains 87

C.2.2 Temperature: TT likelihood
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Figure C.2: Auto-correlation for the temperature likelihood as a function of the lag for
each considered boosting velocity 3 = (0, B4;,, 10 X Bg;,)-
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C.2.3 Polarization: EE likelihood
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Figure C.3: Auto-correlation for the polarization likelihood as a function of the lag for
each considered boosting velocity 3 = (0, B4;,, 10 X Bg;,)-
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C.2.4 Temperature-Polarization: TE likelihood
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Figure C.4: Auto-correlation for the temperature-polarization likelihood as a function
of the lag for each considered boosting velocity 3 = (0, B4;,, 10 X Bgj,)-
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C.2.5 Boosting likelihood estimator
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Figure C.5: Auto-correlation for the Joint-Bayesian likelihood estimator as a function
of the lag for each multipole value used ¢ = (1024, 2048) in the likelihood.
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C.3 Chains convergence

For convergence test we employed the so-called Gelman-Rubin test [74] in our
MCMC chains for testing if the proposal distribution is reaching the asymptotic state.
We use a convergence criteria of 1% deviation from the correlation factor R from 1. In
the following we present convergence of the chains for each MCMC case presented in
both chapters 4 and 5, showing that all the presented posterior distributions are truly
asymptotic states of their respective chain.

C.3.1 Combined analysis: TT+TE+EE likelihood

0.025 T
—— TT4+TE+4 EE: g =10 Samples 21985
—— TT+TE+EE: =123 x10"* Samples 23642
—— TT+TE+EE: p=123x10"% Samples 16925

0.020 4 ——- Convergence base line

0.015 ~
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0.010 1
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02 04 0.6 0.8 1.0
Used samples number x 107

Figure C.6: Gelman-Rubin test for the combined TT+TE+EE likelihood for cosmologi-
cal parameters estimation as a function of the number of total samples in the chain for
each considered boosting velocity 3 = (0, B4;,, 10 x By;,).
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C.3.2 Temperature: TT likelihood
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Figure C.7: Gelman-Rubin test for the temperature-only likelihood for cosmological
parameters estimation as a function of the number of total samples in the chain for
each considered boosting velocity 3 = (0, B4;,, 10 X By;,).
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C.3.3 Polarization: EE likelihood
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Figure C.8: Gelman-Rubin test for the polarization-only likelihood for cosmological
parameters estimation as a function of the number of total samples in the chain for
each considered boosting velocity 3 = (0, B4;,, 10 X By;,).
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C.3.4 Temperature-Polarization: TE likelihood
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Figure C.9: Gelman-Rubin test for the temperature-polarization likelihood for cosmo-

logical parameters estimation as a function of the number of total samples in the chain
for each considered boosting velocity B = (0, By;,, 10 X Bg;,)-
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C.3.5 Boosting likelihood estimation
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Figure C.10: Gelman-Rubin test for the Joint-Bayesian likelihood estimator showing
convergence for chains with multipolar ranges of 2 < ¢ < 1024 (green) and 2 < ¢ <
2048 (blue).



D Derivation of the cross-correlation function

The CMB measured temperature in the sky transforms under a general Lorentz
transformation as: Ty
T(R) = L)A’

v(1-8-n)
for 5 << 1 this expression can be Taylor expanded reducing into the following expres-
sion:

(D.1)

T(R) = T'(#)(1+ B - ). (D.2)

Since we are interested in the anisotropies, the monopolar contribution can be
separated from the cosmological fluctuations in the temperature:

T'(#) — Ty = 6T' (7)), (D.3)

where the vector 7’ is a unit vector in the CMB rest frame, connected with the 7, by a
Lorentz transformation, and describing the aberration effect due to the relative motion
of the solar system:

@'+ [(v — DA’ - Be+7|B]18

A= _ : D.4
1+ 6) -

where c is the speed of light. For § << 1, we can write:
W =n+Vo=n—-V(n-pg), (D.5)

where ¢ is introduced as discussed in chapter 3 for the weak lensing approximation. By
applying this equation inside (D.2) we can calculate the spherical harmonic coefficients
for the same equation. The expression for such coefficients is given by:

afor! — / @i (Ty + Ty(B - ) + 6T (R) + 6T' () (2 - B) = V(i - B) - V6T (7)) Y™ (7).

The last expression can be separated into its different contributing parts: o)
e = [an Ty v ), 07

o = [ antifa - i), 09

g = [ df 0T/ (R) (R - B)Y;™(R), (D.9)

apbermation — [ dp V(- B) - VOT' (R) Y™ (7), (D.10)
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aAnisotropies _ /d’fl (ST/(’fl;) Y*;m(,ﬁ) (Dll)

/m

These coefficients will we be calculated separately. By starting with the aberration
coefficient we take equation (D.10) by specifying 67" (72) (the anisotropies):

0T'(R) = Z Z gy (), (D.12)

p=0 g=—p

the equation for the aberration (D.10) is written in terms of the comoving CMB anisotropies
with harmonic coefficients given by a,:

aéﬁ)erration _ /dnv [Z Z Isotroplcyq ’fL n*m<’fl) (D13)

p=0 ¢g=—p

In addition, we need to specify a basis for the combination 7 - 3, for a velocity
applied in the £ direction, the most natural choice according within the weak lensing
approximation is given by:

A B =peos(p) = By oY (u,v). (D.14)

It is important to point out that for a general applied velocity effect in the CMB
maps, it is possible to rotate the basis from where equation (D.14) is written [83]. By
rotating the frame, the spherical harmonics are written in the new basis as follows:

l
= DiOYS(6,9), (D.15)

s=—/{

where the matrices D};! are the Wigner D-matrices, which are functions of the Eulerian

angles of the velocity vector, the matrices are defined as follows:
Din(9,6,7) = e d0 (0)e™™, (D-16)

where ¢, § and v are the Euler angles, by using the new basis in equation (D.15), we
can write the harmonic coefficients aj, %" ag a function of the velocity vector 3

1
14 " A
a?ﬁerratlon _ / dA N <B ?ﬂ- Z Dos(l)Y'ls > |:Z Z aIsotroplcyq:| Y*m(n)
s=—1

p=0 g=—p
(D.17)
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setting the basis in equation (D.15) the aberration spherical harmonic coefficient is
given by:

gAberration _ mﬁ\/ﬂ Z Z Z DOS R4+pp+1)—L+1)] x

s=-1p=04=—p (D.18)
\/3(2€ + 1)(2p + 1) 4 1 p 1 p Isotropic
167 —-m s q 000 )% ’

where the following identity has been used [81]:

[ anvem @) ovem) vy = om0 L) R, (D.19)

—-m s q

the function F, 21713, where its most general form is discussed in [81], has the form :

CL+1)20+1)(2p+1) [ ¢ L p
o ( LD :Fs)' (D.20)

Fz’iip = [L(L+1)+p(p+1)—L({+1)] \/

On the other hand, Doppler modulation effect in equation (D.9), by using the same
conventions for the aberration, can be written as follows:

aggpplef: 7 |oT (R m/‘” ZDOS v (@) v (m), (D.21)

reducing into:

Doppler ﬂ\/@ Z Z Z Isotropch*(l) 1)m «

s=1p=0g="p (D.22)
\/3(2p+ DRI+ (p 1 ¢ p 1 !
47 ( 000 ) ( qg s —m )’

by using the Gaunt integral with the phase conventions described in [83, 84]:

[ vy —<—1>m\/3(2p+252“” Y

p 1/ p 1 /7
0 00 q s —m )’

By collecting terms in equations (D.7) - (D.11), we have the expressions for the
relativistic modified spherical harmonics coefficients:

(D.23)

tbemsion _ _(_ mﬁ\/EZZZDOs 24 plp+1) — (0 +1)]

=lp=0g=—p (D.24)
\/3(26 + 1)<2p + 1) 14 1 p 1 p aIsotropic
167 —-m s q 0 0O Pq ’
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Doppler 4 3(2 (20 +1
SNESD 35 3p - LI LCEDEERS

s=—1 p=0 g=—p (D25)
p 1 ¢ p 1 4 aIsotropic
000 —-m Pq ’
D1 ole 471'
= Top Z Dy, (D.26)

by evaluating the 3j symbols in equations (D.24), (D.25) following the convention in
[13] and introducing the short-hand notation:

H(l,m) — \/ (¢ _47;;)@?””, (D.27)

J(6,m) = \/(6 — W;ZQ 1_)<2£ — m>, (D.28)
M) (L +m+2)

K(¢,m) _\/ T (D.29)

Notice that the calculated coefficients ay,, for Doppler modulation and aberration
will reduce into:

. in(o )
fherton 5 [—j;@ﬁ (0= 1) T m)alZs & cos(B) (¢ — 1) H(E m)alpere
Sln(9> 7 sotropic Slﬂ(@) —1 sotropic
Y (0 —1)J (0, —m)a P 4 76 0+ 2)K (Y, m)ahimil (D.30)
—cos(8) (£ + 2)H (£ + 1,m)altrore — S”;(;) 00+ 2)K (X, m)afﬂ;?fi],

0 .

DOppler = B sin )e_’¢J(€, m)azsfﬁzlﬁ + cos(0)H (¢, m)aiso'ﬁzplc
\/§

sin(0)

) 3 sotropic SHI(H)
- \/5 ¢J(£ m) 2 ;mgl - \/5

sotrop 0 S
eos@H( + 1 myaki + k(1 - miﬁ‘;i?“i] ,

e K (0, m)a,on (D.31)

{+1m+1

Dlpole - T 6 (Sir\l/(g)e—zd) 4 COS(@) — %ei‘z’), (D32)
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: : chi : : *total ,total
by using these expressions we calculate the non-vanishing contributions to the (a;'”**ay%,,)
correlator:

(aratafiin) = Blame e ((6+ 1Bt + (¢ + Ve + (¢ 4+ 1) f)

i (=0 +2) + Dl + (—(0+2) + DR + (—(0+2) + Vil ) .

(D.33)
with the set of coefficients d, e, f, g, h and 7 defined as follows:
Total . SID(Q) —id Isotropic Total Isotropic
Ay g1 = NG eI m)a, "y, ey, = cos(0)H (L, m)a, "y,
ota. sin 9 % sotropic ota sin 0 —1 sotropic
Zinifl - \/% ) € ¢J(€’ _m)a’i—;mgh gg‘+§nl%+l == \/(§ ) € ¢K(€7 m)a’i-&—;mr—)i—l (D34)
sin(#)

Total __ Isotropic -Total _
hilm = cos(0)H (L + 1,m)a Lopim—1 =

i¢ Isotropic
i e’K(l,—m)a

\/§ {+1m—1-
By requiring statistical isotropy in the comoving basis (i.e. the cross-correlation
function for the CMB anisotropies is diagonal <a*ISOtr°pmaIS°tmpm) = O m 0w CFT), we

m 'm’
have:

(i) = (8|ag"™ (¢4 1) (cos(O) H (¢ + 1, m)ag"™) )

Isotropi Isotropi ’ (D.35)
Fa e (= (04 2) + 1) (cos(O) H(E+ 1, m)a i) ) |)
and the cross-correlation function used in chapter 3 is recovered:
(ot afeil) = cos(0)3[(¢ + D H(C+1,m)CT
(D.36)

H(1— (C+2)H(L+ 1,m)0{+ﬂ,

where 0 is the azimuth angle, taking as a special case an applied boost in £ direction
we recover:

(axTotalgTotaly — 3 [ CH(C+1,m)CT — (C+ 2 H (L +1,m)CT
Relativist;raberration
(D.37)
+ (H(f +1,m)CIT + H(l+ 1, m)Cﬂ) ]

. s

~
Doppler modulation



E | Noise impact over the boost likelihood

In this appendix we show the equivalence between the noiseless auto-correlation
and the noisy cross-correlation modes for the MCMC presented in chapter 5. However,
the likelihood employed for determine 3 allows to take into account the impact of
noise in CMB maps. As example, figure (E.1) shows the impact in the temperature
power spectrum by including isotropic noise with a RMS of 64 uK pixel .

—— Boostonly
6000 —— Boostonly + Noise
—— Noise only
—— Noise Theory
5000
a
~ 4000 1
+
E—- 3000
=
|
L]
2000 4
1000
G -

T T T T T
0 500 1000 1500 2000 2500
£

Figure E.1: Impact of noise in the temeperature power spectrum of the CMB. Boosted
CMB temperature power spectrum before including a random gaussian noise (blue),
after including the noise noise with a RMS of 64 1K pixel ™' (red), theoretical power
for the introduced noise (green) and extracted spectrum for a noise-only map template
(black).

In chapter 5, the posteriors have been estimated using as input for the likelihood
noiseless pixelized maps. In real data, these maps contain a certain amount of noise,
usually not even uniform across the sky. It is common, however, to overcome the prob-
lem of modeling the noise contained in the input maps by working on cross-correlation
mode between maps measured at different frequencies and, therefore, containing in-
dependent noise realizations. In that situation, the average cross-correlation noise is
zero and, in practice, results obtained in noiseless auto-correlation mode should be
equivalent to those obtained in noisy cross-correlation mode. Figure (E.1) proves this
point by showing the behavior of the likelihood around its maximum in the harmonic
parameter space {3;n}. The widths of the curves associated to these two modes are
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consistent. A third case is shown to better understand the effect of noise, the one la-
beled as "64 K auto-correlation mode". The effect of the noise is, of course, increase
the width of the likelihood, that is, degrade the resolution in S y.
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Figure E.2: Normalized likelihood slices for three different modes of correlating CMB
maps in the Metropolis-Hastings algorithm used in chapter 5. No noise applied (Red),
by applying 64K per pixel in the MCMC with auto-correlation mode (blue), and the
same slices by using the cross-correlation mode (Green) against the true fiducial value
used in simulations (dashed lines). Notice that all the likelihood slices peaks within 1o
region in (3 y parameters.



F | Harmonic to real space transformation rules

Following [15], the dipolar direction of the boosting velocity 3 can be expressed
in terms of the harmonic components of 3 y:

1
B-a= Y BinYi(h), (E1)
N=-1

where the 7 is the line of sight direction of the observer, and 3 is the boosting vector
velocity connecting observer reference frame and CMB frame.

5= 2\t 2Re( ) + 2 (2)
T -1 Bio 3

b= 5 — cos [7 \/%], (E.3)

| =—tan ! [Egggi;}, (F.4)

where (3, [ and b are the module of the boosting velocity vector 3, b is the colatitude,
and [ is the longitude in galactic coordinates. where the relation 3;_, = (,; has been
used.
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